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Foreword

In recent decades, a new paradigm has emerged for clinical laboratory testing, wherein
classical cytogenetics and molecular genetics laboratories provide complementary ser-
vices in both constitutional and cancer genomics. The need to train laboratory profes-
sionals in both areas was recognized by the American Board of Medical Genetics and
Genomics (ABMGG), which now requires advanced training in both disciplines to be
licensed in the Laboratory Genetics and Genomics subspecialty, replacing the individual
board requirements and examinations in clinical cytogenetics and clinical molecular
genetics. It is anticipated that similar training and licensure will ultimately be required
for clinical laboratory staff members who are licensed at the state level. Cases in Labora-
tory Genetics and Genomics (LGG) Practice provides an excellent resource for students, lab-
oratory trainees, practice providers, and genetic counselors who wish to become familiar
with genomic testing in the laboratory, and who will use the case examples and figures in
each chapter as a reference in their own practice of clinical genetics.

Cases in Laboratory Genetics and Genomics (LGG) Practice is written by Dr. Xia Li, who is
board certified by the ABMGG in both clinical cytogenetics and molecular genetics. Dr. Li
has directed laboratories in both the academic and private sectors and leveraged her vast
clinical laboratory experience to compile the cases presented in the book. This volume
contains 27 chapters and more than 100 clinical case examples that highlight the comple-
mentary cytogenetic and molecular genetic assays used as an aid in the diagnosis, prog-
nosis, and therapy for patients with genomic disorders and cancer. Chapters 1 through 9
describe the background and approaches that are employed for patients with multiple
congenital anomalies and developmental delay, sex chromosome abnormalities, imprint-
ing disorders, and overgrowth syndromes, as well as contiguous gene deletion syndromes.
Chapter 10 is focused on thrombosis and Chapter 11 introduces the topic of pharmaco-
genomics, a relatively new area for clinical testing. Chapters 12 through 27 encompass a
variety of hematologic neoplasms, common solid tumors typically seen in the adult pop-
ulation, such as lung and colon cancer, as well as a chapter on pediatric solid tumors.

Each chapter begins with an overview of the topic, followed by at least one represen-
tative case example. For each case, a summary of the presenting features of the patient, a
list of the tests that were performed, the results and integrated interpretation, and recom-
mendations for future testing are provided. The most useful components of the case
examples are the figures, which include representative karyotypes, fluorescence in situ
hybridization images using a variety of DNA probes, chromosomal microarrays, and



xxii Foreword

next-generation sequencing profiles. The figures will serve as an excellent teaching and
reference set for laboratory staff as well as laboratory directors who are not familiar with
the entities described in the book. Cases in Laboratory Genetics and Genomics (LGG) Prac-
rice will be a valuable study guide for pathelogists specializing in molecular pathology.
medical geneticists, genetic counselors, and laboratory geneticists.

Jaclyn A. Biegel



Preface

Genetic testing has entered a new era, in which personalized, predictive, and preventive
medicine has become routine practice in the healthcare industry. As a result, the demand
for qualified professionals in cytogenetics and molecular genetics has grown rapidly in
clinical diagnostics laboratories to meet this market shift.

When | was a trainee of the American Board of Medical Genetics and Genomics
(ABMGG) at Children’s Hospital of Philadelphia, my mentor Dr. Nancy Spinner asked
the fellows to present a case every Friday. I had the opportunity to review karyotype, fluo-
rescence in situ hybridization (FISH), and microarray results for many cases and to assess
if these test results were concordant in making the correct diagnosis for the patient. In the
last 15years, [ have been the director of several different laboratories, all of which provide
full services with cytogenetics and/or molecular genetics. This approach of reviewing
multiple complementary tests for a patient has helped tremendously in making accurate
diagnoses in my daily practice and has provided valuable information to clinicians for
their patient care.

The primary audiences for this book are trainees or fellows in the Laboratory Genetics
and Genomics (LGG) program organized through ABMGG, junior directors starting their
first job, or directors managing both cytogenetics and molecular genetics labs. The book
illustrates cases of real patients who we often see in our daily practice. It will help audi-
ences to understand genetic abnormalities from an integrative viewpoint. Many labora-
tories may only perform some of these tests. Trainees and fellows may not have an
opportunity to see cases with multiple genetic approaches. This book includes rare cases
such as molar pregnancies, consanguinity, pharmacogenomics, and pediatric solid
tumors, and many of these integrate chromosome analysis, FISH, microarray, Polymerase
chain reaction (PCR), and next-generation sequencing (NGS) for both constitutional and
oncology cases.

Finally, I sincerely hope that this book will be valuable for lab professionals in daily case
analysis at the clinical lab and in preparing for the ABMGG board and American Society for
Clinical Pathology (ASCP) technologist examinations. Ultimately, this book will help cli-
nicians to understand the test results well so that they can make better decisions in caring
for or treating their patients.

Xia Li
GENETICSIGENOMICS DIVISION, SONORA QUEST LABORATORIES AND DEPARTMENT OF
PATHOLOGY, UNIVERSITY OF ARIZONA COLLEGE OF MEDICINE, PHOENIX, AZ, UNITED STATES
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Inborn diseases






1

Multiple congenital anomalies
and developmental delay

Xia Li and Guang Liu
SONORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

Multiple congenital anomalies (MCAs) refer to two or more unrelated major structural
malformations that cannot be explained by a known syndrome or sequence. Approxi-
mately 75% of babies have congenital anomalies as isolated incidents, and the remaining
25% have more than one major anomaly (https://www.cdc.gov/ncbddd/birthdefects/
surveillancemanual/facilitators-guide/module-5/mod5-4.html). An estimated 295,000
newborns worldwide die within 28 days of birth every year due to congenital anomalies.
Beyond mortalities, congenital anomalies are also significant contributors to infant and
childhood chronic illnesses and disabilities. Although congenital anomalies may be the
result of one or more genetic, infectious, nutritional, or environmental factors, it is often
difficult to identify the exact causes. Among these factors, approximately 25% might be
genetic [1].

Developmental delay is often present in patients with MCAs. Genetic factors are
responsible for up to 40% of developmental delay cases such as global developmental
delay/intellectual disability (GDD/ID). According to European guidelines on this type
of disease, genetic testing is becoming a standardized diagnostic practice [2,3]. To inves-
tigate if the causes are indeed genetic, physicians usually order several genetic tests
depending on the clinical presentations of the patients. The most common genetic tests
used for this purpose include karyotyping, fluorescence in situ hybridization (FISH), chro-
mosome microarray (CMA), single-gene sequencing, or next-generation sequencing
(NGS). Each test can answer certain genetic questions, but not all of them. In the clinical
cases illustrated below, some of the genetic testing mentioned above will be described in
detail.

Cases In Lab y G ics and G fcs (LGG) Practice. hitps://dol.org/10.1016/B978-0-323-99622-8.00010-1 3
Copyright © 2023 Elsevier Inc. All rights reserved.



4 Cases in Laboratory Genetics and Genomics (LGG) Practice

Case 1.1 Multiple congenital anomalies caused by an
unbalanced translocation

Clinical indication

A 1-month-old baby girl presented with hypotonia and feeding difficulties and was admit-
ted for further workup and swallow study to assess for micro-aspiration. Physical exam-
ination showed that the baby had a prominent forehead with frontal bossing, low-set ears,
and a broad nasal bridge concerning possible genetic syndrome. An MRI of the brain dem-
onstrated immarure myelination. Differential diagnosis includes genetic syndromes
(Trisomy, Prader-Willi, and Achondroplasia), inborn errors of metabolism, congenital
hypothyTroidism, neuromuscular disorder, or cerebral palsy.

Test ordered

—- Chromosome analysis: Routine blood
— FI5H: Prader-Willi syndrome
= Chromosome microarray (ChA)

Laboratory test performed

Chromosome analysis, also known as karyotyping, was performed in this case initially.
This is the process by which photographs of chromosomes are taken to determine the
chromosome complement of an individual. Thus, the number of chromosomes and
any abnormalities can be identified. “Karyotype” also refers to the complete set of chro-
mosomes in an individual. To visualize the chromosomes, the G-banding (Giemsa band-
ing) technigue is used in cytogenetics laboratories to produce a visible karyotype by
staining condensed chromosomes. The metaphase chromosomes are treated with trypsin
to partially digest the chromosomes. Then they are stained with Giemsa stain. Hetero-
chromatic regions (relatively gene-poor) stain darkly in G-banding. In contrast, less con-
densed chromatin (Euchromatin, relatively gene-rich) stains lightly. From the pattern of
bands, the chromosome abnormalities including numerical and structural aberrations
can be identified by experienced cytogenetics technologists.

Prader-Willi syndrome FISH Test was performed subsequently. A FISH probe specific
to the q11.2 region on chromosome 15 (SNRPN, supplied by Abbott Molecular, Inc.) is uti-
lized. Ten metaphase and 50 interphase cells are analyzed for detection of the deletion.
The analysis is also able to rule out a duplication for this locus, which is associated with
autism in some individuals.

Next, the CMA test was conducted on this patient to verify the copy number changes
associated with chromosome rearrangement. CMA is the assay designed to detect multi-
ple recurring submicroscopic chromosomal aberrations. This technology can show geno-
mic imbalances in up to 20% of patients with global developmental delay, intellectual
disability, and multiple congenital anomalies. This assay will detect copy number
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variations (CNVs) only for genomic sequences represented in the array. CNVs identified as
known variants in the general population and reported in the publicly available database
of genomic variants will not be reported (www.dgv.tcag.ca). This assay will not detect bal-
anced rearrangements (e.g., translocations and inversions).

Test results

Chromosome analysis on metaphases examined showed an unbalanced translocation
involving the short arms of chromosomes 3 and 7, resulting in partial deletion of 7p
and partial duplication of 3p (Fig. 1.1.1). These genetic alterations could be associated
with congenital anomalies and/or developmental delays.

FISH for Prader-Willi syndrome: A fluorescent molecular probe (Abbott Molecular, Inc.),
which islocalized to the SNRPN gene region (15q11-q13) was hybridized for metaphaseand
interphase preparations. The fluorescence signal pattern was normal in the 10 metaphase
cells and 50 interphase nuclei examined in this study. There was no evidence of adeletion in
the Prader-Willi region on chromosome 15 using the SNRPN probe (Fig. 1.1.2).
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FIG. 1.1.1 The karyotype of the patient showed an unbalanced translocation between chromosomes 3 and 7. ISCN: 46,
XX,der(7)t(3;7)(p26;p22)



G Cases in Laboratory Genetics and Genomics (LGG) Practice

15p1L2 CEP |

terphage cells, Al cells shiowed normal Zignal
pattérnd. PML probe (15g24) i shown in green, SNRPN probe (15q11.2) i shown in grane . and CEPIS{D15Z1) i
showmn in agua. BCN: Bh 1591 1-g13{5NRPN=Z) [10].nuc ishiSNAPN kX)[50]

o & - Gam ol Jphd 35 3

i e P

o
HG. 1.1.3 The copy number state, LogyR ratio, and B allele difference for 3026 3 duplication. ISCN arr|GRCHh3T]
3p26. 3p25. (232, TRE 14,264 680)x3

CMA analysis revealed a copy number gain of 14.0 Mb of DNA from chromosome 3 at
band 3p26.3p25.1, encompassing 63 OMIM penes. CMA also revealed a copy number
loss of 2.2 Mb of DNA from chromoesome 7 at band 7p22.3, encompassing 18 OMIM genes.
Both copy number variations are pathogenic with clinical significance (Figs. 1.1.2 and

1.1.4).
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Results with interpretations

Chromosome 3p duplication is a chromosome abnormality that occurs when there is an
extra copy of genetic material on the short arm (p) of chromosome 3. The severity of the
condition and the signs and symptoms depend on the size and location of the duplication,
as well as which genes are involved. Features that often occurin people with chromosome
ip duplication include developmental delay, intellectual disability, behavioral problems,
and distinctive facial features. Chromosome 3p duplication can be de novo or inherited
from a parent with a balanced translocation. Treatment is based on the signs and
sympioms present in each person (https://rarediseases.info.nih.gov/diseases/5343/
chromosome-3p-duplication).

The symptoms and physical findings associated with Partial Monosomy 7p may vary in
range and severity from case to case. Partial Monosomy 7p is also commonly character-
ized by premature closure of one or more fibrous joints (cranial sutures) between bones in
the skull {craniosynostosis), potentially resulting in deformity of the skull and an unusu-
ally shaped head. The degree and severity of craniosynostosis may be variable, depending
on the specific cranial sutures involved. Partial Monosomy 7p may be associated with var-
ious types of craniosynostosis, such as trigonocephaly or murricephaly. In some affected
individuals, Partial Monosomy 7p may be associated with additional craniofacial abnor-
malities. Such features may include palpebral fissures, epicanthal folds, ptosis, dysplastic
ears, a sunken nasal bridge, and/or other abnormalities. In some instances, Partial Mono-
somy 7p may also be characterized by musculoskeletal abnormalities. Reported features
have included camptodactyly, unusually short hands, abnormalities of the thumbs, a
deformity in which the top part of the foot is elevated, and the heel turned outward
(“clubfoot” (i.e., talipes calcaneovalgus)), limited range of movement of certain joints,
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and/or other findings. Some affected individuals may also have various congenital
heart defects. In addition, some affected individuals may have varying degrees of mental
retardation and delays in the acquisition of skills requiring the coordination of mental
and motor activities (psychomotor delays) (https://rarediseases.org/rare-diseases/
chromosome-7-partial-monosomy-7p).

FISH testing using the SNRPIV probe was negative and excluded the patient from
Prader-Willi syndrome, The CMA results are concordant with the findings of the patient'’s
chromosome analysis. The clinical presentations in this patient are well explained by Par-
tial Monosomy 7p and 3p duplication identified by CMA and karyotype.

Future testing and recommendations

Parental chromosome analysis is indicated to rule out if either parent carries a balanced
chromosome rearrangement that led to the unbalanced chromosome complement in the
proband. Family members who are close relatives should be tested for a balanced trans-
location as well. If one of the parents carries the translocation, any future pregnancy
should be tested prenatally. Genetic counseling is recommended.

Case 1.2 Recombinant chromosome 8 syndrome
Clinical indication

A 7-day-old baby girl was in the hospital's NICU with multiple congenital anomalies, atrial
septal defect (ASD), congenital dislocation of the right knee, apnea, and seizure. Physical
examination showed that the baby had deeply set eyes, a broad uprurned nose, micro-
gnathia, and a long slim body with a narrow chest, shoulders, and pelvis. Clinical suspi-
cion was trisomy 8 with mosaicism.

Test ordered

- Chromosome analysis: Routine blood
—~ Chromosome microarray analysis (CMA)

Laboratory test performed

Inirially, only chromosome analysis was ordered for this baby. Chromosome analysis iden-
tified an abnormal female chromosome complement with a derivative chromosome 8
resulting from a deletion of part of the short arm of chromosome 8 and a duplication
of part of the long arm of chromosome 8. We called the physician and recommended
CMA analysis of this baby for further characterization of this rearrangement and the spe-
cific gene regions involved. Then CMA was ordered and performed for this baby. The
detailed chromosome analysis and CMA methods are described in this chapter, Case 1.1,



Chapter 1 « Multiple congenital anomalies 9

Test results

Chromosome analysis revealed an abnormal female chromosome complement in all cells
examined with a derivative chromosome 8 generated by a deletion from 8pter to 8p23.1
and a duplication from 8qg22.1 to 8qter (Fig. 1.2.1).

CMA analysis revealed a copy number loss of 6.8 Mb of DNA from chromosome 8 at
band 8p23.3p23.1, encompassing 16 OMIM genes. CMA also revealed a copy number gain
of 47.9Mb of DNA from chromosome 8 at band 8q22.1q24.3, encompassing 189 OMIM
genes. Both copy number variations are pathogenic with clinical significance (Fig. 1.2.2).

Results with interpretations

The results from karyotyping and CMA were concordant and consistent with a diagnosis of
Recombinant 8 syndrome. The features of chromosome 8p deletion and 8q duplication
may vary greatly in range and severity dependent upon the extent of the deletion and
duplication. The symptoms and findings in patients with a chromosome 8q duplication
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FIG. 1.2.1 The karyotype of the patient revealed a derivative chromosome 8 resulting from a deletion of 8pter to
8p23.1 and a duplication of 8q22.1 to 8qter. ISCN: 46,XX,der(8)(qter->q22.1::p23.1- > qter)
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FIG, 1.2.2 The copy number state, Log2R ratio, and B allele ditference for 8p23 deletion and Bg22.1 duplication, ISCH:
arr[hg 18] Bp23.1(11,652,034-11,898,980)x1, arr[hg13] Bg22.1q29.3(98, 399, 096-146,295,771)x3

may include developmental delay, seizure, intellectual disability, congenital heart defects,
skeletal abnormalities, and distinctive facial features, which are consistent with this
patient’s clinical manifestation and overlap with trisomy 8 mosaicism [4] (hitps://
rarediseases.org/rare-diseases/chromosome-8-monosomy-8p/; https:// rarediseases.info.
nih.gov/diseases/5359 /mosaic-trisomy-8). This was the reason why the clinical suspicion
of trisomy 8 mosaicism for this patient was indicated. The commeon features of chromosome
8p deletion include growth deficiency, mental retardation, malformations of the skull and
facial region, and cardiac abnormalities. Some of these features were observed from the
patient.

The pathogenic loss and gain seen on chromosome 8 are consistent with Recombinant
Chromosome 8 syndrome (OMIM #179613). Alternative titles include Rec(8) Syndrome
and San Luis Valley Syndrome. Recombinant chromosome 8 syndrome is characterized
by duplication of 8g22.1-qter and deletion of 8pter-p23.1. Rec(g) is derived from the
recombination of a parental pericentric inversion of chromosome 8. It is a chromosomal
disorder found among individuals of Hispanic descent with ancestry from the San Luis
Valley of southern Colorade and northern New Mexico. Affected individuals typically have
impaired intellectual development, congenital cardiac defects, seizures, a charaeteristic
facial appearance with hypertelorism, thin upper lip, anteverted nares, wide face, abnor-
mal hair whorl, and other manifestations 5] (https://fomim.org/entry/179613). This
patient had congenital heart defects and seizures. A thorough clinical assessment of this
patient and genetic counseling are advised.

Future testing and recommendations

Since the results from chromosome analysis and CMA may indicate a duplication/
deletion of the recombinant chromosome from one of the parents carrying a pericentric
inversion, parental chromosome analysis is highly recommended. An inversion carrier is
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generally phenotypically normal because it is a balanced rearrangement. However, an
inversion carrier is at risk of producing abnormal gametes that may lead to unbalanced
offspring. When an inversion is present, a loop needs to form to allow alignment and pair-
ing of homologous segments of the normal and inverted chromosomes in meiosis 1. When
recombination occurs within the loop, it can lead to the production of unbalanced gam-
etes; gametes with balanced chromosome complements (either normal or possessing the
inversion) and gametes with unbalanced complements are formed. Therefore, a peri-
centric inversion can lead to the production of unbalanced gametes with both duplication
and deletion of chromosome segments as observed in this patient [6].

Case 1.3 Multiple congenital anomalies caused by an
unbalanced translocation and a deletion

Clinical indication

A 3-day-old baby girl presented with Intrauterine growth restriction (IUGR), preterm of
36 completed weeks of gestation, bacterial sepsis, transient tachypnea, hypotonia, and
feeding difficulties. A physical exam showed microcephaly, a small jaw, wide-set eyves,
and suspicion of an atrial septal defect (ASD). A follow-up echocardiogram confirmed ASD.

Test ordered

— Chromosome analysis: Routine blood
= Chromosome microarray analysis (CMA)

Laboratory test performed

This newborn baby was in the NICU. Initially, only chromosome analysis was ordered.
Chromosome analysis identified a translocation between the long arms of chromosomes
2 and 13, and an interstitial deletion within the long arm of the same chromosome 13, We
communicated with the physician and recommended chromosome microarray analysis
on this baby for further characterization of these rearrangements and the specific gene
regions involved. Then, CMA was ordered and performed on this newborn. The detailed
chromosome analysis and CMA methods are described in this chapter, Case 1.1.

Test results

Chromosome analysis revealed an abnormal female chromosome complement in all cells
examined with an unbalanced reciprocal translocation involving the long arms of chro-
mosomes 2q31 and 13q14, and an interstitial deletion within the long arm of the same
chromosome 13 between 13q12 and 13q14 (Fig. 1.3.1).

Chromosomal Microarray Analysis (CMA) revealed a copy number loss of 5.3Mb
of DNA from chromosome 2 at band 2q31.1q31.2, encompassing 33 OMIM genes
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FIG. 1.3.1 The karyotype of the patient revealed an unbalanced reciprocal trandlocation betwesn 2531 and 13q14,
and an interstitial deletion from the same chromosome 13 between 1312 and 13914, ISCN; 46,500 der(20(2;13) g2 1
qld)der(13)del{13){q12q140t{2;13Hg31:q14)

(Fig. 1.3.2). CMA also detected another copy number loss of 20.5Mb of DNA from chro-
mosome 13 at band 13q13.2q14.3, encompassing 92 OMIM genes. Both two deletions
were pathogenic with clinical significance (Fig. 1.3.3).

Results with interpretations

The clinical phenotypes of the deletions greatly vary depending on the size and the loca-
tion of the deleted region. The deletion of 5.3 Mb of DNA from chromosome 2 at band
2q31.1g31.2 was identified by CMA but not by chromosome analysis due to the size of
the deletion and a translocation involving the same region. However, the reciprocal trans-
location was only detected by chromosome analysis, not by CMA. The chromosome 2q31
deletion syndrome may consist of limb anomalies and internal organ anomalies such as
heart defects and ocular anomalies. Hemizygosity for HOXDI3 and EVX2 genes were
thought to cause the observed skeletal defects [7,8]. The deletion of 20.5Mb of DNA from
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FIG. 1.3.3 The copy number state, Log2R ratio, and B allele.difference for 13q deletion. ISCN: arr[hg19] 13q13.2q14.3
(34,702,245-55,163,462)x1

chromosome 13 at band 13q13.2q14.3 was detected by both chromosome analysis and
CMA. The main clinical features of interstitial deletions of the long arm of chromosome
13 (13q) may include developmental delay, intellectual disability, behavioral problems,
distinctive facial features, and increased susceptibility to tumors. A heterozygous germline
mutation on one allele and a somatic mutation on the other allele of the RBI gene are
associated with somatic mutation or autosomal dominant retinoblastoma (RB). Retino-
blastoma is an embryonic malignant neoplasm of retinal origin. It almost always presents
in early childhood and is often bilateral [9] (https://www.omim.org/entry/613884). Spon-
taneous regression occurs in some cases [10].

Future testing and recommendations

Since chromosome analysis and CMA identified an unbalanced translocation, and the
deletions of chromosomes 2q and 13q, parental chromosome analysis is indicated to help
clarify the origin of these abnormalities and assess the risk in future pregnancies. The
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deletion of chromosome 13q13.2q14.3 overlaps the RBI tumor suppressor gene. Germline
heterozygous mutations and deletions in RBJ cause a hereditary predisposition to retino-
blastoma and other tumors such as pinealomas and other extraocular primary neoplasms.
RE1-associated tumors arise when a second somatic B8] mutation leads to two nonfunc-
tional RBJ genes. A complete clinical examination and serial eye exams by an ophthalmol-
ogist are recommended [11].

Case 1.4 Diamond-Blackfan anemia
Clinical indication

A 5-month-old female presented with failure to gain weight and congenital malforma-
tions. Her hemoglobin was 7.1, better after the blood transfusion. She had myelodysplasia.
The morphologic appearance of the marrow was very typical of Diamond-Blackfan ane-
mia (DBA).

Test ordered

= Chromosome analysis: Routine blood

— FISH: MDS panel

- NGS bone marrow failure (BMF) and dyskeratosis congenita [DEC) panels
— Chromosome microarray (CMA)

Laboratory test performed

Methods for karyotyping, FISH, and microarray were described previously in Case 1.1.
NGS BMF and DEC panels were performed according to [12,13).

Test results

Chromosome analysis on the bone marrow exhibited a normal female karyotype
(Fig. 1.4.1).

FISH using probes for CEN8, 5q/-5, 7q/-7, and 20q was performed. The results were-
negative for all probes examined (Fig. 1.4.2).

NGS results for BMF and DKC panels were all negative. No mutations was identified.

Microarray analysis showed a deletion of 745 Kb from 3q29, including RPL354
(Fig. 1.4.3).

Results with interpretations

DBA is a disorder that primarily affects the bone marrow. In DBA patients, the bone mar-
row malfunctions and fails 1o make enough red blood cells, which carry oxygen to the
body's tissues [14]. DBA is characterized by a profound isolated normochromic and usu-
ally macrocytic anemia with normal leukocytes and platelets, 50% have congenital
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FIG. 1.4.1 The karyotype of the bone marrow showed a normal female karyotype. ISCN: 46,XX[20]

malformations, and 30% have growth retardation. The physical abnormalities include
microcephaly, hypertelorism, ptosis, broad flat bridge of the nose, and micrognathia.
Some have cleft lips or palate, webbed necks, absent thumbs, etc. The hematologic com-
plications occur in 90% of affected individuals during the first year of life (median age of
onset: 2months). Eventually, 40% of affected individuals are corticosteroid-dependent,
40% are transfusion-dependent, and 20% go into remission. The phenotypic spectrum
ranges from a mild form to a severe form of fetal anemia resulting in nonimmune hydrops
fetalis. DBA is associated with an increased risk for Acute Myelogenous Leukemia (AML),
Myelodysplastic Neoplasms (MDS), and solid tumors including osteogenic sarcoma
[15,16]. The genetic testing for this patient showed normal results from karyotype, FISH
MDS panel, NGS BME and DKC panels. However, microarray results were abnormal and
revealed a 745 Kb deletion of chromosome region on 3q29 including RPL35A. This gene
is associated with DBA. There are more than 13 genes that are associated with DBA.
RPL35A mutations or deletions account for 3% of DBA patients [17]. Most of the
DBA-associated gene mutations are inherited in an autosomal dominant manner. GATAI
mutations are inherited in an X-linked manner. About 40%-45% of individuals with auto-
somal dominant DBA have inherited the mutation from a parent; ~55%-60% have a de
novo mutation.
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Future testing and recommendations

Family members who are at risk of inheriting this deletion of RPLI5A should be tested by
microarray. Genetic counseling is recommended.

Summary of key learning points

* Terminal deletion and duplication as identified by microarray usually indicate an
unbalanced translocation berween the two chromosomes invelved,

= A duplication/deletion of a region on both ends of a single chromosome generally
indicates a recombinant form of an inversion inherited from a parent.

= [Identification of cryptical or subtle imbalance is critical for a phenotypically abnormal
individual associated with a translocation. CMA is superiar in identifying cryptic or
submicroscopic copy number vardations.

+ Chromosome analysis is valuable in the detection and delineation of chromosomal
structural rear rangements.
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FiG. 1.4.3 Microarray showed a deletion of 745Kb on 3529 including the RPLISA gene. ISCN: arrlhg 18]

2q29(197,003,758-197,838,262)x1

» Parental chromosome analysis is essential to rule out chromosome abnormalities from
one of the parents, which is important for future risk assessment.
*  People with DBA have an increased risk of developing AML, MDS, and other cancers.

Half of them have multiple congenital anomalies.

= Mutations or deletions in more than 13 genes are associated with DBA. Most of these
are inherited in an autosomal dominant manner, except for GATAL, which is inherited

in an X-linked manner.
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Molar pregnancy

Xia Li
SONORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

A molar pregnancy is an abnormal form of pregnancy characterized by the abnormal
growth of trophoblasts, in which a nonviable fertilized egg implants in the uterus and will
fail to come to term. Therefore, it is called a “hydatidiform mole” [1,2]. Hydatidiform
moles are a relatively common complication of pregnancy, making up 1 in 1500
pregnancies [3].

There are two types of hydatidiform moles: complete moles or partial moles.
A complete mole is formed by a single or two sperm combining with an egg without a
nucleus (DNA). The single sperm can reduplicate, forming a diploid with a “complete”
46-chromosome set. Among complete moles, 85% are 46,XX and 15% are 46,XY. In con-
trast, a partial mole occurs when a normal egg is fertilized by one or two sperm, which
then reduplicates itself, yielding the genotypes 69,XXY, 69,XXX, 69,XYY (triploid), or 92,
XXXY (tetraploid). Studies showed that 85% of triploid partial moles contain one haploid
maternal set of chromosomes and two haploid paternal sets of chromosomes, which is
known as diandric triploidy (paternally derived). The remaining 15% of triploids have
two haploid maternal chromosomes and one haploid paternal chromosome. These are
called digynic triploidy (maternally derived), which are not associated with molar
changes [3].

Complete hydatidiform moles have a 2%—4% risk of developing into choriocarci-
noma in Western countries and 10%-15% in Eastern countries, and a 15% risk of becom-
ing an invasive mole. Incomplete moles can become invasive (<5% risk) but are not
associated with choriocarcinoma. Complete moles account for 50% of all cases of
choriocarcinoma [3].

The current clinical practice for the detection of hydatidiform moles includes
morphological analysis with p57 immunostaining followed by ploidy testing with FISH
and/or karyotype to identify complete mole versus partial mole. Single-nucleotide poly-
morphism (SNP) microarray can also detect complete mole and partial mole, in which
some of the chromosomes will show loss of heterozygote if they are of monospermic
origin [4,5]. The cases illustrated below are examples of using karyotypes to identify
molar pregnancy.

Cases In Lab y G Ics and G Ics (LGG) I Ice. https://dol.org/10.1016/B978-0-323-99622-8.00014-9 19
Copyright © 2023 Elsevier Inc. All rights reserved.
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Case 2.1 Complete mole
Clinical indication

A pn?duc:t of conception (POC) was received from a 35-year-old pregnant woman for a
possible molar pregnancy by ultrasound and human cherionic gonadotropin (hCG) level.

Test ordered

- Chromosome analysis on POC

Laboratory test performed

Chromosome analysis on POC was performed (detailed method for karyotyping described
in Chapter 1).

Test results

’l'hen;e were two balanced translocations between the long arms of chromosomes 2 and
13 with the same breakpoints (Fig. 2.1.1). Subsequently, parental chromosome analysis
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FIG. 2.1.1 Karyotype from the POC showed a balanced translocation between two copies of chromasomes 2 and 13,
ISCH: 46,X7,1(2;13Kg36:q12. =2
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FIG. 2.1.2 Karyotype from the mother showed a normal chromosome complement 46,XX. ISCN: 46,XX

was recommended and performed. The mother’s karyotype showed a normal chromo-
some complement 46,XX (Fig. 2.1.2). Father's karyotype revealed a balanced translocation
between chromosomes 2 and 13 (Fig. 2.1.3).

Results with interpretations

The original POC showed a balanced translocation on two copies of chromosomes 2
and 13. The breakpoints were also the same between these two translocations. It is
very unlikely that parents are consanguineous with the same breakpoints from the
same translocations. Therefore, parental chromosome analysis was recommended.
As a result, the mother showed a normal chromosome complement (46,XX), and
the father revealed a balanced translocation [46,XY,t(2;13)]. It was concluded that
the two derivative chromosomes were both from the father. The POC consisted of
two sperms plus one empty egg, which was consistent with the diagnosis of a com-
plete mole. These results were also concordant with the findings from the patho-
physiology analysis.
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FIG. 2.1.3 Karyotype from the father showed a balanced transiocation between chromasarmes 2 and 13, ISCH: 46,XY.t
{2:13)g36:912.1)
Future testing and recommendation

One study showed that the overall recurrence risk for molar pregnancy was 1,8% (1 in 55).
Of 2578 complete moles, the subsequent pregnancy was affected by a hydatidiform mole
in 27 (1.9%) cases, or a 20-fold increase compared with the background risk [6). Prenatal
genetic testing for furure pregnancy and genetic counseling are recommended.

Case 2.2 Partial mole
Clinical indication

A 25-year-old female experienced vaginal bleeding and missed spontaneous abortion.
Ultrasound examination showed embryonic demise. Genetic testing was recommended
to rule out a partial mole.

Test ordered

= Chromosome analysis on POC
—= FISH: Prenatal aneuploidy screen
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Laboratory test performed

Chromosome analysis on POC was performed (see method for karyotyping described in
Chaprter 1).

Test results

Chromosome analysis revealed three copies of each chromosome (triploidy) from all
metaphases examined. These results suggested a diagnosis of a possible partial mole
(Fig. 2.2.1).

FISH for prenatal aneuploidy screen was performed using FISH probes (Abbott Molec-
ular, Inc.; 150 nuclei examined per probe set) targeting specific sequences from chromo-
somes X, Y, 13, 18, and 21. The signal patterns were abnormal with three copies of
chromosomes 13, 18, and 21, two copies of the X chromosome, and one copy of the
Y chromosome, This result was consistent with a triploidy in a male individual (Fig. 2.2.2).

Results with interpretations

All cells analyzed showed a 69, XXY chromosome complement, which is called a triploid.
FISH results were concordant with the finding from the karyorype. Triploidy is a common
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FIG. 2.2.1 The karyotype from the POC showed a triploid chromosome complement with 3 copies of each
chromosome. |SCH: B9, XXY



24 Cases in Laboratory Genetics and Genomies (LGG) Practice

Prematal Ansuplobdy Soreen

H-green(?)

18-aqual?)

T3-graen]l)

FIG.2.2.2 Fi5H for prenatal aneuploidy panel showed 1 copies of chremosoames 13, 18, 21, and sox chromoasame (00
ISCN: nuc ish(DXE 12 0YZ3x0, DI8Z1 23} 150/ 1500 (RE1, D2 1524 1)x3[ 1 50/150]

occurrence in human gestation and is present in 2%-3% of pregnancies. It often culmi-
nates in early spontaneous abortion, but occasionally results in the hirth of an abnormal
fetus or newborn. Triploidy may be the result of either digyny (extra haploid set from
the mother) or diandry (extra haploid set from the father). Digynic triploidy predomi-
nates in fetuses, and diandry accounts for about 50%-60% of early spontaneous
abortions [7].

Future testing and recommendations

Genetic counseling is recommended. PCR analysis during diagnosis on DNA samples
from both maternal and POC with microsatellite markers is indicated to confirm whether
it is diandry or digyny. The association with molar changes can be addressed by morphol-
ogy analysis in the pathology department [5,8).

Summary of key learning points

+ The concepts of the complete mole and partial moles are described.

* Complete mole is associated with molar changes, For partial moles, only diandric
triploidy is associated with molar changes.

+ Technologies used to identify molar pregnancy include karyotyping, FISH, and
chromosome microarray. Correlation with morphological analysis by |‘.|11l:hr]|il1-'.'i5[5 15
essential.
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Sex chromosomal abnormalities
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Background

Sex chromosome abnormalities (SCAs) are among the most common of all human genetic
diseases, with an overall incidence of approximately 1 in 400 live births [1-3]. SCAs can be
either numerical (aneuploidies) or structural and can be present in all cells or mosaic
forms. The most common sex chromosome aneuploidies are 45X (Turner syndrome),
47,XXY (Klinefelter syndrome), 47, XYY, and 47,XXX [3], Sex chromosome structural abnor-
malities are also common, which include deletions, duplications, translocations, rings,
inversions, isochromosomes, ete. Structural abnormalities of the X chromesome in males
are generally associated with more severe phenotypic consequences than in females. This
is mainly due to skewed X-chromosome inactivation in females with X-chromosome
abnormalities [4). Sex chromosome mosaicism is not unusual, For example, about half
of the patients with Turner syndeome have monosomy X (45,X). The remaining 50% of
patients with Turner syndrome have a mosaic chromosomal component (45X with mosa-
icism) [5]. The phenotype of individuals having mosaicism for sex chromosomes is vari-
able and usually related to the proportion and distribution of the two cell lines in different
tissues, Also, the percentage of abnormal cells in the peripheral blood may not accurately
reflect the distribution of abnormal cells in other tissues. Various clinical indications raise
the possibility of a sex chromosome abnormality and thus the need for chromosomal,
FISH, microarray, or molecular studies. These indications include ambiguous genitalia,
short stature, primary or secondary amenorrhea, delay in the onset of puberty, and infer-
tility [3]. In this chapter, a few cases with sex chromosome abnormalities are illustrations
of how patients can benefit from genetic testing.

Case 3.1 Female with 45,X/46,XY mosaicism
Clinical indication

A 15-year-old girl was referred to the endocrine clinic for investigation of her primary
amenorrhea, short stature, and delay in the onset of puberty. Physical examination
revealed her height of 134 cm, broad chest with widely spaced nipples, and absent breast
development. Pelvic examination showed normal external female genitalia. Blood tests

Caiet In Labarntory Gemetlos and Genamlcs (LGG) Pracibee. hirpac!idoLong! 10,1 01B/BSTE-0-321-99622-0.00022-8 27
Capyright & 2021 Elsevier Inc. Al righs seserved.
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revealed a normal growth hormone (GH) level

and an elew follicle-stimulating hor-
mone (FSH) level. ated follicle-sti E

The uterus and ovaries were not visualized by pelvic images.
Test ordered

— Chromosome analysis: Routine blood
- FISH: SRY/CEPXIDYZ]

— Chromosome microarray analysis (CMA)

Laboratory test performed

Chromosome analysis, FISH, and CMA were performed on peripheral blood (PB) (detailed
methods are described in Chaprer 1).

Test results

Chromosome analysis revealed two cell lines. The first cell line is represented by 16 cells,
characterized by only one copy of the X chromosome (monosomy X) (Fig. 3.1.1).
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FIG. 3.1.1 The karyotrype from the PB showed a monosomy X. [SCH: mos 45 X[ 16146, XY 4]
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FiG. 3.1.2 The karyotype from the PB showed a normal male karyotype: 46,XY,

The second cell line is represented by four cells, characterized by the presence of one copy
of the X chromosome and one copy of the Y chromosome (46,XY) (Fig. 3.1.2).
Fluorescent molecular probes, which are localized to the centromere of the
X chromosome (CEPX; DXZI), the SRY gene region on the Y chromosome at Ypll.3,
and the sat 111 ¥ at ¥Yql2 (D¥Z1) were hybridized to metaphase and interphase prepara-
tions. The fluorescent signal pattern also revealed two cell lines: (1). 8/10 metaphase
and B9/100 interphase cells showed only one copy of the centromere of the
X chromosome, consistent with a 45X karyotype (Figs. 3.1.3); (2) 2/10 metaphase and
11/100 interphase cells showed one copy of centromere of the X chromosome, one copy
of SRY, and one copy of Ygl2, consistent with 46,XY karyotype (Fig. 3.1.4).
Chromosomal microarray analysis (CMA) results were mosaic for cells that have only
one X chromosome (monosomy X) (Figs. 3.1.5) and cells with XY chromosomes
(Fig. 3.1.6). The ¥ chromosome appears to be in about 20% of the cells, consistent with
the concurrent chromosome and FISH analysis, which revealed mosaicism for two cell

lines (Fig. 3.1.6). The whole genome view also revealed the mosaic stats of the sex chro-
maosome (Fig. 3.1.7).
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SRY ()/CEPX (G) with DYZ1 {satill) (4)

FIG. 3.1.3 FISH with probes localized to CEPX (DXZ1), the SRY gene, and DYZ? (sat ) were hybridized to metaphase
and interphase cells. The cell showed abnormal signal pamtern: with monosamy X, CEPX probe (Xp11.1-g11.1) was
shown in green, SRY probe (Yp11.3) was shown in orange, and DYZ1 was shown in agua. 15CN: ish Xpi1.1-110:1
(DXZ1x1),¥p1 1. 3(5AYR0). ¥ 1 20sanl1)x0 [B].ruc ish{DXZ 161, SRYx0,Yq 1 2x0(89]

Results with interpretations

The results of all three tests (chromosome analysis, FISH, and CMA) were concor-
dant and consistent with the clinical diagnosis of mosaic Turner syndrome. The most
common features of Turner syndrome include short stature and ovarian dysgenesis,
which are consistent with this patient's clinical findings. Other features associated
with this syndrome may include extra folds of skin on the neck (webbed neck),
low hairline at the back of the neck, lymphedema of the hands and feet, skeletal
abnormalities, kidney problems, and heart defects. Most patients have normal intel-
ligence, but some have dl-"-'l'lﬂlFlllll'll!E!l delays, learning disabilities, and behavioral
|]rr:|h]|_rm1.. I'he ['I-IH‘IH:I:'!.":II.‘ of individuals having mosaicism is variable and usually
related to the proportion and distribution of the two cell lines in different tissues.
Also, the percentage of abnormal cells in the peripheral blood may not accurately
reflect the distribution of abnormal cells in other tissues. The 45,X/46,XY mosaicism
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FIG. 3.1.4 FiSH with probes localized to CEPX {DXZ7), the SARY gene, and DYZ1 (sat I wene hybeidized 1o moetaphase

and interphase cells, The cell showrd normal mabe sigreal patterns. CEPX probe (Kp11.1-911.1) swas shown in green
SRY probe (Yp11.3) was shown in orange, and DYZT was shown in agua, 15CN: ish Xpt1.1-q1 1.1(DXZ1x1),¥p11.3
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FIG. 3.1.5 The copy number state, Log?R ratio, and B allele difference for the X chiomosome. ISCH: arr[GRChAT]
Xp22.33q28(168,567-155,233.73 )x1

FIG. 3.1.6 The copy number state, Log2R ratio, and B allele difference for the ¥ chromosome, BCN: an[GRCh37|
¥pi 131102202, 650, 141-28,721,110)=[0.2]
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accounts for 10%-12% of cases of Turner syndrome. Patients with 45,X/46,XY may
have a highly variable phenotype, ranging from nearly normal males to ambiguous
genitalia to females with features of Turner syndrome. In the case of female genitalia,
this individual is at increased risk of gonadoblastoma due to the presence of a
Y chromosome [6].

Future testing and recommendations

The risk of gonadoblastoma is increased in phenotypic females with 45X/46,XY mosai-
cism. Therefore, early investigation and individual management including prophylactic
gonadectomy should be considered [7]. A thorough clinical assessment of this patient
and generic counseling are recommended.

Case 3.2 Sex reversal
Clinical indication

A S-day-old baby girl, with intrauterine growth restriction, was born full-term. Upon phys-
ical examination, the baby had a cyst of oral soft tissue, a single umbilical artery, and
fernale external genitalia (normal-appearing clitoris, vaginal opening, and labia majora
and minora). The gonads were not palpable. A pelvic image did not show a uterus, fallo-
pian tubes, or gonads.

Test ordered

- Chromosome analysis: Routine blood
~ FISH: SRY/CEPXIDYZ]
~ Chromosome microarray analysis (CMA)

Laboratory test performed

Chromosome analysis, FISH, and CMA were performed on peripheral blood (PB) (detailed
methods are described in Chapter 1).

Test results

Chromosome analysis on metaphases examined revealed an abnormal male chromo-
some complement in all cells examined with a duplication within the short arm of the
X chromosome from band p22.33 to p21.1 (Fig. 3.2.1).

FISH for the SRY gene was performed. Fluorescent molecular probes (Abbott Molecu-
lar, Inc.), which are localized to the centromere of the X chromosome, the SRY gene region
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on the Y chromosome (at Yp11.3), and the sat 111 Y (at ¥g12; internal control) were hybrid-
ized to metaphase and interphase preparations. The fluorescence signal pattern showed

an SRY-positive XY (male) sex complement in the 10 metaphases and 50 interphase cells
examined (Figs. 3.2.2 and 3.2.3).

Chromosomal microarray analysis (CMA) revealed a male (X¥) chromosome comple-
ment with a copy number gain of 31.3Mb of DNA from chromosome X at band
Ap22.33p2l.1, encompassing 106 OMIM genes, including NROBJI (DAX]) of clinical signif-

icance (Figs. 3.2.4). The whole genome view also revealed the duplication of chromosome
Xp (Fig. 3.2.5).

Results with interpretations

The results of chromosome analysis, FISH, and CMA are concordant, Chromosomal anal-
ysis revealed an abnormal male karyotype with a duplication in the short arm of the X
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FIG. 3.2.1 The karyotype of the patient showed a duplication within the shart arm of the ¥ chromosome from band
P22.33 to p21.10, I5CN: 46,Y,dup(X)ip22.33p21.1)
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SRY (0)/CEPX (G) with DYZ1 (satlil) (4)
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FiG. 3.2.2 FISH 58Y gone and control probe was performed on metaphase cefls. Al cells showed normal male signal
patterns S8Y probe (Yp11.3) was shown in red, X centromaere probe (Xp11.1-911.1) was shown in green, snd

¥ heterochromatin (Yg12) was shown in agua. 15CN: ish Yp1 1. 3(5RY 1)L Xp1 1. 1-g 11, 1(DXZ 161, Y 12(5at 111 x 1).nuc
iwh(SRYxT,DXZ 1x), Yql2xl)

chromosome from band p22.33 to p21.1. FISH showed a male signal pattern with the
SRY gene present. CMA confirmed cytogenetic findings and more accurately indicated
a duplication of 31.3Mb of DNA on Xp with 106 OMIM genes, including the NROBI
(DAXT) gene.

XY individuals with a duplication of part of the short arm of the X chromosome includ-
ing NROB! and an intact SRY gene might show male-to-female sex reversal [8], which is
consistent with the patient’s clinical findings. Duplications of this size usually also result
in developmental delay, mental impairment, and congenital anomalies. The patient hac
intrauterine growth restriction and some congenital abnormalities. Phenotypic females
with a ¥ chromosome are at risk of gonadoblastoma [9). NROBI is responsible for a
sex-reversal syndrome in humans, referred to as dosage-sensitive sex reversal, in which
XY individuals carrying duplications of Xp21, part of the short arm of the
X chromosome, develop as females [10,11].
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Future testing and recommendations

Genetic counseling and a thorough clinical assessment of this patient are recommended.
Parental {(especially maternal) chromosome analysis is indicated to determine the poten-
tial origin of this abnormality. Female carriers of Xp duplications are generally healthy and
fertile due to preferentially inactivating the duplicated chromosome and thereby protect-
ing the individual from increased gene expression, If the mother is a carrier of the Xp
duplication, the risk of recurrence is increased, and prenatal diagnosis should be offered
for future pregnancies.

Case 3.3 Variant turner syndrome
Clinical indication

A G-month-old infant presented with indeterminate sex. Peripheral blood was sent for
genetic testing.

Test ordered

- Chromosome analysis: Routine blood
— FISH: SRYICEPX!DYZ1

Laboratory test performed

Chromesome analysis and FISH were performed on peripheral blood (PB) (detailed
methods are described in Chapter 1).

Test results

Chromosome analysis revealed an abnormal chromosome complement with two cell
lines. The first cell line, seen in 24 cells, showed only one X chromosome resulting in
monosomy X [45.X] (Fig. 3.3.1). The second cell line, seen in 26 cells, showed one normal
X chromosome plus an isodicentric chromosome consisting of possibly a portion of the
short arm of the Y chromosome and the long arm of the ¥ chromosome (46, X.idic(Y)?
(p1l1.31)] (Fig. 3.3.2).

Fluorescent molecular probes localized to the X chromosome centromere
(DXxn), Ypll.3 (5RY), and Ygl2 (DYZ1) were hybridized to 10 metaphase and

50 imterphase preparations. The fluorescence signal pattern showed three cell lines
(Fig. 3.3.3).
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FIG. 3.2.2 The karyotype showed an isodicentric ¥ chromosome for the long arm [46,X,idic(Y)Wp11.31))

as well as on the proportion of each cell line. The presence of the ¥ chromosome material
in females greatly increases the risk of gonadoblastoma. Please note that the proportion of
each cell line in the peripheral blood may not accurately reflect the distribution of these
two cell lines in other tissues.

Results from FISH were mostly concordant with those of the karyotype. The first abnoe-
mal cell line corresponded to the 45,2 the second abnormal cell line was concordant with
the isodicentric Ypl1.3. The cell line with one SRY, one X centromere, and one ¥ql2 was

the normal cell line that was not seen in the karyotype, likely due to a small percentage of
the cells.

Future testing and recommendations

Molecular studies and microarray analysis may be helpful in further characterization of
these findings. Increased surveillance, including periodic testis/ovary ultrasound and
biopsy il clinically indicated, should be considered in individuals with abnormal genitalia.
Clinical correlation and genetic counseling are highly recommended,
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FIG. 3.3.4 FISH showed metaphase for the second abnormal cell line (1o1g.2a)
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Case 3.4 Indeterminate sex with an abnormal Y chromosome
Clinical indication

A 23-year-old female had an abnormal prenatal screen by NIPT, concerning trisomy 18.
Amniotic fluid was sent for genetic testing,

Test ordered

- Chromosome analysis: Routine blood
- FISH: Prenatal aneuploidy screen
- Chromosome microarray (CMA)

Test results

Chromosome analysis revealed a normal male chromosome complement with 46,XY in
15 colonies examined (Fig. 3.4.1).
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FIG. 3.4.1 The karyotype showed 46,%Y from the amniotic fluid samphe. ISCN: 46.XY
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FiG. 3.4.2 FISH prenatal ancuploidy screening showed normal results for chromosomes 13, 18, 21inamale fetus. IBON
nuc Bh(DXZ 10, DY 23, DB 12 100L{RE 1,D0215341)x2] 10:0]

FISH with prenatal aneuploidy sereening showed no trisomy for chromosomes 13, 18,
and 21, and suggested a male fetus (Fig. 3.4.2).

CMA detected an approximately 16 Mb mosaic gain of ¥Ypter-q11.221 and an approx-
imately 43Mb mosaic loss of Yqll.221-gter from this ferus (Fig. 3.4.3A for the
X chromosome and Fig. 3.4.3B for the Y chromosome),

The predicted karyotype for the abnormal eell line was 46X, psu idie(Y)(q11.221). After
we reexamined the G-banded amniotic fluid slides, the abnormal cell line with two cells
{with likely appreciation of the abnormal Y chromosome) was observed in addition to the
normal cell line (46,XY) (Fig. 3.4.4). Supplemental FISH analysis with probes detecting the
X centromere (A7) and sex-determining region of the ¥ chromosome (SRY) exhibited
two positive SRY probe signals at the psu idic(Y)(ql1.221) chromosome and one
¥ chromosome in 45/50 (90%) of metaphase cells from cultured amniotic fluid. The
remaining four metaphase cells had a single SRY, and one cell did not have the SRY signal
(Fig. 3.4.5). Reanalysis of the FISH prenatal aneuploidy screen shows abnormal results
with one copy of the X chromosome and two copies of the ¥ chromosome (Fig. 3.4.6).

Results with interpretation

The original karyotype and FISH from amniotic fluid did not detect the abnormal cell line
due to poor morphology of the G-banding. Chromosome microarray identified mosaic
gain of the pseudo dicentric ¥ chromosome from Ypter to ¥Yql1.221 and mosaic loss
of ¥ chromosome from Yql1.221 to Yqrer. To confinrm the CMA finding, FISH on meta-
phases from amniotic fluid showed two copies of SRY signals and one copy of the
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centromere of the X chromosome, concordant with the results of CMA, Mext, a reanalysis
of G-banding metaphases showed 2 out of 50 (4%) colonies with a possible idic(¥)
(g11.221), and FISH for prenatal aneuploidy screen also showed two centromere signals
for the Y chromoseme in 3 out of 100 (3%) the cells scored,

Future testing and recommendations

The outcome in the majority of prenatally identified cases with this chromosomal com-
plement is a normal male phenotype at birth, albeit with a high risk of infertility. If ultra-
sound indicates male genitalia, a male phenotype is to be anticipated, On the other hand,
if female genitalia are identified by ultrasound, the patient usually has gonadal dysgenesis.
Please note that the determination of male fetal sex does not rule out the presence of
ambiguous genitalia or the existence of ovotestes or other gonadal disorders. Additionally,
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FG. 3.4.6 Reanalysis of the FISH prenatal ansuploigy screening showed abnormal results with one copy of the
X ehromosome and two copies of the ¥ chromosome. ISON: nuc ish{DXF 1x1, DY #3x2, D182 1x2)[31 00], (RE 1, D215341}
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dysgenetic gonads in any individual with ¥ chromosome material are at rigk for malignant
[t’El]‘.Ihf-r:urlT'lHlif}F'l. jlii[iﬂ“ﬁ' a5 E{IHdehlii:’ﬂlﬁJ]r!Et and :;.L||j_\;{=-.;|_|_|r_-;'|_'[i'!,' as I'I:'I':'I.iii.','lfliif'll 3{‘1]]1"10!“&
112,13]. Close follow-up with primary physicians and oncologists, parental chromosome
analysis, and genetic counseling are recommended.

Case 3.5 Klinefelter syndrome (47,XXY)
Clinical indication

A 23-year-old male presented with testicular hypofunction. He had disruptive mood dys:
regulation disorder and ADHD. He was evaluated by a neurologist to determine his pre-
sent neurocognitive functioning ability and to provide recommendations that will help
with the course of care.

Test ordered

Chromosome analysis: Routine blood
FISH: Postnartal aneuploidy screening
Chromosome microarray analysis (CMA)

Laboratory test performed
Chromosome analysis, FISH, and CMAwere performed on peripheral blood (PB) (detailed
methods described in Chapter 1).

Test results

Chromosome analysis revealed the presence of three sex chromosomes with two
X chromosomes and one ¥ chromosome. This karyotype is found in males with Klinefelter

syndrome (KS) (Fig. 3.5.1).
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FIG. 3.5.1 Chromosame analysis revealed a gain of the ¥ chromosome. I5CN: 47, XY

MNext, 100 cells were scored using FISH probes targeting specific sequences from chro-
mosomes X, Y, 13, 18, and 21. Analysis revealed signals that were normal for chromosomes
13, 18, and 21. However, the signal partern for X and ¥ indicated XXY, consistent with a
diagnosis of KS (Fig. 3.5.2).

Chromosomal Microarray Analysis (CMA) revealed a copy number gain of the entire
X chromosome, concordant with the findings from chromosome analysis and FISH
(Fig. 3.5.3). In this case, the two copies of the X chromosomes are not identical (hetero-
zygous SNP probes can be appreciated). For learning purposes, CMA results from a dif-
ferent patient illustrating two copies of the X chromosome that are completely
identical with no heterozygous probes observed are shown (Fig. 3.5.4).

Results with interpretations

Patients with KS typically have small testes, cryptorchidism, hypospadias or micropenis,
delayed puberty, gynecomastia, decreased body hair, and infertility. These patients are
generally taller than their peers. Learning disabilities, delayed speech, and delayed lan-
guage development are more common for individuals with this syndrome. Additionally,
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adults with KS have an increased risk of developing breast cancer and systemic lupus
erythematosus, which is a chronic inflammatory disease. Personality characteristics vary
among affected individuals. It is common for individuals with this condition to be
reserved, sensitive, and timid [1-4].

Future testing and recommendations

Both K5 and mosaic Klinefelter syndrome (46,XY/47 XXY) are not inherited. They usually
occur as a random event during the formation of reproductive cells (eggs and sperm). Dur-
ing cell division, an error called nondisjunction occurs resulting in a reproductive cell with
an abnermal number of chromosomes. KS is diagnosed through karyotype and chromo-
some microarray on a blood sample. Genetic counseling is recommencded.
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Case 3.6 Klinefelter syndrome variant (48 XXYY syndrome)
Clinical indication

A 12-year-old male presented with moderate intellectual disabilities and an unspecified
developmental disorder of speech and language.

Test ordered

- Chromosome analysis: Routine blood
- Chromosome microarray analysis (ChA)

Laboratory test performed

Chromosome microarray was performed on peripheral blood (PB) (detailed methods
described in Chapter 1).

Test results

Chromosome analysis revealed 48XXYY in all metaphase cells examined (Fig. 3.6.1).
Chromosomal Microarray Analysis (CMA) revealed copy number gains of an entire
X chromosome and an entire Y chromosome, consistent with a diagnosis of 48,0YY syn-
drome, or KS variant (Figs. 3.6.2 and 3.6.3).

Results with interpretations

The 48.XXYY syndrome is estimated to affect 1 in 18,000-40,000 male newborns.
Although patients with 48.XXYY syndrome have phenotypes that are very similar to
the K5, sharing features such as infertility and hyper-gonadotropic hypogonadism [5],
they have distinct phenotypes including mental retardation and psychiatric disorders
[6.7]. The syndrome manifests later in life with abdominal adiposity, small testicles,

delayed development, behavioral disorders, learning disabilities, delayed puberty, and
skeletal deformities [8).

Future testing and recommendations

48.XXYY is not inherited. It usually occurs as a random event during the formation of
reproductive cells (eggs and sperm). During cell division, an error called nondisjunction
occurs resulting in a reproductive cell with an abnormal number of chromosomes. Most
of the 48.XXYY syndrome has the extra sex chromosomes coming from a sperm cell.

Genetic counseling is recommended to provide better disease management for the
patient.
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Summary of key learning points

1. Ildentfication of the ¥ chromosome material in phenotypic fermales is important due to
the increased risk of gonadoblastoma.

2. CMaA provided more accurate information such as size, breakpoints, and more specific
gene regions invelved, which is helpful for genotype-phenotype correlation.

3. Chromosome analysis may miss submicroscopic genetic alterations, including
microdeletions and microduplicarions. CMA can identify those that could have been
missed by karyotyping.

4. Parental chromosome analysis is essential to determine the origin of the abnormality
and assess the recurrence risk.
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Consanguinity

Xia Li
SONORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

Consanguinity is the kinship of twe individuals characterized by the sharing of
(a) common ancestor(s) [1,2]. It refers to marriage or a reproductive relationship between
two closely related individuals. The degree of relatedness berween two individuals defines
the proportion of genes shared between them. Rare autosomal recessive diseases are more
frequent in the offspring of these couples due to the high risk of homozygosity by descent
[3]. Consanguinity is mostly seen in the Middle East, West Asia, and Morth Africa as well as
immigrants from these communities now residing in North America, European, and Aus-
tralia. In Arab countries, first-cousin marriages may reach 25%-30% of all marriages [4].
Due to the high incidence of congenital and genetic disorders in the offspring of consan-
guineous couples, it is very important to provide preconceprion and premarital consulta-
tion to these couples [5]. In many cases, the health providers are not aware of the
consanguinity until the test results from the offspring are available. In genetic diagnostic
laboratories, chromosome single-nucleotide polymorphism (SNP) microarray is the most
frequently used assay to identify consanguinity because it can detect large regions of
homozygosity (ROH) or absence of heterozygosity (AOH) in patients [6]. In this chapter,
we will illustrate such cases with multiple ROH regions.

Case 4.1 Multiple congenital anomalies due to family history
of consanguinity
Clinical indication

An 11-year-old boy presented multiple congenital anomalies including a localized visual
field defect in the right eye, torticollis, flexion deformity, right finger joints, right congen-
ital diaphragmatic hernia, cystic malformation of the lung, developmental delay, and
learning difficulties. He has a family history of consanguinity.

Test ordered
- Chromosome analysis; Routine blood
— Chromosome microarcay (CMA)

{Cases In Labarsiory Geneibos and G bex [LGGY Praciboe, hipedidolarg 10,1016/ BOTE:0: 323 90622 5.00030-7 55
Copyright © 2020 isevier ine. All nghis resorved.
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Laboratory test performed

Chromosome analysis and chromosome microarray test methods are described in
Chapter 1.

Test results

Chromosome analysis showed a normal male chromosome complement, 46,XY (Fig. 4.1.1).

The chromosome SNP microarray did not detect copy number variations from this
parient. However, 36 ADH regions were detected. The clinical significance of these regions
was uncertain (Figs. 4.1.2 and 4.1.3). Family history and thorough clinical assessment are
indicated to illustrare the significance of these findings.

w

LY RV o
A K X X

%
1 E:“ ? . \:‘ %-ﬁn 1] .
f i T 4 L O !
& 7 8 ] 10 11 12
L S L I I ¢
13 14 15 16 17 18

¢

¥t M T i 4 ;
19 210 1 2 X Y

FIG. 4,11 The karyotype showed a normal male chromosome complement, 46, 3Y Trom this patient. ISCH: 46, XY
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Results with interpretations

Chromosome analysis demonstrated a normal male karyorype. No copy number varia-
tions {deletions or duplications) were identified in this patient by SMP microarray analysis;
however, the SNP microarray detected 36 regions of the AOH regions greater than 5Mb.
The combined total length of the homozygous segments was approximately 833.7 Mb and
encompassed 28.9% of the genome. Although this result is not diagnostic of a specific con-
dition, it raises the possibility of a recessive disorder within one of these regions. Addition-
ally, these results could indicate a close familial relationship between this individual's
parents. Based on the percentage of homozygous segments and family history, it was con-
firmed that these ADH regions are due to sibling mating. According to Kearney et al,, a
long-contiguous stretch of homozygosity (LCSH) describes an uninterrupted region of
homozygous alleles with a genomic copy number state of 2. When LCSH is over 25%,
the parental relationship is parent/child or full siblings. In this case, it was the latter |7.8].

Future testing and recommendations

These results should be correlated with the patient’s family history for interpretation. If a
specific autosomal recessive disorder is suspected in this patient, additional molecular
testing may be indicated. Genetic counseling is recommended.

Case 4.2 Multiple developmental disorders due to
consanguinity and Charcot-Marie-tooth disease type 1A
Clinical indication

A 15-year-old male presented with deficits in the frontal lobe and executive functions. He
was diagnosed with a developmental disorder of motor function, speech delay, attention-
deficit/hyperactivity disorder (ADHD), anxiety disorder, depression, and posttraumatic
stress disorder (PTSD) at varipus points in his development,

Test ordered
- Chromosome microarray (CMA): Routine blood.

Laboratory test performed
The CMA test method was described in Chapter 1.

Test results

The SNP array analysis showed 20 regions of the AOH greater than 5Mb. The combined
total length of the homozygous segments was approximately 388.3 Mb and encompassed
13.5% of the genome (Fig. 4.2.1).
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Chromosomal microarray analysis (CMA) also revealed a copy number gain of 1.4 Mb
of DNA from chromosome 17 at band 17pll.2 (Fig. 4.2.2). This duplication, which
includes five OMIM genes, is overlapping with Charcot-Marie-Tooth disease type 1A
{CMTIA). PMP22 is one of these five OMIM genes in the duplicated region from this
patient (Fig. 4.2.3).
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FIG. 4,2.2 Chromosomal micrearray analysis also revealed a copy numbaer gain of 1.4Mb of DNA, from chromosome
17 at band 17p11.2, This duplication includes PAP22, which is associated with CMT 1A, ISCN; arrfhg19]
17p12(14,067,933-15,479,924)x3
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Results with interpretations

From the first finding, the chromosome microarray identified 20 regions of AOH. Based on
the percentage of homozygosity, this result indicates a possibility of second-degree mating
(half-siblings or uncle-niece) [8,9]. Although this result is not diagnostic of a specific con-
dition, it raises the possibility of a recessive disorder within one of these regions.
A thorough evaluation of the patient’s clinical presentations and the genes in the AOH
regions with clinical follow-up are indicated.

The second finding with a gain of 1.4 Mb of DNA from chromosome 17 at band 17p11.2
is consistent with a diagnosis of CMT1A. This is an inherited demyelinating peripheral
neuropathy. Individuals affected with CMT1A usually have distal muscle weakness and
atrophy, bilateral foot drop, and sensory loss. This disorder is slowly progressive, and
the onset of symptoms often occurs in the second or third decade of life. This is an auto-
somal dominant disorder associated with distal muscle wasting and weakness. Most cases

are due to an approximate 1.5Mb duplication in 17p12 involving the PMP22 gene locus
[10-15].

Future testing and recommendations

For multiple AOH regions identified, the results should be correlated with the patient’s
family history for interpretation. If a specific autosomal recessive disorder is suspected
in this patient, additional molecular testing may be indicated. For gain of 17p, follow-
up with a neurologist for treatment and genetic counseling are recommended.

Summary of key learning points

¢ The concept of consanguinity is described.

e There are risks in the offspring of a consanguineous couple with autosomal recessive
disorders.

Further molecular testing is indicated if any specific disorders are suspected.
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Uniparental disomy and imprinting
disorders

Xia Li
SONORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

Uniparental disomy (UPD) refers to the situation in which both chromosomes of a pair ar
the regions of chromosome in any individual have been inherited from a single parent [1].
There are two types of uniparental disomy: uniparental isodisomy and uniparental het-
erodisomy, Uniparental isodisomy refers to two chromosomes or regions of chromosomes
that are identical {usually due to monosomy rescue by duplication); uniparental hetero-
disomy means that the two different chromosomes are inherited from one parent (usually
due to trisomy rescue). The predicted phenotype of UPD can vary depending on the chro-
mosome involved or whether the regions of UPD contain genetically imprinted genes,
Humans inherit two complete sets of chromosomes, one from the mother and one from
the father. Most autosomal genes are expressed from both maternal and paternal alleles,
Imprinted genes show expression from only one allele of the gene pair, and their expres-
sion is determined by the parent during the production of the gametes. This phenomenon
is called genomic imprinting. There are three types of phenotypic effects seen in UPD: (1)
the phenotypes related to imprinted genes (only one of the two copies is normally turned
on, which copy is active depending on the parent of origin); (2) the phenotypes related to
unmasking autosomal recessive disorders; (3) the phenotypes related to aneuploidy that
will produce mosaicism. Genomic imprinting is caused by the methylation of cytosine
bases in the CpG dinucleotides in the DNA molecule. These CpG islands are key regulatory
elements of genes. Almost all imprinted genes have a CpG-rich differentially methylated
region (DMR), which usually relates to the silence of the allele expression [2].

There are many genetic diseases related to errors in the imprinting of specific genes
and chromosomes. Prader-Willi and Angelman syndromes are classic examples of
imprinting disorders. These syndromes are seen in UPD for chromosome 15. About
70% of Prader-Willi syndrome (PWS) cases are caused by a deletion on one chromosome
15 involving bands 15q11.2-q13, which can be detected using high-resolution chromo-
some analysis, FISH, or chromosomal microarray. There are 20%-30% of PWS due 1o
maternal UPD (missing the paternal chromosome 15) and imprinting defects. A DNA
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methylation analysis will confirm the underlying genetic mechanism. The remaining <1%
of PWS$ is caused by an imprinting center defect, which requires DNA sequencing (3].

Approximately 70% of individuals with Angelman syndrome have a deletion of the
mother's copy of 15q11.2-q13. In Angelman syndrome (AS), paternal UPD of chromosome
15 is rarer and is observed in approximately 5% of the cases (missing the maternal chro-
mosome 15).

Angelman syndrome is caused by the absence of a maternally contributed gene known
as UBE3A and can be the result of maternal deletion, maternal UBESA mutation, paternal
UPD, and abnormalities in the maternal imprinting center on chromosome 15g11-13
region [4,5]. DMA methvladon is typically the first test ordered. It can identify 80% of
individuals with AS. If DNA methylation analysis is normal, then sequencing of UBE3A
is indicated (hips:/ fvwawncbinlm.nih.govibooks/ NBK1144/).

There are also other imprinting disorders associated with UPD, Maternal UPD for chro-
mosomes 2, 7, 14, and 15 and paternal UPD for chromosomes 6, 11, 15, and 20 are asso-
ciated with growth and behavioral abnormalities. UPD of maternal chromosome 7 is
associated with intrauterine growth resiriction, a phenotype such as Russell-Silver syn-
drome [6]. A recent review summarized imprinting disorders including chromosome
15g11.2-q13.3 duplication, Silver-Russell syndrome, Beckwith-Weidemann syndrome,
GNAS gene-related inactivation disorders (e.g., Albright hereditary osteodystrophy), uni-
parental chromosome 14 disomy, chromosome 6q24-related transient neonatal diabetes
mellitus, parent of origin effects in 15q11.2 BP1-BP2 deletion (Burnside-Butler) syndrome,
and 15q11-q13 single-gene imprinted disorders (7).

Many studies showed autosomal recessive disorders caused by UPD without imprint-
ing genes involved. The disorders being reported include spinal muscular atrophy with
paternal UPD for ASAH] gene (8], cystic fibrosis with paternal isodisomy of chromosome
7 19], cartilage-hair hypoplasia with maternal UPD of chromosome 9 [10], e-thalassemia
with maternal UPD for chromosome 16 [11), p-thalassemias with paternal UPD of
11p14.3-11p15 (12}, and Bloom syndrome with matemal UPD for chromosome 15 [13].

In this chapter, a few case reports are shown to demaonstrate the clinical utility of mul-
tiple diagnostic approaches used for identifying an imprinting disorder. The last case is to

illustrate the identification of autosomal recessive disorder, Gaucher disease, due to
paternal UPD.

Case 5.1 Prader-Willi syndrome
Clinical indication

A 28-year-old female had an abnormal pregnancy history. Previous chromosome analysis

on her amniotic fluid had additional material of unknown origin on the long arm of chro-
mosome 15 [add(15)(g25)].
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Test ordered

— Chromosome analysis: Amniotic fluid

— AneuVysion FISH: Chromosomes 13, 18, 21, X, and Y
— Chromosome microarray (CMA)

— DNA methylation PCR: PWS/AS

Laboratory test performed

Chromosome analysis was performed (a detailed method for karyotyping was described
in Chapter 1). FISH was performed using probes (Abbott Molecular, Inc.) targeting specific
sequences from chromosomes X, Y, 13, 18, and 21, with 100 cells examined for each probe.
This test will not detect numerical abnormalities of other chromosomes, structural abnor-
malities of any chromosome, or mosaicism. The microarray method was described
previously (see Chapter 1). For DNA methylation PCR, bisulfite conversion of DNA
was performed, then followed by DNA methylation PCR using primers designed to
amplify the PWS/AS region. Gel electrophoresis was run to separate the bands, along
with the positive and negative controls for PWS/AS so that the band from the fetus
can be illustrated.

Test results

The patient had her first amniocentesis. The results showed trisomy 15 in 6 out of
15 (40%) colonies (Fig. 5.1.1). She was not convinced by the results and asked for chro-
mosome analysis on the second amniocentesis and cordocentesis, which is percutane-
ous umbilical blood sampling (PUBS). The second amniocentesis results revealed
trisomy 15 in 1 out of 15 (6.7%) colonies (Fig. 5.1.2) and 1 out of 20 (5%) cells in cor-
docentesis examined, respectively (Fig. 5.1.3). Finally, AneuVysion FISH showed a nor-
mal signal pattern for chromosomes 13, 18, and 21 in a female fetus (Fig. 5.1.4). Because
all trisomy 15 instances could be associated with trisomy rescue resulting in uniparental
disomy for chromosome 15, microarray and DNA methylation testing were performed.
Microarray results showed a large region of heterodisomy and ~4 Mb of isodisomy with
the absence of heterozygosity of chromosome 15, indicating a possible UPD involving
the 15q11-q13 imprinting region associated with PWS/AS (Fig. 5.1.5). Genotyping data
from microarray with markers close to the centromere and telomere indicated that the
fetus had maternal UPD for chromosome 15. Arrows refer to the informative markers
(Fig. 5.1.6). Finally, DNA methylation analysis showed PWS-positive results in the fetus
(Fig. 5.1.7).

Results with interpretations

It is known that paternal deletion or maternal uniparental disomy leads to PWS
(mental retardation, obesity, and dysmorphic facial features). SNRP is associated with
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FIG, 5.1.1 Karyotype from first amniocentesis showed trisomy 15 in & out of 15 colonies, 1ISCN; 47,004,415 [6)046, XX (9]

the imprinting center; Maternal deletion, paternal disomy, or deletion of UBE3A leads
10 AS (profound MR, no speech development, and uncontrolled laughter). Two mech-
anisms result in UPD: trisomy rescue and monosomy duplication. In this case,
trisomy 15 was identified from karyotypes of amniocentesis and cordocentesis.
Therefore, a UPD 15 has resulted from trisomy rescue. Microarray analysis detected
a parial isodisomy on distal chromosome 15, indicating a possible UPD 15. Genotyp-
ing data from microarray showed that some informative markers close to the centro-
mere and telomere are of maternal origin. Furthermore, methylation PCR confirmed
that the diagnosis of this case is PWS. The conclusion was that postzygotic

trisomy rescue resulted in the loss of paternal chromosome 15 and rendered PWS
in the fewus.
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FIG. 5.1.2 Karyotype from second amniccentesis showed trisomy 15 in 1 out of 15 colonies. ISCN: 47X, +15 [1]/46,
=X [14]

Future testing and recommendation

PWS is caused by an absence of expression of imprinted genes in the paternally derived
PWS/AS region (i.e., 15q11.2-q13) of chromosome 15. Several genetic mechanisms are
causing PWS: paternal deletion, maternal uniparental disomy 15, and rarely an imprint-
ing defect. The risk to the sibs of an affected child of having PWS depends on the genetic
mechanism that renders PWS, also known as missing paternal expression of genes in the
15q11.2-q13 region. The risk to sibs is typically < 1% if the affected child has a deletion or
uniparental disomy, up to 50% if the affected child has an imprinting defect, and up
to 25% if a parental chromosome translocation is present. Prenatal testing is possible
for future pregnancies at increased risk if the underlying genetic mechanism is
known (https:/ fwww.ncbi.nlm.nih.gov/books/NBK1330/). Genetic counseling is
recommended.
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FIG. 5.1.3 Karyorype from cordocentesis showed tritomy 15 in 1 out of 20 cells. 1SON; 47,300,515 [ 116,22 [19]

HG. 5.14 Aneulysion FISH showed a normal signal pattern for chromesomes 13, 18, and 21 in a female fetus. ISCN:
nuc hIDAEY, 00 B2 )2{ 100],(RE 1,02 1534 1)22(100]
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FIG. 5.1.5 Microarray results showed a large region of heterodisomy and ~4 Mb of isodisomy with the absence of
heterozygosity of chromosome 15, indicating a possible UPD involving the 15q11-q13 imprinting region associated
with PWS/AS. ISCN: arr[GRCh37]15q26.3(98503933_102429049)x2 hmz

Markers close to centromere Markers close to telomere
Dad Mom Fetus Dad Mom Fetus
Probe Probe
Name Chr GType GType GType Name Chr GType GType GTYype

rs7402159] 15 BB AB) AB rs8037807 15 |aB 88 88
Fs2843721. 15 88 88 88 rs8031873 15 [aa AA AA
rs9330233] 15 AB AA AA rs11633427 15 [aa NC AA
1s35617960 15 AB AA AA rs3736298 15 |88 88 88
rs8040193] 15 AB AR AA r$2456491 15 |a8 AB AA
rs8034562] 15 AB 88 88 rs375606 15 [AB A8 AA
Fs1290025 15 AB 88 88 rs405805 15 [es 88 88
rs7359214] 15 88 Be 88 rs352716 15 |aB AA AA
Fs1291552 15 AB AA AA rs8040299 15 [es 88 88
11210202 15 AB AA AA rs3934044 15 (BB 88 88
511486384 1S B8 AA AA | e rs3905942 15 (a8 B8 B8
52289815 15 B8 AA AA | m— rs352743 1S |AB 88 88
rs765763 15 88 AA AA | rs352744 15 [aB AA AA
Fs1290207] 1S AB 88 88 rs9328589 15 [a8 AA AA
Fs1289830] 15 AB 88 88 rs12324219 15 |88 [ 88
rs7171787] 1S AB AB AB rs7182334 15 |aB AB AA
15722410 15 AA AB AB 51399026 15 [eB A8 88
rs8029108] 15 AB AA AA rs7182651 15 |BB AA AA A
rs8042342] 15 8B 88 88 rs2203348 15 |aa AA AA
rs1579821] 15 AB AA AA r$7165135 15 |aB AB BB
rs4778298] 15 88 AB AB rs7180058 15 |88 AB AA ——
rs3751567] 1S 88 BB 88 r$2203349 15 |aB AB 88
rs2289816] 15 AB 88 88 r 0 15 |a8 AB AA
rs4134803 15 88 AA AA | — rs8036482 15 BB 88 88
rs2289817] 15 AB AA AA rs1513981 15 |8B AB 88
rs2289819] 15 AB 88 88 rs7177306 15__|AB 88 88
rs4778471] 1S 88 AB AB rs10152940| 15 |aB AB 88
rs7174982] 15 AB AB AB rs13329121 15 [AA AA AA
rs6606813] 15 AB AA AA rs8024127 15 |a8 AB 88

FIG. 5.1.6 Genotyping data from microarray with markers close to the centromere and telomere indicated that the
fetus had maternal UPD for chromosome 15. Arrows refer to the informative genotypes from the mother.
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FIG. 5.1.7 Gel electropharesis from DNA methylation analysis showed PWS positive results in the fetus ai indicated in

lane 1 by 3 green arrow. Lane 2: normal comteel, lane 3 PWS-positive control, lane 4: AS-positive control, lane 5: PCR
negative control. M: DHA marker.

Case 5.2 Prader-Willi/Angelman syndrome
Clinical indication

A newborn baby boy presented with hypotonia and bilateral eryptorchidism, suspecting
Prader-Willi syndrome,

Test ordered

- Chromosome analysis: Routine blood
= FISH: PW5/AS

- Chromosome microarray (CMA)

Laboratory test performed
Karyotyping. FISH, and microarray methods were described in Chapter 1.

Test results

Chromosome analysis was performed initially. Of the 20 metaphases examined, all exhib-
ited an interstitial deletion of the long arm of chromosome 15 (Fig. 5.2.1).

Fluorescent molecular probes, which are localized to DI5ZI (15p11.2; internal con-
trol), SNRPN (15q11-q13), and PML (15g24; internal control) were hybridized 1o meta-
phase preparations. The fluorescence signal pattern was abnormal in the 10 metaphase

cells examined. There was a evidence for a deletion in the Prader-Willi region on chromao-
some 15 using the SNRPN probe (Fig. 5.2.2).
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FIG. 5.2.1 The karyotype from peripheral blood showed an interstitial deletion of 15g11.2913 in 20 cells examined,
15CH: 46, XY, del{15){g11.2q13)

FiG, 5.2.2 FISH using probes for PWS/AS showed a deletion of SNRPN. ISCN: ish 15p11.2(D15Z1x2),15g11-13
[SMRPMX 1), 1502 4(PMLx2) [ 10]
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FIG. 5.2.3 Microaray results sthowed a 5. 3Mb debetion of chramotome 15, 1SCH: arrlhg19] 15g11.2913.1(23,213,406-
2B,561,671)x1

Chromosomal mieroarray analysis revealed a copy number loss of chromosome band
15q11.2g13.1 in the Prader-Willi/Angelman syndrome critical region of 5.3Mb in size,
spanning 20 OMIM genes. This finding is consistent with a clinical diagnosis of Prader-
Willi or Angelman syndrome depending on the parental origin of the deleted chromosome

15. This finding confirms the chromosome and FISH results reported for this parient
{Fig. 5.2.3).

Results with interpretations

Of the metaphases examined. all exhibited an interstitial deletion of the long arm of chro-
mosome 15. This deletion was also seen from the concurrent FISH testing using probes for
PWS/AS. Microarray analysis was performed and confirmed the deletion.

Future testing and recommendations

The great majority of deletion-associated cases have been de novo in origin. However,
recurrence secondary to a parental rearrangement has been documented, and parental
chromosome analyses are recommended. Potential parental origin is dependent upon
clinical diagnosis (Prader-Willi or Angelman syndrome). A methylation study is indicated

to differentiate whether the patient has PWS or AS. Clinical correlation and genetic
counseling are highly recommended.

Case 5.3 Angelman syndrome
Clinical indication

A 22-month-old male presented with global developmental delay and dysmorphic cranio-
facial features.
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Test ordered

- Chromosome microarray [(ChA)

- DNA methylation PCR: PWS/AS

Laboratory test performed

CMA methods were described in Chapter 1. The DNA methylation method was described
previously in Case 5.1.

Test results

CMA analysis identified UPD for the entire chromosome 15 (see Fig. 5.3.1). DNA Methyl-
ation PCR for PWS5/AS has confirmed that this patient is positive for Angelman syndrome
(Fig. 5.3.2).

Results with interpretations

Microarray identified UPD 15 from the patient. Based on the SNP analysis, the region of
homozygosity revealed uniparental isodisomy. Methylation PCR for PWS/AS confirmed
that this UPD was associated with Angelman syndrome (paternal UPD 15).

UPD 15

T R S Y B M

FIG. 5.3.1 Microarray results showed UPD for the entire chromosome 15 from the proband. ISCN: arr[hg19]
15q711.2g26.3 (18,427,103-100,336, 9152 hmz
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FIG. 5.3.2 Methylation PCR showed the band pattern positive for Angelman syndrome for the proband (lane 2).
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Future testing and recommendations

The risk of recurrence of uniparental disomy is less than 1%. Abnormal changes (muta-
tions) within UBE3A have been detected in 10%-20% of individuals with Angelman syn-
drome, Loss of function of this gene causes all the cardinal clinical features of Angelman
syndrome. Most cases of AS result from typical large de novo deletions of 15q11-gq13 and
are expected 1o have a low (<1%) risk of recurrence. AS caused by paternal UPD is also

expected 1o have a < 1% risk [14]. Genetic counseling is recommended for assessing
TECUTTEnT risk.

Case 5.4 Gaucher disease
Clinical indication

A 22-month-old girl presented with thrombocytopenia and hepatosplenomegaly. Her
enzyme analysis showed reduced glucocerebrosidase. Based on these findings, Gaucher
disease was suspecied. Peripheral blood was sent for genetic testing.

Test ardered

- GBA gene custom Sanger sequencing
— Chromosome microarray (Cha)

Laboratory test performed

GBA gene custom Sanger sequencing was performed using the conventional Sanger
sequencing method. To proceed with automated Sanger sequencing, the DNA sequence
of interest was used as a template for a special type of PCR called chain-termination PCR.
All ddMTPs were mixed in a single reaction, and each of the four dNTPs had a unique fluo-
rescent label, In the second step, all oligonucleotides were run in single capillary gel elec-
trophoresis within the sequencing machine. Next, a computer reads each band of the
capillary gel, in order. using flucrescence to call the identity of each terminal ddNTE

The output, called a chromatogram, showed the fluorescent peak of each nucleotide along
the length of the template DNA.

Test results

sanger sequencing for the GBA gene was performed for 12 exons. A homozygous mutation
in exon 11 was identified. This was a missense muration c.1448T>C (p.L444P) and was
reponed as pathogenic by The Human Gene Mutation Database (HGMD). This result
was consistent with a diagnosis of Gaucher disease rype 1L Parental sequencing analyses
were performed. The mutation was inherited from the father, but not from the mother.

Microarray was ordered 1o rule out UPD, As expected, microarray results showed UPD
for the entire chromosome 1 (Fig. 5.4.1).
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FiG, 5.4.1 Microarray results showed paternal UPD of chromadome 1 from the proband. The GBA gene is located on
chromosome 1 at band q22, ISCN: arr[hg19]1p36.33g44 (37,714-247,195,072)x2 hma

Results with interpretations

Sanger sequencing detected a homozygous mutation ¢ 1448T>C (p.L444P) in the GBA
gene from this patient. This is a pathogenic mutation associated with Gaucher disease
type Il [15,16]). Microarray confirmed that the patient has paternal UPD suggesting that
he carried two mutation alleles from the father according to the results of the Sanger
sequencing from both parents. These results confirmed the diagnosis of Type 1l Gaucher
disease. This diagnosis significantly impacts the medical management of liver and bone
issues for this patient. Microarray is a very useful tool for identifying copy number vari-
ation (CNV), loss of heterozygosity (LOH), and UPD, in many cases finding genes that are
associated with autosomal recessive and imprinting disorders.

Future testing and recommendations

Genetic counseling is recommended for recurrent risk assessment.

Case 5.5 Uniparental disomy 7
Clinical indication

The patient was a 4-day-old newborn baby with late prematurity. The maternal medical
history revealed polysubstance abuse. He had syphilis with a postnatal diagnosis of
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double outlet right ventricle with D-malposed great aneries, mild right ventricular outflow
tract (RVOT) obstruction, and possible single coronary artery.

Test ordered

- Chromosome analysis: Routine blood
- Chromosome microarray (CMA)

Laboratory test performed

Chromosome analysis and microarray methods were described in Chapter 1.

Test results

Chromosome analysis revealed a normal male karyorype (Fig. 5.5.1). CMA analysis iden-
tified uniparental disomy UPD for the entire chromosome 7. The length of the homozy-
gous segment was approximarely 159 Mb, encompassing 5.5% of the genome (Fig. 5.5.2).
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AG. 551 Chromosome analysis revealed a normal male karyotype. ISCH: 46.XY
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FIG, 5.5.2 Microarray results showed uniparental disamy for chromosome 7. I5CN: arr[hg19] 7p22.3g36.3
{44, 167_159,119,220)x2 hmz

Results with interpretations

Microarray identified UPD7 from the patient. Silver- Russell syndrome (SR3) is an imprint-
ing disorder that is associated with UPDY. Hypomethylation of the imprinted control
region 1 (ICR1) at 11p15.5 causes SRS in 35%-50% of individuals, and maternal uniparen-
tal disomy (mUPD7?) causes SRS in 7%-10% of individuals (horps:f fwww.nebinlm.nih.
govibooks/NBK1324/). Maternal UPD causes people to have two active copies of some
imprinted genes and no active copies of others (hips://medlineplus.gov/genetics/
chromosome/7/#conditions). However, it is unclear whether this patient has matUPD7.

SRS is a clinically and genetically heterogeneous syndrome that is characterized by
severe intrauterine and postnatal growth retardation and typical characteristic facial dys-
morphisms. It has been associared with maternal uniparental disomy (UPD) for chromao-
some 7. Further characteristic findings are cardiac anomalies and genital dysmorphia.
Asymmetry of body and limb anomalies is present in more than 50% of patients. Accord-
ing to the study from Karaca et al,, one case of matUPD7 was recognized among 13 SRS
patients. There were no significant differences between the clinical features of maternal
UPDT cases and other SRS cases except for congenital heart defects. Echocardiographic
studies revealed ventricular septal defect (V5SD), patent ductus arteriosus (PDA), and pat-
ent foramen ovale (PFO) in patients with matUPD7 [17].

Paternal uniparental disomy of chromosome 7 most likely does not have any pheno-
typic expression, except in cases of homozygosity for a recessive disease mutation for
which only the father is a carrier (e.g., cystic fibrosis, congenital chloride diarrhea, and
sensorineural hearing loss).
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Future testing and recommendations

DA methylation study is indicated to further characterize whether this patient has pater-
nal or maternal UPD7. Genetic counseling is recommended,

Summary of key learning points

* Understand the concepts of uniparental disomy and imprinting disorders.

* Become familiar with how uniparental disomy affects the phenotype with or without
imprinting genes (resulting in autosomal recessive diseases).

= Become familiar with the genetic eticlogy of Prader-Willi and Angelman syndromes.

= Understand technologies used to identify uniparental disormy and imprinting
disorders including methylation analysis, karyoryping, FISH, CMA, and sequencing.

= Accurate diagnosis of Gaucher disease will help to improve the management of the
patients.
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Background

Pallister-Killian syndrome (PKS) is a rare genetic disorder caused by mosaic tetrasomy 12p
due to an extra isochromosome 12p. Itis not inherited and is the result of a random event.
PKS is characterized by craniofacial dysmorphisms including a prominent forehead
with sparse frontotemporal hair, significant hypotonia in infancy and early childhood,
variable developmental delay and intellectual disability, seizures, skin pigmentation,
diaphragmatic hernia, congenital heart defects, and other systemic abnormalities [1,2].
A hallmark of this syndrome is tissue-limited mosaicism. The extra isochromosome
12p is rarely found in peripheral blood lymphocytes but can be found in skin fibroblasts
and other tissues such as buccal smears, chorionic villi, and amniocytes. Studies have
shown that phytohemagglutinin (PHA) used in lymphocyte cultures promotes the growth
of normal cells, which leads to the underrepresentation or disappearance of abnormal
cells [3]. The percentage of cells containing the extra isochromosome 12p decreases in
the blood with age. In lymphocytes, it has been found in fetal blood and newbom infants
but has never been seen beyond childhood [4]. The prevalence of PKS has been estimated
to be 1 in 20,000; however, PKS is likely underdiagnosed due to the difficulty of making a
eytogenetic diagnosis in lymphoeytes from a peripheral blood test and requiring sampling
of other tissues. This abnormality can be detected by chromosome microarray analysis
(CMA) using peripheral blood samples [5]. This is likely explained by the fact that CMA
is performed on the total genomic DNA directly prepared from the bloed and does not
require cell culture with PHA [6].

Case 6.1 Pallister-Killian syndrome
Clinical indication

A 4-day-old baby boy in NICU presented with extremely weak muscle tone and feeding
difficulries. Clinical examination showed that the baby had significant hypotonia, a broad
forehead, decreased scalp hair density, wide-set eyes, epicanthal folds, low-set ears, flat
nasal bridge, micrognathia, micropenis, and hyperpigmented skin on his back.

Cases in Lab y Genedlos and G LGG) Practice. hifpasiidolong! [0 101EMRSYE. 0. 338 ey & 00028 X B3
Copyright © 2023 Elsevier Inc. All righis reserved.
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Test ordered

Chromosome analysis: Routine blood
= Chromosome microarray (CMA)

Laboratory test performed

Chromosome analysis, FISH, and CMA were performed on peripheral blood (PB) (detailed
methods were described in Chapter 1).

Test results

Cytopenetic analysis revealed two cell lines. Two of the 68 cells examined showed an
abnormal male chromosome complement with an extra isochromosome consisting of

the short arm of chromosome 12, resulting in a tetrasomy 12p (Fig. 6.1.1). The remaining
66 cells showed a normal male karyotype (46,XY) (Fig. 6.1.2).

CMA revealed a copy number gain of 34.6 Mb of DNA from chromosome 12 at band

12p13.33pl1.1, encompassing 227 OMIM genes (Figs. 6.1.3). The whole genome view from
CMA is shown in Fig. 6.1.4.
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FIG. 6.1.2 The karyotype of the patient showed a normal male karyoty pe in 56 out of 68 cells examined.
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FIG. 6.1.4 The whole-genome view showed a gain of 12p. ISCN: arr[hg19] 12p13.33p11.1{173,7B6-34,835,837)=3

Results with interpretations

The results from chromosome analysis and CMA are concordant and are consistent
with the diagnosis of PKS. Clinical features of PKS include hypotonia, intellectual dis-
ability, developmenial delay, sparse hair, areas of unusual pigmentation, speech
anomalies, and distinctive facial features. The patient had many signs and symptoms
described in a rypical PKS diagnosis. Chromosome analysis identified very low-level
mosaicism of an extra isochromosome 12p in peripheral blood (2 out of 68 cells)
due to the selective growth advantage over the karyotypically normal cell population.

CMA showed mosaicism for tetrasomy 12p and confirmed the findings from chromo-
some analysis.

Future testing and recommendations

PKS is not inherited and occurs spontaneously in a child by chance. All cases reported
to date have been sporadic, Therefore, no further testing is indicated for this patient.
A high-resolution karyotype of both parents should be performed 1o look for other
small chromosomal rearrangements such as cryptic pericentric inversions, which
might play a causal role in duplications or isochromosome formation [7].

A thorough clinical assessment of this patient and genetic counseling are
recommended.

Case 6.2 Pallister-Killian syndrome
Clinical indication

A newborn (baby boy) presented with a coarse face, hypotonia, and dysmorphic features.
The clinical suspicion was genetic disorders,
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Test ordered

-  Chromosome microarray (ChiA)

- Chromosome analysis: Routine blood

Laboratory test performed

Chromosome microarray and chromosome analysis (karyotyping) methods were
described in Chapter 1.

Test results

Chromosome analysis was performed initially. Of the 53 metaphases analyzed, one exhib-
ited an isochromosome 12p (Fig. 6.2.1). The remaining 52 cells showed a normal male
chromosome complement (46,XY) (Fig. 6.2.2).
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FiG. 6.2.1 The karyotype from the patient showed 1 out of 53 celli with an isochromadane 12 for the short arm, which
resulted in a tetrasomy 12p, ISCH; 47,57, +i(121p 10)[ 146, XY [52]
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FIG. 6.2.2 The karyotype from the pathent showed 52 out of 53 cells with a normal male karpotype.

CMA revealed a copy number gain of 37.7 Mb of DNA from chromosome 12 at band
12pl3.33pl 1.1, encompassing 247 OMIM genes (Fig. 6.2.3). The whole-genomic view
from CMA was shown in Fig. 6.2.4.

Results with interpretations

This gain of 37.7 Mb of DNA from chromosome 12 is consistent with the diagnosis of PES,
which is characterized by hypotonia, intellectual disability, developmental delay, sparse
hair, areas of unusual pigmentation, speech anomalies, and distinctive facial features.
Some affected individuals have been reported with multiple dysmorphic features includ-
ing epicanthic folds, a flat face, a long philtrum, short palpebral fissures, an upturned
nose, and small, low-set ears with an overfolded helix. Other commonly reported features
include seizures, diaphragmatic hernias, congenital heart defects, and other systemic
abnormalities.

Chromosome analysis exhibited an isochromosome 12p in 1/53 cells examined. Along
with the microarray results, the diagnosis of mosaic PKS was confirmed. The percentage of
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Gain of Chromesome 12p
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FIG. 6.2.3 Chromosome rmicroarray results showed a copy number gain of 37.7Mb of DNA from chromosome 12 at
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FIG. 6.2.4 The whaole-genome view showed a gain of 12p. 15CN: arr[hg19] 12p13.33q11(173,786-37,869,301)x3

abnormal cells with i(12p) is usually higher in fibroblasts than itis in blood. Therefore, this

is called mosaic syndrome.

PKS is frequently caused by a mosaic gain of an isochromosome 12p, which results in
tetrasomy 12p. In rare cases, other more complex chromosomal changes involving chro-
mosome 12 are responsible for this disorder; therefore, chromosome analysis on this

patient is recommended along with CMA testing.
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Future testing and recommendation

There is no specific therapy for individuals with Pallister-Killian mosaic syndrome.
Affected children may benefit from early intervention programs and special education
(hups:/ frarediseases.info.nih.gov/diseases/84 21 /pallister-killian-mosaic-syndrome).

Genetic counseling is recommended and may be a benefit for affected individuals and
other family members.

Summary of key learning points

+ Understand the clinical presentation of PKS.

= The diagnostic testing results may be discordant because i(12p) is usually higher in
fibroblast than it is in blood.

= CMA should be used as first-tier testing when PKS is considered as a differential
diagnosis because CMA is more sensitive than chromosome analysis in identifying
tetrasomic cells in peripheral blood.

+ Given that the percentage of tetrasomy 12p cells in peripheral blood decreases as the
individual with PKS ages, tests should be performed as early as possible to avoid
invasive skin biopsy.

= Technologies used to identify this syndrome include karyotyping, FISH, and
chromosome microarray. Correlation with clinical assessment of the patients is also
indicated.
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Background

FMRI disorders include fragile X syndrome (FXS), fragile X-associated tremor/ ataxia syn-
drome (FXTAS), and fragile X-associated primary ovarian insufficiency (FXPOI). FXS isone
of the manifestations of FMA1-related disorders and the most common inherited cause of
mental retardation [1]. It occurs predominantly in males and less frequently in females [2].
Affected patients may show autistic features, learning disabilities, or mental retardation.
In addition, learning difficulties, attentional problems, anxiety, aggressive behavior, ste-
reotypes, and mood disorders are also commonly seen in FXS. Increases in the number
of CGG repeats in the fragile X gene (FMAD result in perturbed expression and function-
ality of the FMR1 protein. The range of normal alleles is within 5-44 repeats. Intermediate
alleles (gray zone) have 45-54 repeats, and premutation alleles have 55-200 repeats.
A repeat size greater than 200 is associated with fragile X syndrome. Females with repeat
sizes of 56-200 are considered premutation carriers as they are at risk of having offspring
with the fragile X gene of more than 200 CGG repeats (3], Most premutation carriers do not
show fragile X syndrome features; however, some high-repeat carriers (=100 repeats) in
both males and females have been described as having learmning difficulties, behavioral
problems, and even intellectual disabilities [2.4,5].

Older males with premutation may develop neurologic symptoms such as tremors and
ataxia (abnormal gairt) called fragile X tremor ataxia syndrome (FXTAS). FXTAS is a late-
onset, progressive disorder affecting cognition and behavior. Approximately 20%-25%
of women with a premutation experience FXPOI, which is characterized by infertility,
decreased ovarian function, early menopause, or irregular cycles (Mote: Women with a full
mutation are not at risk for FXPOI and have no associated infertility) (https://fragilex.org/
understanding-fragile-x/info-series/females-fragile-x/).

Full mutations of the fragile X gene (FMRI) are associated with fragile X syndrome in
=>99% of cases. Skewed X-inactivation and methylation of the normal and mutation alleles
may affect the phenotypic presentation of female patients |6]. The diagnosis of FMRI dis-
arder is established by using molecular techniques to identify trinucleotide repeat expan-
sion in the S'UTR of FMA! with abnormal gene methylation for alleles with >200 CGG
repeats. The test consists of a polymerase chain reaction (PCR) of genomic DNA purified

Casen In Laboratory Genetles and Genambes (LGE) Pracibor. hiepec/idslorg!10.1016/BS T8-0-323-99622-0.00027-7 g1
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from whale blood. followed by fragment sizing on a capillary electrophoresis platform and
conversion of product size to the number of CGG repeats. In this chapter, two cases with
FXS are illustrated o show how genetic testing identifies the CGG repeats.

Case 7.1 Fragile X syndrome in a male with a full mutation
Clinical indication

A 7-year-old boy presented with delays in talking, anxiety, and hyperactive behavior. He

has large ears, a long face, a prominent jaw, and a prominent forehead. Fragile X syndrome
was suspected.

Test ordered

- Fragile X testing of peripheral blood (AmplideX PCR/CE FMRI, a reflex to AmplideX
mPCR FMR! if needed)

Laboratory test performed

AmplideX FMR! PCR was performed according to the following protocol. Genomic
DNA was extracted via MagnaPure compact (Roche). Then DNA was assayed for
CGG-repeat expansion of the FMRI locus by analysis of DNA fragments generated
via PCR and capillary electrophoresis (ABL (Hitachi) 2130x] Genetic Analyzer) using
the AmplideX FMRI PCR kit (Asuragen, Inc.). The length of the PCR products (as repre-
sented by peaks) was determined using GeneMapper software version 5.0 (ABI). The
length/size of the amplicons (in base pairs) was converted to the number of CGG
repeats by referencing them to those of the process control. Normal and mutation cat-
egories of the FMRI allele were determined according to the American College of Med-
ical Genetics and Genomics guidelines. Samples with premutation (CGG repeat sizes
between 55 and 200) and full mutation (CGG repeat sizes >200) were further tested
using AmplideX FMRI mPCR to confirm these mutations and to assess the methylation
status,

The AmplideX mPCR FMRI Kit was used as a reflex test when premutation or full muta-
tion was identified in the patient. It employs an innovative PCR-only approach for the
detection of methylation status in the FMR] gene. These reagents determine the extent

of methylation of each allele in both male and female samples and thus eliminate the need
to run tedious and time-consuming Southern blots.

Test results

AmplideX FMRI PCR showed =200 CGG, which is consistent with a diagnosis of full muta-

tion for fragile X syndrome (Fig. 7.1.1). Next, AmplideX mPCR was performed, and the
methylation status was 100% for this full mutation allele (Fig. 7.1.2).
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FIG. 7.1.1 AmplideX FAMRT PCR results showed a full mutation (=200 CGG repeats) from this male patient.
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FIG. 7.1.2 AmplideX mPCR results showed a full mutation (2200 CGG repeats, fully methylated) from this male
patient.
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Results with interpretations

AmplideX FMRI PCR identified a full mutation allele (=200 CGG) from this patient. It was
then reflexed 1o AmplideX FMAI mPCR to assess the methylation status of this allele. The
results from mPCR showed that this allele is fully methylated. These results are consistent
with the diagnosis of a full mutation in a male with fragile X syndrome.

Future testing and recommendations

In general, if the son has a full mutation of FMRI, the mother islikely a carrier for the pre-
mutation allele. Fragile X testing for the mother is indicated. Other siblings in the family
should be tested if clinically appropriate. Genetic counseling is recommended.

Case 7.2 Fragile X syndrome in a female with a full mutation
Clinical indication

A 20-year-old female presented with slightly prominent ears and highly fexible finger
joints and wrists. She had difficulties in math and picking up on “social cues.”

Test ordered

Fragile X testing on peripheral blood (AmplideX PCRICE FMRI, a reflex to AmplideX
mPCR FMRI il needed)

Laboratory test performed

AmplideX FMAR]D PCR and mPCR methods were described in Case 7.1.
Test results

Amplidex FMRI PCR showed two CGG repeat alleles: 30, =200 CGG, which is consistent
with a diagnosis of full mutation in females for fragile X syndrome (Fig. 7.2.1). Next, Ampli-
deX mPCR was performed, and the methylation status was 100% for this full mutation
allele and 66% for the normal allele with 30 CGG repeats (Fig. 7.2.2).

Results with interpretations

AamplideX FMREI PCR identified a normal allele and a full mutation allele (30, =200 CGG)
from this patient. Then it was reflexed 1o AmplideX FMRT mPCR o assess the methylation
status of this allele. The resulis from mPCR showed that this full mutation allele is fully
methylated, and the normal allele was 66% methylated. These results are consistent with
the diagnosis of a full mutation in a female with fragile X syndrome. The phenotype

manifestation in this fernale patient was milder than those males with full mutation allele
due to skewed X-inactivation,
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- CGG repeats 30, =200

FIG. 721 Amplidex FMAT PCR results showed a full mutation (=200 CGG repeats) in addition to anormal alleke (CGG
reparats 300 from this fomale patient. Nomenclature: c-128_-126[(600_8007]
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FIG. 7.2.2 Amplidex mPCR results showed a full mutation (=200 CGG repeats, fully methylated) and a normal allelo
(30 CGG repeats, B6% methylated) from this female patient.
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Future testing and recommendations

In general, if the mother is a full mutation of FMRI, the son likely inherits a full mutation
from the mother. All of her offspring are at increased risk of having fragile X syndrome,
FXTAS, FXPOL, or fragile X-associated newropsychiatric disorders (FXAND). Family mem-
bers who are at risk should be tested, Genetic counseling is recommended.

Summary of key learning points

Fragile X syndrome is an X-linked disorder with trinuclectide CGG repeat expansion.
Clinical presentation of fragile X syndrome can vary depending on the sizes of the CGG
repeats,

"MR1 testing is designed to identify the size and methylation status of the CGG repeats.

A clinical correlation between the size of CGG repeats and methylation status is
indicated.

Skewed X-inactivation is common in the general population, and it may contribute to
heterozygous females manifesting X-linked disease,
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Background

Overgrowth syndromes generally present with inherent health concerns and, in some
instances, an increased risk of wumor predisposition that necessitates prompt diagnosis
and appropriate referral [1]. The term overgrowth generalizes abnormally tall stature
and is used to describe three types of phenotypes: (1) prenatal overgrowth, which refers
to newborns who are large for gestational age (LGA) and is commonly seen in maternal
diabetes and overgrowth syndromes such as Beckwith-Wiedemann syndrome (BWS);
(2) postnatal overgrowth, which refers to individuals having an accelerated growth pattern
starting in childhood or adolescence. This group is consistent with mainly endocrine
abnormaliries (such as thyroid, growth hormone, sex hormones, or glucocorticoid). Other
eticlogies include familial tall stature (constitutional tall stawre), precocious puberty,
obesity, Marfan syndrome (https:f/marfan.org/conditions/marfan-syndrome/), homo-
cystinuria (https://rarediseases.info.nih.gov/diseases/ 10770/ homocystinuria), Klinefel-
ter syndrome, and 47.XYY syndrome [2]; (3). Segmental overgrowth is a phenotype of
excessive growth that is confined to one or a few regions of the body, for example, macro-
cephaly or a single digit. The segmental or mosaic overgrowth often occurs with overac-
tivation mutations of the PI3K/AKT/mTOR (phosphoinositide-3-kinase/protein kinase
B/mammalian target of rapamycin) pathway [3]. Overgrowth syndromes can be associ-
ated with various causes such as hormone imbalance, life-threatening hypoglycemia
(e.g.. Beckwith-Wiedemann Syndrome, BWS), seizures (Sotos syndrome), developmental
delay (Sotos syndrome, Weaver syndrome), and increased susceptibility to malignancy
(Wilms' tumor, hepatoblastoma, etc.).

Somatic variations have been well described in cancer and become increasingly recog-
nized in human congenital diseases, such as somatic overgrowth syndromes. The disease-
causing variants often oceur during a postzygotic mutational event, leading to mosaicism
that is described by two (or more) genetically distinct populations of cells within one indi-
vidual. The genetic basis of somatic overgrowth syndrome is heterogeneous. The most
common and best-described somatic growth syndromes are caused by somatic variations
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of the cellular pathways that promote growth, such as activating variations in the PI3K
[phDsphaﬁd}’linDsi[:}l 3-kinase}) /AKT/mTOR (mammalian target of rapamycin] pathway
14]. Other mechanisms, such as activating or amplification of GPR10] leading to growth
hormone hypersecretion [5]. and loss-of-function of PTEN, have also been described.
Phenotype variability has been observed for somatic overgrowth syndromes, due to the
variability in functional alteration caused by different variations, the timing of vﬂﬂaﬁﬂ_ﬂ
during embryonic development, and the level of mosaicism. ldentification of the genetic
variation can inform the diagnosis of somatic overgrowth syndromes; however, the molec-
ular diagnosis is usually challenging because of genetic and phenotypic heterogeneity,
low-level mosaicism, and/or tissue-specific manifestation.

The approach to identifying patients with overgrowth syndrome should start with
detailed family history and physical examination, followed by genetic testing including
karvotyping, FISH, microarray, and/or NGS. These tests can be done through saliva,
blood, or skin tissue according to clinical appropriateness. In this chapter, two cases

are illustrated to demonstrate the technologies used for the diagnosis of overgrowth
syndrome.

Case 8.1 Sotos syndrome
Clinical indication

A 3-year-old boy presented with chronic medical conditions including bronchopulmon-
ary dysplasia, atrial septal defect, ventricular septal defect, history of cardiac pacemaker
placement, nephrocalcinosis, cryptorchidism (S/P surgical correction), and tracheos-
tomy. He had chronic lung disease and was ventilator dependent. Routine ultrasound
was performed at birth to screen for any renal abnormalities, which showed a large mass
on top of his right kidney. CT with contrast showed a right-sided suprarenal mass likely
related 1o neuroblastoma. Genetic tests were performed. Chromosome analysis revealed

an abnormal chromosome 5q in every cell analyzed suspecting Sotos syndrome. The
pathology report was consistent with neuroblastoma, and FISH with MYCN was not

amplified. The mass was completely resected with no recurrence, and chemotherapy
was not recommended.

Tests ordered

= Chromosome analysis: Bone marrow
= FISH: MYCN

= Chromosome analysis: Peripheral blood (PHA-stimulated)

Laboratory test performed

Chromosome analysis and FISH methods were described in Chapter 1.
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Test results

Chromosome analysis of the bone marrow revealed unknown material on the 5q at the
telomere. Due to the low resolution of the banding from the bone marrow, it was unclear
whether this was a deletion or additional material on 5q (Fig. 8.1.1).

FISH was performed on interphase nuclei using probes localized to the MYCN (2p24.3)
and D2Z1 (2cen) gene regions. Two hundred nuclei were examined, and the results dem-
onstrated a gain of chromosome 2 (MYCN) but did not meet the criteria for MYCN ampli-
fication in 180/200 (90%) of cells scored (Fig. 8.1.2). The patient had surgery to remove the
adrenal mass.

High-resolution chromosome analysis on PHA-stimulated blood specimen was per-
formed. The results revealed a terminal deletion of chromosome 5 at band q35.1 (Fig.

8.1.3).

Results with interpretations

FISH detected gains of three to four copies of chromosome 2. These results do not meet
the criteria for MYCN amplification.

¥y 8 3 2 4w
49 BE & §E Wo

8 9 10 1

Ga o8 al Ak %X @&

16 17 18

A .4 PP An 2 b
19 20 21 22 X Y

FIG. 8.1.1 Chromosome analysis on bone marrow revealed an abnormal banding on 5q. ISCN: 46,XY,add(5)(q34)?
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Neuroblastoma, the most common extracranial solid tumor of childhood, is thought 1o
originate from undifferentiated neural crest cells. Amplification of the MYC family mem-
ber, MYCN, is found in ~25% of cases and correlates with high-risk disease and poor prog-
nosis. Currently, amplification of MYCN remains the best-characterized genetic marker of
risk in neuroblastoma [6,7]. The nonamplification of MYCHN is associated with a favorable
prognosis [8].

For chromosome analysis of the bone marrow, all cells examined exhibited material of
unknown origin on 5q34. Since this abnormality was seen in every cell examined, it is unclear
whether this is an acquired or constitutional abnormality. A peripheral blood sample for
constitutional chromosome analysis was recommended to rule out a constitutional finding.

Finally, a high-resolution chromosome analysis was performed. All cells analyzed
showed a terminal deletion of the long arm of chromosome 5 at band g35.1. This is
consistent with a diagnosis of Sotos syndrome,

Sotos syndrome is a disorder characterized by a distinctive facial appearance, over-
growth in childhood, and leamning disabilities or delayed development of mental and
movement abilities. Characteristic facial features include a long, narrow face, a high fore-
head, flushed (reddened) cheeks, and a small pointed chin. This is an autosomal dominant
condition. NSDI located at 5g35.3 is the gene associated with Sotos syndrome. This gene is
deleted from the patient, which explains the cause of the patient’s phenotype with mul-
tiple health issues hitps:/ /'www.ncbi.nlm.nih.gov/books/NBEK 1479/,

Future testing and recommendations

Genetic counseling and parental chromosome studies are strongly recommended.
Chromosome microarray analysis is indicated to examine the exact length of the deletion
and to better delineate the genes associated with the patient's phenotype.

Case 8.2 Somatic overgrowth syndrome with PIK3CA
mutation

Clinical indication

A 2-year-old female presented with overgrowth, hemihypertrophy, hemimegalencephaly,
posterior plagiocephaly, macrosomia, capillary malformations, and hemangioma. Differ-
ential diagnoses include Beckwith-Wiedemann syndrome, megalencephaly-capillary
malformation-polymicrogyria, Klippel-Trenaunay syndrome, and Sturge-Weber syn-
drome. Blood and skin samples were submitted for genetic testing.

Test ordered

- Macrocephaly and overgrowth syndrome NGS panel on the blood sample (send out)
- Beckwith-Wiedemann symdrome (BWS) methylation panel on the blood sample
(send out)
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- Whole-genome sequencing (WGS) on the blood sample (send out)

- Trio whole-exome sequencing (WES) on skin biopsy sample from the affected body
region and bleod sample of the proband, as well as blood samples of the unaffected
parents

Labeoratory test performed

NGS, BWS methylation, and WGS tests were performed in other labs. The methodology of
WES has been described previously (PMID 24088041 and 25326635),

Test results

The macrocephaly and overgrowth syndrome panel, Beckwith-Wiedemann syndrome
methylation panel, and the macrocephaly deletion/duplication panel were all negative
for the submirtted blood sample (data not shown),

WGS was then requested, and single-nucleotide variants (SNVs) and small insertion/
deletion (indel), copy number variants (CNVs) and structural variants {5Vs), and absence
of heterozygosity (AOH) were analyzed. However, WGS was also negative for the individ-
ual's blood sample (data not shown).

A trio WES was subsequently performed and revealed a pathogenic variant, c.1357G=A
(p.E453K), in the PIK3CA gene with a variant allele fraction (VAF) of 10% in this individual's
skin biopsy, consistent with somatic origin. This variant was identified in the blood sample
at 1.7% VAF and was not present in the parental samples (Fig. 8.2.1A). Sanger sequencing
detected the mosaic variant in the skin biopsy, but not in the blood sample (Fig. 8.2.1B).

A targeted reanalysis of WGS data was performed focusing on the PIK3CA variant iden-
tified by WES, which remains negative (data not shown).

Results with interpretations

FIK3CA €.1356G>A (p.E453K) identified by WES is a recurrent pathogenic gain-of-function
variant that has been observed in multiple individuals with overgrowth syndrome [3]. Addi-
tionally, this variant has also been reported in cancer samples (COSMIC [10]: COSM12584),
Variants detected in PIK3CA as the cause of overgrowth syndromes include megalencephaly-
capillary malformation-polymicrogyria syndrome (MCAP) |MIM:602501], CLOVE syndrome
IMIM:612918], and Cowden syndrome 5 {CWS5) [MIM:615108]. These syndromes are all
inherited in an autosomal dominant manner, according to OMIM [11].

Sequencing depth is critical for somatic variant detection. The limit of detection (LOD)
for the somatic variant is correlared with sequencing depth. It has been shown in one
study that, to reach a 95% sensitivity andabove 95% positive predictive value (PPV),
~40x= sequencing depth is needed to detect variants with 20% VAF with 95% sensitivity,
~894:x for 10% VAE~294x= for 5% VAE and ~1085x are needed for 2% VAF [12]. The
sequencing depth of WES is averaged around 80-120x; thus, it is sufficient to provide
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FIG. 8.2.1 FIKICA ¢, 13576 > A (p.E4A53K) variant was identified in the blood sample at 1.7% VAF by WES and was not
present in the parental samples (A), Sanger sequencing detected the mosaic variant in the skin biopsy, but not in the
bload sarmple {B).

accurate detection for somatic variants above 10% VAE However, variants with VAF under
10% may not be reliably detected by WGS, because the sequencing depth of WGS is
averaged around 30-50x=,

Testing of the affected tissue where the disease manifests would more likely yield diag-
nostic variants. Blood is generally not considered as the high-yield specimen for mosai-
cism testing of somatic diseases. First, blood cells may not be the tissue manifesting
the genetic disease, and therefore, disease-causing variants are less likely to be present
in blood cells. One exception may be immunological or hematological disorders in that
blood is the primary tissue manifesting the disease [13). Additionally, blood cells undergo
self-renewal during hematopoiesis and negative or positive selection for growth advan-
tages, skewing VAF in blood compared with the manifesting tissue [14].

PIK3CA-related somatic overgrowth syndromes are caused by gain-of-function vari-
ants and are broadly characterized by cutaneous vascular malformations with segmental
overgrowth involving multiple tissues or body regions [9]. Testing specimens of biopsied
tissue affected by overgrowth is likely to have a higher yield compared with other unaf-
fected tissues such as blood, saliva, and skin, which are thought of as “surrogate” tissues
since they are easier to access [9]. The selection of genetic testing for somatic overgrowth
syndrome also reguires special consideration. Genetic testing using methods with
enhanced sensitivity and specificity for somatic variant detection is preferred. For exam-
ple, somatic overgrowth and vascular malformation gene sequencing panels targeting
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specific variants or genes that are involved in the PI3K/AKT/mTOR pathway [15,16] with
high coverage (e.g., above 1000 =) should be considered for PIK3CA-related diseases. Other
methods, such as droplet digital PCR (ddPCR) [17,18], have been emerging 1o provide a
highly sensitive molecular diagnosis for somatic overgrowth syndromes.

Although the contribution of SNV/indel to somatic overgrowth syndromes has been
well studied and the current genetic testing resource is ample, the knowledge of CNV
in association with somatic overgrowth syndromes is scarce. One prominent example
may be the GPRI0I-associated overgrowth syndromes. Both duplication of GPRIO! of
germline and somatic origins have been demonstrated to cause X-linked acrogigantism
(XLAG) characterized by early onset excessive growth due to growth hormone dysregula-
tiom [5.19,20]. Somatic activating variants in GPRI0I have also been associated with pitu-
itary adenomas; however, the association has been controversial {19-21). The somatic
duplications involving GPRI0I have been successfully identified by ddPCR and high-
densiry chromosome microarray |5); however, the resource for somatic CNV detection
has not been widely available as a clinical test.

In conclusion, the finding of a somatic mosaic pathogenic variant ¢.1357G>A (p.
E453K) in the PIK3CA gene is consistent with the phenotypes of this individual. Detection
of low-level somatic variants requires high sequencing depth. The molecular diagnostic
yield will be higher if the affected tissue is used for testing.

Future testing and recommendations

Genetic counseling and regular follow-up with physicians are recommended.

Summary of key learning points

* Somatic overgrowth syndromes are caused by postzygotic pathogenic variants.

= Genetic testing for somatic diseases requires special consideration of sample types and
testing methodology.

* Chromosome analysis on bone marrow can reveal constitutional abnormalities, which
require confirmation on peripheral blood.

+ Neuroblastoma with no amplification of MYCWN is associated with a favorable
propgnosis.

* Sotossyndrome is a disorder that is associated with overgrowth in childhood and many
other learning disabilities.
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Background

Contiguous gene syndrome, also known as a genomic disorder, is caused by genomic rear-
rangements that change the dosage and/or organization of multiple genes in a contiguous
chromosomal region [1,2). These rearrangements, balanced or unbalanced, may disrupt
the genes and chromosome regions, or alter the copy number of a gene. Unbalanced rear-
rangements that change the copy number of a gene are named copy number variants
(CNVs). These events may be at a microscopic or submicroscopic level with sizes ranging
from kilobases (kb) to megabases (Mb) [3]. CNVs of a genomic interval containing dosage-
sensitive genes may result in genomic disorders, often sporadic and characterized by a
wide spectrum of clinical phenotypes with extensive heterogeneity [4).

The mutagenic mechanisms of CNVs are variable. Nonallelic homologous recombina-
tion (NAHR), mediated by long homologous repeats such as low-copy repeats (LCR), has
been shown to be the major molecular mechanism leading to disease-causing recurrent
genomic rearrangements [3]. For example, an unequal crossover between two major LCR
clusters flanking the Smith-Magenis Syndrome (SM$) critical region on human chromao-
some 17pll.2 in direct orientation, termed proximal and distal SMS-repeats (REPs),
resulting in the ~3.6 Mb common recurrent SMS deletion is observed in ~70%—-80% of
individuals with SMS (MIM# 182290) as well as the reciprocal ~3.6 Mb common recurrent
17p11.2 duplication that is observed in ~60%—70% of individuals with Potocki-Lupski syn-
drome (MIM# 610883) [5-8]. While NAHR-mediated rearrangements can be recurrently
observed in unrelated individuals, other nonrecurrent rearrangements may be observed
in sporadic individuals with similar phenotypes when the rearrangement affects the same
critical gene; however, other phenotypes, perhaps unrelated to the ones caused by the
recurrent rearrangement, may also present if the nonrecurrent rearrangement extends
to other disease-associated loci due to variable genomic contents being included.
Replication-based mechanisms, such as fork stalling and template switching/microho-
mology-mediated break-induced replication (FoSTeS/MMBIR), have been proposed to
generate nonrecurrent rearrangements independent of LCRs [9,10]. Nonrecurrent rear-
rangements have been shown to complicate the diagnosis of a well-established genomic
disorder and even result in concomitant genomic disorders in a single rearrangement
event, such as the PMP22-RAII contiguous gene deletions and PMP22-RAII contiguous
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gene deletions that result in blended disease phenotypes involving both central and
peripheral nervous system abnormalities [11,12].

Clinical diagnosis of genomic disorders is challenging especially for the cases caused
by nonrecurrent genomic rearrangements. Molecular diagnosis is helpful to enable careful
genotype-phenorype correlation and support clinical diagnosis and management,

This chapter will illustrate variable phenotypic and clinical outcomes of two cases with
A20 haploinsufficiency (HAZ20) caused by two different contignous gene deletions affect-
ing different genomic content but all including the same critical gene TNEAIF3.

More than 60 patients with HA20 have been reported in literature. Most of these patients
carry heterozygous pathogenic SNV/indels in the TNEAIP3 gene. Reports of large contigu-
ous gene deletions are rarely reported, and such reports also focused on neurodevelopmen-
tal problems and congenital malformation while immunological phenotypes were not
carefully reviewed. Incomplete penetrance or variable expressivity of HA20 has been sus-
pected due to the presence of TWFAIPS deletions in individuals who do not have HAZ0.
Atypical phenotypes may also be observed for individuals molecularly diagnosed with
HA20. CNVs affecting conriguous genes and multiple disease-associated loci may be
included, Therefore, careful variant interpretation and clinical correlation are needed to
fully evaluate the clinical significance of a CNV and guide medical management.

Finally, this chapter will also show a few cases with large contiguous gene deletions or
duplications thar affect patients. All cases cover multiple genes spanning several
syndromes in the deleted or duplicated regions.

Case 9.1 Haploinsufficiency of A20 (HA20) with 3.4Mb
deletion

Clinical indication

Case 9.1 is a 16-year-old Caucasian female with a long history of intermittent fevers, oral
uleers, lymphoproliferation, recurrent infections, eczema, and celiac disease. Abnormal
blood test results over time revealed continuously elevated erythrocyte sedimentation
rates and C-reactive protein levels, mild neutropenia with hypogranular neutrophils, an
inverted CD4+/CD84+ T cell ratio, elevated 1gG, IgA, 1gM, and IgE levels, and elevated
serum cytokine levels including significantly elevated interferon gamma (IEN-y) level [13].

Test ordered

- Chromosomal microarray (CMA) was performed at 6years of age
- A trio exome sequencing was performed at 15 yvears of age.
Laboratory test performed

Chromosome microarray methods were described in Chapter 1.

Clinical exome sequencing was performed as previously described (PMID 24088041,
25326635).
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Test results

InCase 9.1, a heterozygous pathogenic deletion from 6q23.2q23.3 of approximately 3.4 Mb
was identified by CMA (Fig. 9.1.1) and was confirmed to be de novo by targeted fluores-
cence in situ hybridization (FISH) studies of both parents. Exome did not identify any
variants that were associated with the patient’s phenotype.

Results with interpretations

The deletion includes the TWFAIP3 gene. Defects of the TNFAIP3 gene are the cause of
the autoinflammatory syndrome, familial, Behcet-like 1 (MIM# 191163, also known as
A20 haploinsufficiency [HA20]) inherited in an autosomal dominant manner. HA20 is
characterized by auteinflammation, recurrent fevers, ulcers, ocular inflammation, and
arthritis, consistent with this patient’s clinical phenotypes. The deletion also includes
the JFNGR] gene. Monoallelic protein-truncating variants of [FNGRI cause autosomal
dominant immunodeficiency 27B with mycobacteriosis (MIM# 615978) via a
dominant-negative mechanism, and biallelic loss-of-function variants of IENGRI result
in autosomal recessive immunodeficiency 27A with mycobacteriosis (MIM# 209950).
Heterozygous carriers of the autosomal recessive form of [FNGRI deficiency are
asymptomatic; thus the heterozygous deletion of IFNGR! identified in Case 9.1 is
unlikely to be related to her recurrent infection. Trio exome sequencing was performed
to evaluate for additional genetic changes underlying her disease, but was unrevealing.
MNotably, no sequence variant of JENGRI was identified by exome sequencing. There-
fore, the identification of the heterozygous deletion involving TNFAIP? is consistent
with the patient’s clinical phenotypes and provides a molecular diagnosis to guide
treatment.
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Future testing and recommendation

Case 9.1 was placed on antibacterial, antifungal, and antiviral agents at various times for
infections, but she used these with poor adherence. From the ages of 6-13 years, she
received acyclovir to control her oral uleers, but it was unsuccessful. Upon her genetic
diagnosis of HA20, anakinra was recommended but declined. She is now being main-
tained with TNF-alpha inhibition.

Case 9.2 Haploinsufficiency of A20 (HA20) with 11.7 Mb
deletion

Clinical indication

Case 9.2 was an African American male presented with prenatal intrauterine growth
restriction (IUGR), premature birth at 36 weeks of gestation, failure to thrive, developmen-
tal delay, intellectual disability, cryptorchidism, cytopenias, and recurrent oral ulcers.

Immune thrombocytopenia (ITF) was first diagnosed at age 3 and ran a recurrent and
refractory course.

Test ordered

- Chromosome microarray (CMA) was performed at 7 years of age.
= A proband-only exome sequencing was also performed.

Laboratory test performed

Chromosome microarray and exome sequencing methods are described in Chapters 1
and 8.

Test results

In Case 9.2, a heterozygous deletion of approximately 11.7Mb in size from 6q23.3q24.3
was identified by CMA (Fig. 9.1.1). The mother had a normal karyotype, and the father’s
specimen was not available for analysis.

Results with interpretations

The deletion identified by CMA contains more than 45 genes, including TWNFAIP3. This
finding is consistent with the patient’s immunological phenotypes including recurrent
oral ulcers and thrombocytopenia. The deletion also includes HIVEPZ, a gene located
approximately4.9 Mb distal 1o TNWFAIP3. HIVEP2 encodes a transcription factor critical
te brain development, Defects in HIVEPZ cause autosomal dominant mental retardation
43 (MRD43, MIM# 616977), consistent with the patient’s neurodevelopmental disorders
including developmental delay and intellectual disability. Exome sequencing of the
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proband did not reveal any additional genetic changes contributing to the complex
phenotype.

Future testing and recommendation

Case 9.2 was managed for years with multimodal immunosuppression treatment, but the
effects were mostly transient with limited efficacy. After the HA20 diagnosis was obtained,
hematopoietic stem cell transplantation (HSCT) from a 1010 HLA-matched, unrelated
donor was performed due to the occurrence of life-threatening bleeding. The conditioning
regimen consisted of a fully myeloablative regimen (busulfan, eyclophosphamide, fludar-
abine, and alemtuzumab). On the day of ransplantation, he complained of chest pain and
showed signs of acute kidney injury. After the stem cell infusion, he developed abdominal
pain, loss of conseiousness, and irrecoverable cardiopulmonary arrest. Postmortem eval-
uation showed changes consistent with noninfectious, cytokine-mediated multiorgan

injury.

Case 9.3 Contiguous gene syndrome with duplication of
22911.2q12.1

Clinical indication

A 17-year-old female presented with preauricular sinus and cyst, congenital malforma-
tions of the anterior segment of the eye, disorders of psychological development, and vesi-
coureteral reflux,

Test ordered

= Chromosome analysis: Routine blood
- FISH: DiGeorge syndrome 22q11.2 (TUPLEI)
- Chromosome microarray (CMA)

Laboratory test performed
Chromosome analysis, FISH, and CMA methods were described previously in Chapter 1.

Test results

Chromosome analysis identified two cell lines: one cell line with 46 cells exhibited a nor-
mal female karyotype (Fig. 9.3.1), and the second cell line with 4 cells revealed a marker
chromosome along with otherwise a normal female karyotype (Fig. 9.3.2).

A FISH with DiGeorge/VCF probe localized to the TUPLEL gene region (22q11.2) was
hybridized to metaphase and interphase preparations. The flugrescence signal pattern
was abnormal in both the metaphase and interphase nuclei examined. From the meta-
phase analysis, 5 of 30 cells examined showed 2 normal chromosomes 22 and a
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FIG. 9.3.1 Chromosome analysis revealed a normal female karyotype in 46 out of 50 cells examined. ISCH: 45, 20%[45]

duplication on a marker chromosome. From the interphase analysis, 12 of 100 cells exam-
ined showed duplication appearing as 4 orange TUPLEI-HIRA signals and 2 green ARSA
signals (Fig. 9.3.3 for abnormal cell line, and Fig. 9.3.4 for normal cell line in interphage
and metaphase cells).

Chromosomal Microarray Analysis (CMA) revealed a copy number gain of 10.2 Mb of
DNA from chromosome 22 at band 22g11.1q12.1, encompassing 110 OMIM genes of clin-
ical significance. CMA also identified a second gain of 890 kb of DNA from the telomere of

chromosome 22 at band 22q13.33, encompassing 27 OMIM genes of uncertain clinical
significance (Fig. 9.3.5).

Results with interpretations

Chromosome analysis identified two cell lines. The abnormal cell line had a marker chro-
mosome in addition to the normal female karyotype. FISH also revealed twa cell lines, The
abnormal cell line showed three 1o four copies of TUPLE! on the marker chromosome,

concordant with the cytogenetic finding. CMA results also confirmed a gain of 10.2Mb
of DMNA from 22q11.2q12.1 including TUPLEL,
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FiG, 8.3.2 Chromosame analysis revealed an abnormal female karyotype with a marker chromesome In 4 out of
50 cells examined. 1SCN: 47,304, +mar[4d]

This large duplicarion overlaps multiple syndromes that include Cat eye syndrome
Type I, 22q11.2 microduplication syndrome, and 22q11.2 distal duplication syndrome.

The clinical features of Cat eye syndrome (CES) are extremely variable. It is characier-
ized by the combination of coloboma of the iris and anal atresia with fistula, down slanting
palpebral fissures, preauricular tags and/or pits, frequent occurrence of heart and renal
malformations, and normal or near-normal mental development, Most patients harbor
a small supernumerary bi-satellited marker chromosome (sSMC) that results in partial
trisomy of 22pter-22q11 (hups://omim.org/entry/115470). In one-third of cases, this
extra chromosome is present in a mosaic state. Although rare, other cytogenetic anoma-
lies have been reported (htips://www.orpha.net/consor/cgi-bin/OC_Exp.phpiLng=GB&
Expert=195) [14].
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FIG. 9.3.5 CMA identified a gain of 10.2Mb of DNA from chromosome 22 at band 22q11.1q12.1 of clinical
significance, and a gain of 890kb of DNA from 22q13.33 of uncertain clinical significance. ISCN: arr[hg19]
22q11.1912.1(16,888,900-27,094,711)x3 arr[hg19] 22q13.33(50,307,514-51,197,838)x3

This duplication is most consistent with Cat eye syndrome; however, this gain is larger
than the typical gain seen in CES and extends into the DG/VCEFS region involving addi-
tional genes. Therefore, the phenotype for this patient may be variable depending on
the genes involved.

The 22q11.2 microduplication syndrome phenotype appears to be relatively mild and
highly variable. Findings range from no phenotype to learning disability, mental retarda-
tion, delayed psychomotor development, growth retardation, and hypotonia. The high
frequency with which the 22q11.2 duplication is found in a normal parent of a proband
suggests that many individuals can harbor a duplication of 22q11.2 with no discernible
phenotypic effect (https://www.omim.org/entry/608363) [15].

Children with distal chromosome 22q11.2 duplication syndrome have features includ-
ing developmental delay, language delay, dysmorphic facies, and epilepsy [16-18]. Dupli-
cations of this region have also been observed in mildly affected and unaffected family
members, consistent with variable expressivity or incomplete penetrance of the pheno-
type. The various phenotypic expressions and incomplete penetrance observed for distal
22q11.2 duplications make it exceedingly difficult to ascribe pathogenicity to these dupli-
cations. Given the observed enrichment of the duplication in patient samples versus
healthy controls, some authors proposed that it is likely that distal 22q11.2 duplications
represent a susceptibility/risk locus for speech and mild developmental delay [19].

CMA also identified the second gain of 890kb DNA in this case. The clinical presenta-
tion for cases with overlapping 22qter duplications includes mild to moderate mental
retardation, microcephaly, and similar mild dysmorphic features. One report of two
siblings with a larger duplication partially overlapping the same region as this patient with
mostly similar genes involved presented with mild dysmorphic features, such as
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hypertelorism, divergent strabismus, high nasal bridge, and a bulbous nose tip. They both
developed obesity and learning difficulties. One of the siblings had neuropsychiatric
symptoms including maladaptive behavior, epilepsy, repetitive monotonous playing,
and bipelar affective disorder |20]. However, this study is limited and larger in size involv-
ing additional genes.

The SHANKS gene is of particular interest, in which mutations and deletions are asso-
ciated with an autism spectrum disorder. Mutations in this gene also cause schizophrenia
type 15 and are a major causative factor in the neurological symptoms of 22q13.3 deletion
syndrome, which is also known as Phelan-McDermid syndrome (PHMDs) (https:/ fwww.
nchi.nlm.nih.gov/gene/85358). PHMDS is an autosomal dominant disorder and can be
caused by heterozygous contiguous gene deletion at chromosome 22q13 or by a murtation
in the SHANK3 gene. This syndrome is characterized by neonatal hypotonia, global devel-
opmental delay, absent to severely delayed speech, moderate to profound intellectual dis-
ability, normal to accelerated growth, autistic features, and additional variable findings
(https://omim.org/entry/606232). SHANK3 is also a candidate gene possibly related to
neuropsychiatric problems; however, it is unclear whether duplication of the SHANK3
gene is causative of disease [21].

There was no exact duplication reported that was the same as that of this patient; there-
fore, the clinical significance of this gain is currently unknown,

Future testing and recommendation

Chromosome analysis and FISH on this patient are indicated to rule out a strucrural rear-
rangement. A parental FISH analysis is recommended to discriminate between a familial
variant and a de novo genomic alteration. A thorough clinical assessment of this patient
and genetic counseling are recommended,

Case 9.4 Contiguous gene syndrome with duplication of
6q16.1g23.3

Clinical indication

A 16-year-old male had a left central tympanic membrane perforation, which was fixed
through surgery. He also had developmental delays and distinctive features.

Test ordered
- Chromosome microarray on peripheral blood

Laboratory test performed
The chromosome microarray method was described previously in Chapter 1.
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Test results

Chromosomal Microarray Analysis (CMA) revealed a copy number gain of 41.0 Mb of DNA
from chromosome 6 at band 6q16.1q23.3, encompassing 145 OMIM genes of clinical sig-
nificance, consistent with the diagnosis of Chromosome 6q duplication syndrome or par-
tial trisomy 6q (Fig. 9.4.1). In addition, two regions of the absence of heterozygosity (AOH)
were detected with uncertain clinical significance (Fig. 9.4.2).

Results with interpretations

CMA identified a gain of 41 Mb containing 145 OMIM genes. This duplication is patho-
genic. Features that often occur in people with chromosome 6q duplication include
developmental delay, intellectual disability, behavioral problems, and distinctive facial
features. The severity of the condition and symptoms depend on the genes involved
and the size of the duplication. In most cases, chromosome 6q duplication occurs de novo
or is inherited from a parent with a chromosomal rearrangement. Rarely, it is inherited
from a parent with the same duplication (https://rarediseases.info.nih.gov/diseases/
5353/chromosome-6q-duplication) [22].

The clinical presentation of this duplication is not well documented in the literature.
There is only one reported case with a similar duplication in a patient diagnosed with
Prader-Willi-like syndrome [23]. Therefore, it is unclear whether this patient will be
affected by the phenotype described in this study.

CMA analysis also showed two regions of the AOH greater than 5Mb. The combined
total length of the homozygous segments was approximately 14.8 Mb and encompassed
0.51% of the genome. The implications of such copy-neutral segments showing

Gain of 6q16.1q23.3
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FIG. 9.4.1 CMA identified a pathogenic gain of 41.0Mb of DNA from chromosome 6 at band 6q16.1q23.3,
encompassing 145 OMIM genes. ISCN: arr[hg19] 6q16.1923.3(95,837,354-136,915,573)x3
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FIG. 5.4.2 CMA abo detected two ADH regions that were larger than 5 Mb. I5CH: arr{hg19] 4912913.2{58,640,643-
68,058,681)x2 hmz arrlhg19] 5q31.2931.3(136,921,616-142,521,025)x2 hmz

homozygosity are unclear at present. In theory, if the degree of homozygosity is signifi-
cant, parental relatedness is a likely cause. Although this result is not diagnostic of a spe-
cific condirtion, it raises the possibility of a recessive disorder within one of these regions.

Future testing and recommendation

Chromosome analysis is highly recommended to rule out a structural rearrangement.
Parental chromosome analysis is indicated to determine whether these genetic imbal-
ances are familial or de nove in origin. If a specific disorder is suspected in this patient,
additional resting may be indicated. Genetic counseling is recommended.

Case 9.5 DiGeorge/Velo-cardio-facial (VCF) syndrome
(22q11.2 deletion syndrome)

Clinical indication

A 2-day-old newborn baby boy presented with feeding problems, moderate right ventric-
ular enlargement, and other congenital anomalies from the physical examination. He had
moderate hypoglycemia on the basic metabolic panel (BMP). DiGeorge/VCF syndrome is

suspected.
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Test ordered

-  Chromosome microarray (ChMA)
- FI5H: DiGeorge (TUPLET)

Laboratory test performed

Chromosome microarray and FISH methods were described in Chapter 1.

Test results

Fluorescent molecular probes, which are localized to the TUPLED gene region (22g11.2)
and ARSA gene region (22q13; internal control), were hybridized to metaphase prepara-
tions. The fluorescence signal pattern was abnormal in the 10 metaphase cells examined.
Analysis revealed a deletion of the TUPLE!D gene region. This deletion is consistent with
the diagnosis of DiGeorge/Velo-cardio-facial (VCF) syndromes (Fig. 9.5.1).

Chromosomal Microarray Analysis (CMA) revealed a copy number loss of 2.55 Mb of
DMNA from chromosome 22 at band 22q11.21. This deletion, which includes 43 OMIM
genes, has been recognized as chromosome 22q11.2 deletion syndrome (DiGeorge/VCE
syndrome, OMIM#I83400, 1924300 (Fig. 9.5.2).

DiGeorge

ARSA 22913

FIG. 9.5.1 FISH showed a deletion of TUPLE? in all metaphase cells examined, ISCN: ish delf22Wg11.2)(TUPLE1-)[10]
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FIG. 8.5.3 CMaA identified a gain of 55kb DNA from the 22q13.1 region,

CMA also revealed a copy number gain of 55kb of DNA from chromosome 22 at band
22q13.1, overlapping 1 OMIM gene, a portion of the TRIOBP (609761), of uncertain clinical
significance (Fig. 9.5.3).

Results with interpretations

FISH identified a deletion of TUPLE], which was confirmed by CMA analysis, The results
are consistent with the diagnosis of DiGeorge/VCF syndrome (22q11.2 deletion syn-
drome). This syndrome is characterized by congenital heart disease, particularly
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conotruncal malformations (tetralogy of Fallot, interrupted aortic arch, ventricular septal
defect, and truncus arteriosus), immune deficiency, and learning difficulties (https://
www.ncbi.nlm.nih.gov/books/NBK1523/).

The second CMA finding was a gain of 55kb of DNA from 22q13.1 including the
TRIOBP gene. Homozygous mutations in the TRIOBP gene are associated with auto-
somal recessive deafness-28 (DFNB28), which is a form of nonsyndromic sensorineu-
ral hearing loss. However, this patient has a partial duplication, and no exact similar
gain has been reported previously in individuals with the disease. Also, this gene is
not directly relevant to the reason for the patient’s referral. This analysis cannot
determine the exact location or the orientation of the duplicated region. This dupli-
cation may be present, in the same or opposite orientation, or it may be inserted into
a different region of the genome. Depending on the location, this duplication may or
may not disrupt the function of any of the involved genes. Similar gains have been
observed among healthy individuals in the Database of Genomic Variants (DGVs). As
such, the clinical significance of this variation is unclear (https://omim.org/entry/
609823).

Clinical correlation, genetic counseling, and continued surveillance of the literature
regarding the clinical relevance of these CNVs are recommended.

Future testing recommendation

A thorough clinical assessment of this patient and genetic counseling are recommended.
A proportion of DiGeorge/VCF-associated deletions of chromosome 22 are inherited from
a parent. Clinical expression in a carrier parent may vary with features, often subtle, that are
associated with the deletion. Parental VCF microdeletion FISH analysis is indicated.

Case 9.6 Contiguous gene syndrome with a deletion of
1943944

Clinical indication

A 15-day-old newborn baby girl presented with rocker bottom foot, microcephaly, corpus
callosum, and agenesis.

Test ordered

- Chromosome analysis: Routine blood

- Chromosome microarray (CMA)

Laboratory test performed

Chromosome analysis and microarray methods were described in Chapter 1.
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Test results

Chromosome analysis identified a terminal deletion of chromosome 1 at band 1q43 (Fig.
8.6.1). Chromosomal Microarray Analysis ({ChMA) revealed a copy number loss of 5.9 Mb of
DMNA from the long arm of chromosome 1 at band 1g43q44, including 24 OMIM genes of
clinical significance (Fig. 9.6.2).

Results with interpretations

The terminal deletion of 1943 identified by karyotyping was confirmed by CMA. These
results are consistent with a diagnosis of Chromosome 1g43-q44 deletion syndrome
(OMIM: #612377). This syndrome is characterized by moderate to severe mental retarda-
tion, limited or no speech, and variable but characteristic facial features, including a round
face, prominent forehead, flat nasal bridge, hypertelorism, epicanthal folds, and low-set
ears. Other fearures may include hypotonia, poor growth, microcephaly, agenesis of the cor-
pus callosum, seizures, cardiac, gastroesophageal, and urogenital anomalies. Evidence from
the literarure suggests that almost 70% of children with similar deletions have a foot anom-
aly. The phenotype is variable, and not all features are observed in all patients, which may be
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FIG. 9.6.1 Chromosome analysis thowed a terminal deletion of chromosome 1 at band 1943, ISCH: 46,20¢ del{1)(g43)
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FIG. 9.6.2 CMA identified a loss of 5.9Mb DNA from the 1q43q44 region. ISCN: arr[hg19] 1q43q44(243,338,560-
249,224,684)x1

explained in some cases by incomplete penetrance or variable expressivity (https://omim.
org/entry/612337, https://www.rarechromo.org/media/information/Chromosome%20%
201/1q4%20deletions%20from%201q42%20and%20beyond%20FTNW.pdf) [24].

Future testing recommendation

A thorough clinical assessment of this patient and genetic counseling are recommended.
Parental chromosome analysis is also indicated to rule out a balanced translocation
involving 1q in either of the parents.

Summary of key learning points

1. CNVs may cause diseases with blended phenotypes.

2. Disease manifestation may be different between recurrent and nonrecurrent CNVs
affecting the same critical region.

3. Interpretation of CNV requires careful correlation between the genomic content and
the phenotypes of the patient.
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Background

Deep vein thrombosis (DVT) refers to a medical condition that occurs when a blood clot
forms ina deep vein. These clots usually develop in the lower leg, thigh, or pelvis, but can also
occur in the arm. The clots can break off and travel through the bloodstream to the lungs,
causing a blockage called pulmonary embolism (PE). DVT can happen to anybody and
can cause serious illness, disability, and in some cases, death. With the advancement of
genetic testing, these conditions are preventable and treatable if discovered early (CDC.gov).

DVT is the most common venous thromboembaolism (VTE) and is a multifactorial dis-
ease influenced by genetic, environmental, and circumstantial risk factors. The ¢.*37G=A
variant (previously referred to as G20210A) in the Factor II gene is a genetic risk factor for
VTE. Carriers of a mutation in the prothrombin (factor [f) or factor V gene have a two- to
fourfold greater risk for VIE than subjects withourt the mutations. Homozygotes for the c.
*97G=Avariant are rare with the annual risk of VTE in homozygotes at 1.1% per year. Indi-
viduals who carry both a *97G=A variant in the Factor If gene and a ¢. 1601G=A
(p.ArgS34GIn) variant in the Facror Vgene (commonly referred to as Factor V Leiden) have
an approximately 20-fold increased risk for VTE. Risks are likely to be even higher in more
complex genotype combinations involving Factor Il c.¥*87G>A variant and Factor V Leiden
[1,2]. Additional risk factors may be associated with deficiency of protein C, protein S, or
antithrombin I11-, age, male sex, personal or family history of DVT, smoking, surgery, pro-
longed immobilization, malignant neoplasm, tamoxifen treatment, raloxifene treatment,
oral contraceptive use, hormone replacement therapy, and pregnancy. Management of
thrombotic risk and thrombotic events should follow established guidelines and fit the
clinical circumstance [3-5].

Methyleneretrahydrofolate Reductase (MTHFR) Deficiency is the most common
genetic cause of elevated levels of homocysteine in the plasma (hyperhomocysteinemia),
Genetic variations in the MTHER gene including 677C>Tand 1298A>C are associated with
high homocysteinemia and possibly venous thrombosis [6,7]. Therefore, these two vari-
ants were included in the coagulation panel. In this chapter, a case will be illustrated
on how a patient can benefit from genetic testing of the coagulation panel.
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Case 10.1 Deep vein thrombosis
Clinical indication

A 20-year-old female presented with obesity complicating pregnancy in the second tri-
mester and a history of DVT in a prior pregnaney.

Test ordered
- Coagulation PCR panel

Laboratory test performed

The coagulation test is performed by the TagMan assay, which uses real-time PCR to
detect single nucleotide polymorphisms. There are three genes involved in this assay: pro-
thrombin (factor If} c.*97G=A (G20210A), factor V Leiden ¢.1601G>A (p.Arg534Gln), and
MTHER ¢£.1298A>C(p.GInd29Ala) and c.667C>T (p.Arg223Trp). The methods followed the
manufacturer’s protocol (refer to TagMan SNP Genotyping assay from Thermo Fisher).

Test results

Real-time PCR showed negative results (wild type) for factor If 20210G=A, heterozygous
for facror V (Leiden) mutation, homozygous for CE67T mutation in MTHFR, and wild type
for C1298T in MTHFR (Fig. 10.1.1).

Results with interpretations

The partient has a history of venous thrombosis. Her genotype for factor Il was a wild type.
Her genotype for factor Vwas a heterozygous Leiden mutation, and for MTHFR was homo-
zygous for C67TT. Heterozygous mutation for factor Vis associated with activated protein
C resistance and increased risk for venous thrombosis. The genotype of C677T in MTHFR
eceurs in 1.5%-15% of the population and is associated with increased plasma homocys-
teine levels, a risk factor for arteriosclerotic coronary disease, and venous thrombosis.
Recently, the benefit of MTHFR testing has come into question because of conflicting
resulis on an association between elevated homocysteine levels and the risk of venous
thrombaosis or the risk of coronary heart disease. Since the patient has a history of throm-
bosis, clinical correlation with her genorype results from the coagulation panel will help
the physician to make decisions on clinical care.

Future testing and recommendations

Both Facter Il and Facror V Leiden thrombophilia are inherited in an autosomal dominant
manner. Heterozygosity for the 20210G>A or 1601G>A variant results in an increased risk
for thrombosis; homozygosity for either of these two variants confer a higher risk for
thrombosis than heterozygosity. Because of the high prevalence of facror II and factor V
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FIG, 10.1.1 Allelic discrimination plot and amplification plot from coaguiation panel by real-time PCR for this run
Including this patient (blué: hamozygous mutation; green: heterozygows; red: wild typel.

Leiden allele in the general population, the genetic status of both parents and/or the
reproductive partner of an affected individual needs to be evaluated before information
regarding potential risks to sibs or offspring can be provided. Once the variants have been
identified in a family member, prenatal testing for pregnancies at increased risk and pre-
implantation genetic testing is possible. Genetic counseling is recommended.

Summary of key learning points

« DVT is a multifactorial disease influenced by genetic, environmental, and
circumstantial risk factors.

« DVT is associated with genes such as factor I G20210G>A and factor V Leiden
c.1601G>A, MTHFR 677C=T, and 1298G=A.
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TagMan real-time PCR genotyping assay is used to identify the variants in the
coagulation panel.

Risk of Factor lf, Factor V, and MTHFR variants for sibs and offspring should be
considered when proband has known mutations.
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Background

Pharmacogenetics refers to the role of genetics in drug responses. It studies individual
gene-drug interactions, usually one or two genes that have a dominant effect on drug
response. Pharmacogenomics (PGx) refers to the science that allows us to predict
responses to drugs based on an individual’s genetic makeup. It studies genomic influences
on drug response, often using high-throughput data such as sequencing, SNP chip,
expression, and proteomics. The goals of PGx include maximizing drug efficacy, minimiz-
ing drug toxicity, predicting patients who will respond to intervention, and aiding in new
drug development [1]. In the field of neuropsychiatry, mental illness is the leading cause of
bad health in many developing countries because medications can fail to bring about
remission in more than half of patients with either depression or mental disorders
[2,3]. It is known that acetaminophen(APAP) is widely used as an over-the-counter fever
reducer and pain reliever. However, the variability among patients with different age
groups in both efficacy and toxicity has limited the use of this drug for pediatric patients.
The toxic metabolite, N-acetyl-p-benzoquinone imine (NAPQI) is the cause of adverse
effects resulting from an overdose of acetaminophen. There are a few genes involved in
the metabolism of APAP including CYP2D6, CYP1A2, CYP2A6, CYP2EI, and CYP3A4.
Knowing the genotypes of these genes by PGx testing will benefit patients in managing
drug usage [4].

The advancement of DNA sequencing has evolved rapidly within the last 50 years. The
clinical utility of PGx has been shown to maximize the drug efficacy and “tailor” for indi-
vidualized drug therapy [5]. There are many panels on the market focusing on psychiatry,
cardiology, pain management, or oncology, and specific genes can be tested to guide phy-
sicians for prescription drugs. The Clinical Pharmacogenetics Implementation Consor-
tium, a collaboration between the PGRN and the PharmGKB database, or a similar
European consortium, such as the Dutch Pharmacogenetics Working Group, provides
evidence-based guidelines for decision-making regarding alerts for any specific medica-
tion (https://cpicpgx.org/). PGx has become an important field of precision medicine,
which signals the moving of health care from a one-size-fits-all approach to a more tar-
geted approach. The technologies used in the clinical diagnostic lab for PGx testing
include Sanger sequencing, genotyping, multiplex PCR, and NGS, etc. The case shown
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in this chapter will illustrate how PGx is performed and how the results will benefit the
patient in the long rerm with various medications.

Case 11.1 Overdose acetaminophen (APAP)
Clinical indication

A 30-year-old female was admitted with acute liver injury presumed due to the acciden-
tal overuse of APAE The patient reported that she had severe migraine and took APAP

1500 (3= 500mg tabs) every 4h. She had nausea and vomited before being presented
to the ER.

Test ordered
- PGx panel

Laboratory test performed

PGy is the study of genetic variation as it relates to drug response. PGx studies involve test-
ing samples for multiple variants in drug metabolism enzyme (DME) and transporter
genes, The assay uses procedures from Thermo Fisher for a sample-to-result PGx work-
flow solution using the QuantSrudio 12K Flex Real-Time PCR System. Variant testing uses
TagMan SNP Genotyping Assay or TagMan Copy Number Assays targeting DME genes.
The TagMan Drug Metabolism Genotyping Assay collection has ~2700 assays that detect
porentially causative polymeorphisms in 221 drug metabolism enzymes and associated
transporier genes. TaqMan Copy Number Assays examine copy number variation
(CNV) in DME genes, Armay-based assays detect alleles, including all common and rare
variants with known clinical significance at analytical sensitivity and specificity >99%.

Test results

The PGx assay detected the genotypes from 22 genes with 120 SNPs and two copy number
variations from CYP2D6 using the TagMan Genotyper software. The haplotypes and pre-
dicted phenotypes were annotated by Translational software (Translational Software,
Inc.). The gene names, genotypes, or haplotypes if available, and predicted phenotypes
are shown in Fig. 11.1.1. The alerts for drugs and dosing guidance were also listed in
the PGx report (data not shown).

Results with interpretations

The PGx results showed all genotypes for the genes and SNPs that were tested. Based on
the genotyping data using TagMan Genotyper software, translational software converted
the genotyping data into haplotypes if available and predicted the phenorype for each
gene. The report generated contains alternates for specific medications and dosing
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ABCEY 3435C>TC/C Variant Allele Mot Present

ABCE1 1236T>C C/C :::;:?gnus Mutant - Variant Allele
ABCE1 267TG>T GfG Warant Allele Mot Present

Cypiaz S Normal Metabolizer- Possible Inducibility
Cyp2a6 11 Mormal Metabolizer

oypac goE205502G>AG/A  High Sensitivity

CYP2C19 L P Intermediate Metabolizer

CYP2CH "ifm2 Intermediate Metabolizer

CYP2D6 b T hMomal Metabolizer

C¥P3ad | Mormal Metabolizer

CYPaIAS bl Tk Intermediate Metabolizer

CYP4AF2 134TG=A LG Heterozygous for the A allele (rs2108622)
DPYD Activity Score: 2 Mormal Metabolizer

IFML3 re1ZS7 9860 /T Heterozygous for rs12979660 T allele
MNAT2 CAETGA GfA Heterozygous for rs1799931 A allele
MAT2 £IBAGEA GG Homorygous for rsd986996 G allele
MAT2 CIAT>C T/T Homozygous for rs1801280 T allela
MNAT2 NG A GfG Homorygous fod rs1801279 G allele
MAT2 CEO0G=A G/A Heterozygous for rs1759930 A allele
NUDT15 1 Mormal Metabolizer

RARG 152229774 CJC Maormal Function

SLC28BAS 157853758 C/C Mormal Function

SLCOB1 SAT=C T Mormal Function

TPMT 171 Mormal Metabolizer

UGTIAT b T | Mormal Metabolizer

UGT1AG 117863783 GG Mormal Metabolizer

UGT2815 2 Intermediate Metabalizer

VEORCT ~1630G>A G/A Intermediate Warfarin Sensitivity
VKORCT €3730G>A GFG Homozygous for rs7294 C allele
WEPZNL €.53-2604G=A AfA Homozygous for rs57358550 A allele

FIG. 11.1.1 PGx results showed genatypes and phenotypes from a customized panel with 22 genes, 120 SNPs, and 2
copy number variations of CYP20E for the patient.
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guidance. For this patient, the normal dosing guidance APAP for adults is two pills every
6h (500mg per pill) (https:/ fwww.getreliefresponsibly.com/use-pain-medicine-safely/
adult-acetaminophen-dosing). This patient had overdosed on APAP, which was resolved
after she was treated in hospital. The PGx results will guide physicians in the future,
including those for psychiatric clinical treatment.

Future testing and recommendation

It is recommended that this patient should bring her PGx report and show her doctor or
pharmacist when she receives a prescription or over-the-counter medications. When the
patient takes medication, always follow the physicians guidance regarding dosage
instruction.

Summary of key learning points

There are many clinical applications of pharmacogenomics.

PGx testing can reduce drug toxicity and maximize drug efficacy.

Individuals’ genetic variation may affect drug response.

Many technologies are used to identify genes associated with drug metabolism.
Always follow physicians’ guidance when taking medications.
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Background

The discovery of the Philadelphia chromosome (Ph) as a hallmark of chronic myeloid leu-
kemia (CML) in 1960 by Peter Nowell provided evidence for a genetic marker that links to
cancer. Philadelphia chromosome is the chromosomeabnormality that causes CML,
acute myeloid leukemia (AML), mixed phenotype acute leukemia, and B-lymphoblastic
leukemia (B-ALL). It is most commonly seen in CML [1].

CML, also known as chronic myelogenous leukemia, is a type of cancer that starts in the
blood-Forming cells of the bone marrow and invades the blood. About 15% of leukemias in
adults are CML (https:/ fwww.cancer.org/cancer/chronic-myeloid-leukemia.html).

CML is a myeloproliferative neoplasm (MPN) characterized by granulocytes as a major
clinical presentation. It arises from a hematopoietic stem cell and is characterized by a bal-
anced translocation called t(9;22)(q34;q11.2) [2]. The derivative chromosome 22 containing
a fusion of BCR:ABL! is called Philadelphia chromosome [3-10]. Molecular diagnostics of
BCR:ABL] fusion are routinely done in clinical genetics laboratories. There are various
assays for detecting BCR:ABLI fusion including karyotyping, real-time PCR, FISH, and
NGS. Each of these techniques has a different analytical sensitivity. For typical BCR::
ABL] fusion transcripts, there are major (e13a2 and el4a2, called p210) and minor (ela2,
called p190) transcripts depending on the variable breakpoints, which form the hybrid pro-
teins, The atypical transcripts include ela3, el3a3, e6a2, and e19a2 (p230). p210, p190, and
p230 are named based on the molecular weight of the hybrid proteins. From the molecular
investigation, p210 is commonly seen in CML, occasionally in AML or Philadelphia
chromosome-positive acute lymphoblastic leukemia (Ph+ ALL); p190 is more common
in B-cell ALL and occasionally in AML, but rarely observed in CML. p230 is generated by
the fusion of the near-complete BCR gene with the ABLI gene and is considered a molecular
diagnostic marker for neutrophilic-chronic myeloid leukemia (CML-N) [11,12).

The National Comprehensive Cancer Network (NCCN) guidelines for CML recom-
mend that quantitative RT-PCR (gPCR) using an international scale (I5) for BCR:ABLI
p210 be performed in the initial workup to establish the baseline. This applies to disease
monitoring as well. FISH, cytogenetics, and NGS5 can also be used as alternative tests for
initial diagnostic purposes. However, for monitoring response to tyrosine kinase inhibi-
tors (TKIs) therapy, conventional cytogenetics and qPCR are the recommended assays
[13-16].
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In CMLTKI therapeutic monitoring. BOR=ARL] transcript <10% by gPCR (1S) at 3- and
6-month initiation of TK] therapy indicates early molecular response (EMR), while BCOR:
ABLI rranseript <0.1% corresponds 1o a major molecular response (MMR). In patients
who experience a 10-fold increase in BCR::ABL] transcript levels after the initial achieve-
ment of an MMR, evaluation of ABLI kinase domain mutations, which results in a second-
ary loss of response 10 TK] therapy, is recommended [13,17,18].

BCR:ABLI quantitative real-time PCR for p190 is also an RNA-based test and quantifies
BCR:ABLI transcript pl90, the minor breakpoint cluster region (ela2) using a quantita-
tive, reverse transcription PCR (qPCR). The pattern has been mainly associated with
Philadelphia chromosome-positive acute lymphoblastic leukemia (Phe ALL), although
it can be seen in rare cases of CML. Results are reported as a percent ratio of BCR::
ABLI p190 to control gene ABLI. In minimal residual disease (MRD) assessment of Ph+
ALL during TKI therapy, an increasing level of p190 transeript may indicate a poor initial
response or a secondary loss of response to TKL. Evaluation of ABLI kinase domain muta-
tions in recurrent Ph+ ALL is recommended [13,19].

ABLI kinase domain mutation analysis is a test designed for the detection of mutations
in imatinib-treated CML patients with acquired resistance. The early detection of muta-
tions should provide clinical benefits by allowing for earlier intervention. Candidates for
the AEL] kinase domain mutation analysis include those who fail to respond to Gleevec
{imatinib) and other TKI therapy or are in an accelerated phase/blast crisis. Most of the
labs use RT-PCR and the Sanger sequencing method for mutation detection. The analysis
includes the detection of all mutations recommended by guidelines, including common
mutations such as T3151, ¥Y253H, E255K/V, FA59V/IC/L, F317L/V/I/C, T3154, and V299L.
Alternatively, NGS is used to detect these mutations with a higher sensitivity than those
of Sanger sequencing [19].

In most clinical diagnostics laboratories, only typical transcripts are available for test-
ing. In our lab, the NGS assay can detect 35 different transcripts, including both typical
and atypical forms. The following cases demonstrate how these transcripts are detected
by different assays, and what limitation each technology may have when evaluating the
concordance of the test results.

Case 12.1 Chronic myeloid Leukemia (CML) with (1;9:22:15)
(p32;934,911.2;925)

Clinical indication

A BB-year-old male presented 1o the clinic for an initial evaluation of leukocytosis, hyper-
uricemia, and splenomegaly. He complained of fatigue and easier bruising tendency over
the past months. He also has suffered from painful “lumps” and myalgias (muscle aches
and pain) throughout his body. Bone mamrow aspirate smears showed a predominance of
granulocytes including neutrophils, monocytes, basophils, and rare promyelocytes and
blasts. These findings were suggestive of myeloproliferative neaplasm.
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Test ordered

— Chromosome analysis of the bone marrow

— FISH: MPN panel including BCR::ABL1 probes
— BCR::ABL1 quantitative real-time PCR

- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis and FISH methods were described in Chapter 1.

Real-time PCR tests were performed according to the following methods. BCR::ABLI
quantitative real-time PCR for p210 is an RNA-based test, designed to detect the BCR::
ABLI transcript p210 associated with the major breakpoint cluster region (e2a2 and
e3a2) in CML, or Ph+ ALL, using a quantitative reverse transcription PCR (qPCR). The per-
cent ratio of BCR::ABL1 to control gene ABL adjusted with the international scale (IS) is
reported as BCR::ABL1/ABL1 % (IS).

BCR:ABL1 quantitative real-time PCR for pl190 is also an RNA-based test and
quantifies BCR::ABLI transcript p190, the minor breakpoint cluster region (ela2) using a
quantitative, reverse transcription PCR (qQPCR). The sensitivity of both p210 and p190 assays
is a 4.5-log reduction in comparison with the universal baseline, which meets the require-
ment of NCCN guidelines [12,13]. The limit of detection for both assays is 0.003%.

The NGS Hematology Molecular Profile assay was performed. This assay is designed to
detect mutations present in any blood or bone marrow samples. The test detects single-
nucleotide variants (SNVs) and small insertions/deletions (In/Dels) as well as full gene
alterations and translocations in a select group of genes. The 74 genes are selected based
on the actionability of mutations identified in those genes using currently available evi-
dence from national and international guidelines and literature. Actionability is defined
as information a clinician might find useful to aid in the diagnosis, prognosis, and/or
treatment strategy for a patient. The results of the test should be correlated with clinical
findings. This test was designed for the detection and annotation of somatic variants and
is not intended to be a germline test. For myeloid neoplasms, some germline mutations in
genes such as CEBPA, RUNX1, ETV6, GATA2, and TP53 may be detected by the assay. When
the allele frequency is approximately 50%, the possibility of these being germline muta-
tions cannot be excluded.

Test results

Chromosome analysis was performed on bone marrow. Of the 20 cells examined, all
exhibited a four-way translocation involving 1p, 9q, 22q, and 15q (Fig. 12.1.1).

FISH for MPN panel was performed on interphase nuclei using probes localized to the
ABLI (9q34.12), BCR (22q11), D8ZI1 (8cen), and D20S108 (20q12), D13S319 (13q14.3), and
LAMP] (13q34) gene regions. Two hundred nuclei were examined for each probe. The results
demonstrated BCR::ABL1 rearrangements in 200/200 (100.0%) of the cells scored, consistent
with a diagnosis of chronic myeloid leukemia with BCR::ABLI rearrangement (Fig. 12.1.2).
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FIG. 12.1.1 The karyotype of the bone marrow showed a four-way transiocation involving 1g, 9g, 22q, and 15g. I5CHN:
A6 XY 119215 p3 g34:q11.2,g25)[20]

L Y Pl s, st s

BT Pyt 1 R

FIG. 12.1.2 FISH for the MPN panel was positive for BCR-a8L 1 rearrangement in 100% of cells. ISCN; nuc ish
{DEE20, 205108)2 [ 00200, (ABL1,BCRIx3(ARLT con BECRx1)[ 1847200} {ABL T, BCRIxI(ABL con BCRxZ)
(V62001 (0135315, LAMPY 2| 2000200]

Then BCRZABLD quantitative real-time PCR designed for detecting p210 and p190 was
performed. The results were positive for the p210 transcript (Fig. 12.1.3).

Finally, the NGS Hematology profile was performed and detected p210 transcript
leldaz) (Fig, 12.1.4).
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FIG. 12.1.3 Trend and chart for p210 by gPOR showed positive results for BCR:ABLT rearrangement.
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FIG. 12.1.4 NGS demonstrated fusion of BCR:ABLT with transcript for p210 (e14a2).

Results with interpretations

Karyotype revealed a four-way translocation involving chromosomes 1p, 9q, 22q, and 15q.
FISH revealed one fusion, two orange, and two green signals, which confirmed this
four-way translocation by karyotype, gPCR results demonstrated that p210 was positive,
also concordant with the NGS finding showing the p210 transcript (el4a2). Overall, all
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tests performed had concordant results, which are consistent with a diagnosis of CML.
The patient was treated with dasartinib, which targets Ph+ CML.

Future testing and recommendations

BCR:ABLI qPCR and chromosome analysis on bone marrow or leukemic blood for
monitoring the minimal residual disease are recommended.

Case 12.2 Chronic myeloid leukemia (CML) with t(9;22;17)
(g34;q11.2;924)

Clinical indication

A 72-year-old male presented with a history of hypertension. He was diagnosed with high
white blood cells, and was briefly placed on hydroxyurea. The patient reported feeling
pain all over his body, particularly in the chest, abdomen, flank, and shoulders, which
worsened with movement. He had generalized weakness and shortness of breath. Labo-
ratory data were remarkable for markedly elevated WBC and renal insufficiency. CT chest/
abdomen/pelvis showed splencmegaly.

Test ordered

- Chromosome analysis of the bone marrow

- FISH: AML and MPN panel including BCR::ABL! probes
- BCR:ABLI guantitative real-time PCR

- MNGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, qPCR, and NGS on bone marrow were described previously
in this chapter, case 1.

Test results

Chromosome analysis was performed on the bone marrow. Of the 22 cells examined, all
exhibited a three-way translocation involving the long arms of chromosomes 9, 22, and 17,
the possible secondary translocation invelving chromosomes 9 and 17, concordant with
the concurrent FISH signal patterns (Fig. 12.2.1).

FISH for AML and MPN panels was performed on interphase nuclei using probes local-
ized 10 the D55721 (5p15.2), EGRI (Sq31), D7Z1 (Tcen), D75486 (7q31), D8Z2 (8cen),
RUNXITI (8g22), ABLI (9q34.12), KMT2A (11q23), DI135319 (13q14.3), LAMPI {13g34),
PML (15q24.1), CBFB (16q22.1), RARA (17q21.1), D205108 (20q12), RUNXI (21g22.3),
and BCR (22q11) gene regions. Two hundred nuclei were examined, and the results dem-
onstrated an atypical BCR:ABLI rearrangement in 173/200 (B6.5%) of the cells scored
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FIG.12,2.1 The karyotype of the bone marrow showed a three-way translocation involving 9g, 22q, and 17q. ISCH: 46,
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(Fig. 12.2.2). Metaphase FISH using BCR:ABL] probes confirmed the three-way translo-

cation (Fig. 12.2.3).

Then BCR:ABLI quantitative real-time PCR designed for detecting p210 and p190 was
performed. The results were positive for p210 transcript (Fig. 12.2.4).

Finally, the NGS Hematology profile was performed and detected p210 transcript

(e13a2) (Fig. 12.2.5).

Results with interpretations

Chromosome analysis identified a three-way translocation involving 9q, 22q, and 17q.
FISH analysis of the interphase cells identified an atypical BCR::ABLI rearrangement.
FISH analysis on metaphase cells confirmed the three-way translocation. These results
are concordant with the cytogenetics finding and are consistent with a diagnosis of CML,
BCR:ABLI q-PCR testing revealed a fusion product for BCR:ABLI p210, and so were
the results from NGS testing. The patient was treated with dasatinib, which targets Ph
+ CML.
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FIG. 12.2.2 FISH for the AML panel and probes for 13q showed positive results for BER-ABLT rearrangement in 85.5%
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Future testing and recommendations

BCR:ABLY gPCR and chromosome analysis on the bone marrow or leukemic blood for
monitoring the minimal residual disease are recommended.

Case 12.3 Chronic myeloid leukemia (CML) with t(9:22)
(g34;011.2)inv(22)

Clinical indication

A 33-year-old male presented with leukocytosis with neutrophilia, myelocyres, and meta
myelocytes. However, he did not show peripheral blood circulating blasts by flow, which
was suggestive of possibly CML, chronic phase. although other subtypes cannot be
excluded.
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FiG. 12.2.4 Trend and chart for p210 by gPCR showed positive results for BCA:ABLT rearrangement.
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FIG. 12.2.5 NG5S demonnrated the fusion of BCR:ABL T with a tramscript for p210 (213a2).

Test ordered

-~ Chromosome analysis of the bone marrow

— FISH: AML and MPN panels including BCR:ABLI probes
- BCR::ABLI quantitative real-time PCR

—  MNGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, gPCR, and NGS on the bone marrow were described previ-
ously in this chapter, case 1.

Test results

For chromosome analysis, of the 21 cells examined, all exhibited a balanced translocation
involving the long arms of chromosomes 9 and 22 with a paracentric inversion of chro-
mosome 22 (Fig. 12.3.1).

FISH for AML and MPN panels was performed on interphase nuclei using probes local-
ized 1o the D55721 (5pl5.2), EGRI (5q31), D7Z1 (Teen), D75486 (Tq31), D8Z2 (Been),
RUNXITI (8g22), ABLI (9q34.12), KMT2A (11g23), DI3S319 (13g14), LAMP] (13q34),
PML (15g24.1), CBFE (16q22.1), RARA (17g21.1), D205108 (20q12), RUNXI (21g22.3),
and BCR (22q11) gene regions. Two hundred nuclei were examined, and the results dem-
onstrated BCR:ABLI rearrangements in 177/200 (88.5%) of the cells scored (Fig. 12.3.2).
Metaphase FISH confirmed the translocation involving BCR:ABLI fusion (the
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FIG. 12.3.1 The karyotype of the bone marrow showed a BCR:ABLT translocation with a paracentric inversion of 22q.
ISCH: 46, %Y, der(8t{5;22)q 34:q1 1.2)invi22)in 11.2q13), der{22)0(9:22)(21]

Philadelphia chromosome) on derivative chromosome 22, and the second fusion on
derivative 9 with inv(22) (Fig. 12.3.3).

Then BCR::ABLI quantitative real-time PCR designed for detecting p210 and p130 was
performed. The results were positive for p210 transcript (Fig. 12.3.4).

Finally, the NG5 Hemartology profile was performed and detected p210 transcripts
(el4a2) (Fig. 12.3.5).

Results with interpretations

Chromosome analysis identified a BCR::ABL! translocation with a paracentric inversion of
chromosome 22q. FISH analysis on interphase cells identified an atypical BCR::ABL] rear-
rangement. Metaphase FISH showed a signal pattern, consistent with those of karyotype
and interphase FISH signal patterns. BCR:ABLI q-PCR testing revealed a fusion product
for BCR:ABLI p2190, and so were the results from NGS testing. These results are concor-
dant with the cytogenetics finding and are consistent with a diagnosis of CML. The patient
was treated with dasatinib, which targets Ph+ CML.
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FIG. 12.3.2 FI5H for the AML panel and del{13) probes was poditive for BOR-ABLT rearrangement in B8, 5% of the cells
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Future testing and recommendations

BCRUABLI I]EJ{:H and chromosame .'IE1H|:..-'5i5 on the bone marrow or leukemic blood for
monitoring the minimal residual disease are recommended.

Case 12.4 Chronic myeloid leukemia and acute lymphoblastic
leukemia with 1(9;22)(q34;q11.2)

Clinical indication

A 42-year-old male presented with a history of CML for nearly 10 years. He did not respond
well to the initial treatment. After multiple relapses, he had the first and then the second
allogeneic stem cell transplant. He was diagnosed with recurrent Philadelphia
chromosome-positive acute lymphoblastic leukemia, status posts second allogeneic stem
cell transplant. Since that time, the patient has failed with the rearment of ponatinib,
gemceitabine, venetoclax, and mere recently single agent asciminib.
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FIG, 12.3.4 RT-PCR demondtrated a fution of BCR-ABLT with a transcript of p210 {elda2).

Test ordered

Chromosome analysis of the bone marrow

FISH: AML and MPN panels including BCR:ABLI probes, plus FGERI, PDGERA, and
PDGERE probes

BCR:ABLI quantitative real-time PCR
MGS Hematology Molecular Profile
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FIG. 12.3.5 NGS5 detected a fusion of BCRABLY with a transcript of p210 {e14a2) and a SCOR c.4981C=T, p.(R1661*)
mmutaticen,

Laboratory test performed

Chromosome analysis, FISH, gPCR, and NGS on bone marrow were described previously
in this chapter, case 1.

Test results

The initial chromosome analysis identified the Philadelphia chromosome in all 20 cells
examined (Fig. 12.4.1). After relapse, the karyotype showed trisomy 8 in addition to the
Philadelphia chromosome (Fig. 12.4.2).

FISH for AML and MPN panels as well as FGFRI, PDGFRA, and PDGFRE probes was
performed on interphase nuclei using probes localized to the SCED2, FIPILI, LNX1,
PDGFRA (4q12), D55721 (5p15.2), EGRI (5q31), probes localized to the 5° and 3' ends
of the PDGFRB (5g33.1), D7Z1 (Teen), D7S486 (7q31), probes localized to the 5' and 3’ ends
of the FGFRI (Bp12.23-p11.22), D822 (8cen), RUNXIT! (8q22), ABLI (9g934.12), KMTZ2A
(11g23), DI135319 (13q14.3), and LAMPI (13g34), PML (15q24.1), CBFB (16g22.1), RARA
(17921.1), D205108 {20q12), RUNXT (21q22.3), and BCR (22q11) gene regions. Two hun-
dred nuclei were examined, and the results demonstrated a BCR:ABLI rearrangement
in 197/200 (98.5%). trisomy B in 180/200 (90.0%), and gain of FGFRI in 183/200
(91.5%) of the cells scored (Fig. 12.4.3).
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FIG. 12.4.1 The karyotype of the bone marrow showed a balanced translocation involving 9q and 22q, resulting in a
Philadelphia chromosome. ISCN: 46,XY,1(9;22)(q34;q11.2)(4)/47,idem,+8[16]
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FIG. 12.4.2 The karyotype of the bone marrow showed a balanced translocation involving 9q and 22q, resulting in a
Philadelphia chromosome. In addition, there was a trisomy 8, indicating an accelerated phase of the disease. ISCN: 46,
XY,1(9;22)(q34;q11.2)[4)/47,idem,+8[16]
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FiG, 124.3 FISH for the AML and MPN panels, FGFRT, POGFRA, and POGFRE probes showed positive results for BOR::
ABLT rearrangement in 98.5% of celis, trisomy 8in 90% of the cefls, and gain of FGFRT in 91,5% of the cells cxamined
ISCH: nuc ish{SCFDQFIPTLY, LNXY, POGFRAXZ)[ 1992001 (D557 21, EGR1)x2(200200], (PDGFRBx)[ 200/200] (CEPT,
D75486)x2 |1 95/200], (FGFR 1x3)[ 182/200)(D82.2x3, 0205 10Bx2)[ 1 BOGR00], (RUNX 1T 103, RUNX 1x2)[ 17 3r200],(ABL1,
BCRIIAELY con BORx2Z)[ 197/200], (KM T2 AxZ)[199/200], (0135319, LAMP 1 }x 2[200/200], (PML RARA) 2 [200/200],
LCEFBx2)] V98200)

Then BOR2ABLI quantitative real-time PCR designed for detecting p2 10 and p190 was
performed. The resulis were positive for p210 transcript (Fig. 12.4.4).

Finally, the NGS Hematology profile was performed and detected P210 transcripts
{el4a2) and ABL! p.(T3151) resistance mutation (Fig. 12.4.5),

Results with interpretations

Chromosome analysis idemified a BCR2ABLI translocation and trisomy 8 in CML accel-
erated phase. FISH analysis on interphase cells identified a typical BCR:ABLI rearrange-
ment and (risomy 8, concordant with cytogenetic findings, BCR:ARLI q-PCR testing
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FIG. 12.4.4 Trend and chart for p210 by qPCR showed positive results for BCRUABLT rearrangement.
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FG. 12.4.5 NG5 demonstrated the fusion of BCR:ABLT with a transcript for p210 (e14a2) and ABLT kinase domain
mutation (p.T3151).
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revealed a fusion product for BCR:ABLI p210, and so did the results from NGS testing.
MGS also detected ABLI T3151, which is a resistance mutation to the first generation TKls.
These results are consistent with a diagnosis of CML with no remission. According to the
pathology finding, the results also confirmed that the patient was transformed 1o B-ALL
after the second allogeneic transplant.

Future testing and recommendations

BCR:ABLI gPCR and chromosome analysis on the bone marrow or leukemic blood for
monitoring the minimal residual disease are recommended.

Summary of key learning points

* The Philadelphia chromosome is the hallmark of CML, and it can be involved in
complex chromosome translocations.

= Quantitative real-time PCR (q-PCR) is the gold standard for testing of BCR:ABLI fusion
recommended by NCCN.

= The importance of the q-PCR sensitivity in determining the minimal residual disease
(MRD) level is described.

= For detection of different transcripts, NGS can identify p210, p190, p230, and many
other transcripts while g-PCR in most labs only detects p210 and p1390.

= ABLI kinase domain mutations are associated with resistance to imatinib treatment.
For patients who do not respond to the first line of TEI therapy, this test can provide
patients with an alternative drug.
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Background

Myeloid/lymphoid neoplasms with eosinophilia and tyrosine kinase gene fusions (MLN-
TK) are a family of myeloid or lymphoid neoplasms resulting from tyrosine kinase gene
rearrangement [1]. These neoplasms are commonly associated with eosinophilia and sen-
sitive to tyrosine kinase inhibitors. They can present as myeloproliferative neoplasms
(MPM), myelodysplastic/myeloproliferative neoplasms (MDS/MPHN), acute myeloid leu-
kemia (AML), mixed-phenotype acure leukemia (MPAL), B- or T-acute lymphoblastic leu-
kemia/lymphoma (ALL). The defining genetic lesions include rearrangements involving
tyrosine kinase genes PDGFRA, PDGFRB, FGFRI, JAK2, FLT3, and ETVE::ABL] fusion as
well as some less frequently observed tyrosine kinase fusions, such as ETVE:FGFR2,
ETVE:LYN, ETVE:NTRK3, RANBFPZ:ALK, BCR::RET, and FGFRIOP-:RET [1].
Myeloid/lymphoid neoplasms with PDGFRA rearrangement commonly result from an
interstitial microdeletion in 412 that leads to FIPILI::PDGFRA gene fusion. Such deletions
are typically a little larger than 800 Kb and therefore are cytogenetically cryptic, In rare cases,
the PDGFRA rearrangement may present as a fusion with other partner genes such as ETVS,
BCR, COK5RAP2, KIF5B, STRN. and TNKS2 |2-7). Eosinophilia is a common feature in most,
but not all cases, with many presenting hypereosinophilia (absolute eosinophil count
=1.5x10%/L). Elevated serum tryptase (>12ng/mL) can be a strong indicator for FIP1LI:
PDGFRA fusion [8]. Patients often have increased mast cells presenting as loose clusters in
the bone marrow [9,10]. Blasts level in bone marrow or peripheral blood can be applied 1o
distinguish between chronic phase (<20% blasts) and blast phase (=20% blasts) diseases.
The kinase inhibitor, imatinib, is recommended in first-line therapy of this disease either
in the chronic or blast phase due to its remarkable efficacy |3,11]. These neoplasms have a
strong male predominance and mostly occur in patients within the age range of 25-55 [1].
Myeloid/lymphoid neoplasms with PDGFRE rearrangement can present with fusions
involving more than 30 partner genes, with ETVE:PDGFRE as the most frequently
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reported gene fusion thar resulis from a translocation between chromosomes 5 and 12,
1(5:12)(q32;p13.2). Besides prominent eosinophilia, other features include neutrophilia,
monocytosis, mastocytosis. and myelofibrosis. These cases may resemble chronic myelo-
monocytic leukemia (CMML) with eosinophilia and can be treated effectively by tyrosine
kinase inhibitor therapy using imatinib [12-14].

Please note that ETVE:PDGFRE and other PDGFRE rearrangements invalving EBFI,
SS5BP2, TNIFPl, ZEB2, and ATF7IF have been reported in BCR:ABLI-like
B-lymphoblastic leukemia (Ph-like B-ALL) [15-17]. However, these Ph-like B-ALL cases
generally do not present eosinophilia, monocytosis, or myelofibrosis [18].

Myeloid/lymphoid neoplasms with FGFRI rearrangement may manifest as chronic
myeloid neoplasms or a blast crisis of B-cell, T-cell, myeloid or mixed-phenotype neo-
plasms [1]. At least 14 partner genes have been reported to form fusion with FGERI.
The most common FGFRI rearrangement is ZMYM2:FGFR] gene fusion resulting from
chromosome translocation t(8;13)(p11.2;q12) that is often seen in T-cell lymphoblastic
leukemia/lymphoma (T-ALL). CNTRL:FGFRI resulting from t(8;9)(pl1.2;,933) and
FGFRIOP:FGFRI from 1(6:8)(q27;p11.2) have been reported in chronic myelomonocytic
leukemia (CMML). BCR:FGFRI resulting from t(8;22)(p11.2;q11.2) was seen in MPN with
basophilia, resembling chronic myeloid leukemia (CML) [19-28].

Myeloid/lymphoid neoplasms with JAKZ rearrangement may present as fusions with
different parmer genes, among which PCMI::fAKZ is the most common fusion resulting
from chromosome translocation between chromosomes 8 and 9, t(8;9)(p22;p24) [12].
These cases showed apparent male predominance [12,27]. PCMI::JAK2 cases may present
unique “typical triad” bone marrow features including hypercellularity with eosinophilia,
large aggregates of immarture erythroid precursors, and myelofibrosis [18]. Please note
that JAK2 rearrangements can be associated with de nove B-ALL. In contrast, those
B-ALL cases generally lack myeloid/myeloproliferative features and eosinophilia [17.27].

Myeloid/lymphoid neoplasms with FLT3 rearrangement are rare and can manifest as
myeloid sarcoma with MPN fearures in the bone marrow or T-ALL with associated eosin-
ophilia. The most common fusion in this category is ETVE: FLT3 resulting from chromo-
some translocation 1(12;13){p13;q12). Other fusion partner genes include BCR, ZMYM2,
TRIPII, SPTBN, GOLGBEI, CCDCSSC, ZBTB44, and MYO184 [28,29]. Please note that mye-
loid neoplasms with the acquisition of FLT3 fusion secondary to other primary genetic
defining factors are excluded from this category [30].

Myeloid/lymphoid neoplasm with ETVE::ABLI fusion is rare and may present hyper-
cellular bone marrow with increased myeloid to erythroid ratio and prominent eosino-
philia with or without basophilia as seen in CML [1]. Due to the orientation of ETVE
(12p13) and ABLI (9g34) in the original chromosomes, the ETVE:ABLI fusion cannot
be formed by a balanced translocation. Translocation with inversion or insertion is
required to form the fusion [31]. Please note that ETVE:ABLI fusion has been reported
in B-ALL and other neoplasms [32). It is necessary to separate myeloid/lymphoid neo-
plasm with ETV6::ABLI fusion from B-ALL or other neoplasms.

In addition to the aforementioned major categories, the last category from this family is
myeloid/lymphoid neoplasms with other tyrosine kinase fusion genes, which currently
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include ETVG:FGFR2, ETV6::LYN, ETV6::NTRK3, RANBP2::ALK, BCR:RET, and FGFRIOP::
RET [1,33-37).

Case 13.1 Myeloid/lymphoid neoplasm (MLN) with FGFR1
rearrangement
Clinical indication

A 55-year-old male presented with enlarged axillary lymph nodes, night sweats, weight loss,
and early satiety for abour 2 months. Flow cytometry from the left axillary lymph node biopsy
showed an abnormal T-cell population. The cells expressed cytoplasmic CD3, CD2, CD4,
CD5, partial TdT, and partial CD56. The cells were negative for surface CD3, CD8, CDI10,
and CD34. A partial loss of CD7 and a subpopulation co-expressing CD4/CD8 were ohserved.
The flow data were supgestive of an abnormal T-cell population with features consistent with
T-acute lymphoblastic leukemia/lymphoma. Flow cytometry from bone marrow showed an
aberrant, immarure T-cell population comprising 5% of total events,

Test ordered

= Chromosome analysis of the bone marrow
= FISH: ALL panel, MPN panel plus PDGFRA, PDGFRB, and FGFRI probes
- NGS5 Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapter 12.

Test results

Firstly, the cytogenetic analysis revealed an abnormal chromosome complement with two
related clones; clonal evalution was evident. Clone 1 with 13 cells exhibited a translocation
berween the short arm of chromosome 8 and the long arm of chromosome 13 (Fig. 13.1.1).
Clone 2 with two cells showed a trisomy 21 in addition to the t{8;13) translocation (Fig.
13.1.2). The remaining five cells appeared to be chromosomally normal.

Secondly, FISH for ALL and MPN panels was performed on interphase nuclei using
probes localized to the chromosome 4, 10, and 17 centromeric regions, ABLI (9g34.12),
BCR (22g11), KMT24 (11q23), ETVE (12pl3), RUNXI (21922.3), DBZ2 (Bcen), D205108
(20g12 ) D135319 (13q14.3), and LAMPI (13q34) gene regions. Two hundred nuclei were
examined, and the results were within normal limits for the laboratory's established back-
ground rates (Fig. 13.1.3),

Mext, FISH also was performed on interphase nuclei using probes localized to SCFD2/
FIPIL1ILNXIPDGFRA (4q12), the 3’ and 5' ends of the PDGFRB (5q33.1), the 5 and 3’
ends of the FGFRI (Bpl2.23-pl1.22) gene region (supplied by Abbott Molecular, Inc.).
Two hundred nuclei were examined, and the results were positive for FGFRI rearrange-
ment in 162/200 (81.0%) of the cells scored (Fig. 13.1.4).
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FiG. 13.1.2 Chromosomie analysis revesled the abnormal clone 2 with 1813} and trisommy 21,
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Finally, NGS Hematology Molecular Profile was conducted, and the results showed a
fusion of ZMYM2:FGFRI and mutations of RUNXT and DNMTIEA (Fig. 13.1.5).
Results with interpretations

Among the tests performed for this patient, chromosome analysis, FISH, and NGS were
concordant, all of which detected t(8;13) or ZMYM2:FGER] rearrangement. The t(8;13)
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FIG. 13.1.5 NGS showed the fusion of ZMYM2FGFRT as well a3 RUNXT and DNMTIA mutations,

or ZMYMZ::FGFRI has been reported in myeloid/lymphoid neoplasms with FGFRI rear-
rangement, in which trisomny 21 is the most common secondary eytogenetic abnormality.
It is often associated with an adverse clinical prognosis. The t(8;13) or ZMYM2=FGFRI
fusion is the most common translocation in this neoplasm and is associated with a high
incidence of T-ALL, which is consistent with the patient’s clinicopathologic findings.

Future testing and recommendations
Chromosome analysis, FISH, or NGS can be ordered to monitor disease progression.

Case 13.2 Myeloid/lymphoid neoplasm (MLN) with PDGFRA
rearrangement (LAXT Deletion by FISH)

Clinical indication

A 30-year-old male with T-lymphoblastic lymphoma was admitted for acute relapse of the
myeloproliferative neoplasm. He had a past medical history of peripheral neuropathy,
chronic anemia, and thrombocytopenia. A bone marrow biopsy showed 12% blasts with
the presence of eosinophilia.
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Test ordered

~- Chromosome analysis of the bone marrow
= FISH: FfP1LI:PDGFRA rearrangement
— MNGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapter 12,

Test results

Chromosome analysis was performed. A normal male karyotype was identified (Fig.
13.2.1).

FISH was performed with probes specific for the SCFD2, FIPILI, LNX1, and PDGFRA gene
regions. Two hundred nuclei were examined, and the results were positive for a rearrange-
ment involving FIP1LI:PDGFRA in 192/200 (96.0%) of the cells scored (Fig. 13.2.2).

Finally, NGS detected FIPIL1::PDGFRA fusion as well as TET2 and U2AF] mutations
(Fig. 13.2.3).
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FIG. 13.2.1 Chromosome analysls showed a normal male karyotype. ISCN: 46,XY([21]
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Results with interpretations

FISH and MGS results were concordant with the identification of a FIPILI:ZPOGERA
fusion. Most MLN-TK cases associated with PDGFRA rearrangements have a cytogeneti-
cally cryptic deletion of 4q12 resulting in FIPILI:PDGFRA. This patient has T-cell lym-
phoma, which is one of the many disorders possessing this rearrangement and can be
treated by TKI therapy, particularly imatinib,

Future testing and recommendations

Since POGERA rearrangements are cytogenetically cryptic, FISH or NGS can be ordered to
monitor disease progression.

Case 13.3 Myeloid/lymphoid neoplasm (MLN) with PDGFRA
rearrangement (CHIC2 Deletion by CMA)

Clinical indication

A 21-year-old male presented with hypereosinophilia. The blood counts from the lab
showed anemia (hemoglobin 8.8gm/dL), thrombocytopenia (platelets 93x10%/microli-
ter), and leukocytosis (white blood cells 52.7x10%/ microliter) with eosinophilia (42%).

Test ordered

Hematopathology consultation

Immunophenotypic analysis of bone marrow by flow cytometry
- Chromosome analysis of the bone marrow

FISH: MPN panel and AML panels
— Chromosome microarray as a reflex rest

FIPIL1:POGEFRA quantitative real-time PCR as a reflex test

Laboratory test performed

Morphology studies on the peripheral blood smear, bone marrow aspirate smear, blood clot
section, and trephine biopsy were performed as part of the hematopathology consultation.

Flow cytometry analysis on bone marrow aspirate was performed at first, as described
by Wells et al. [38]. Briefly, cytometric analysis was performed on bone marrow aspirate
after lysis with NH,Cl erythroeyte. A standardized panel of monoclonal antibodies was
used to characterize populations of myeloid and monocytic lineages using the combina-
tions and sources of reagents as described [38]. Specimens were analyzed on a FACS Cali-
bur flow eytometer (Becton Dickinson Immunocytometry Systems, San fose, CA, USA).
Data acquired were analyzed with WinList software (Verity Software, Topsham, ME, LISA).

FISH for AML and MPN panels was performed on bone marrow aspirate using a
deletion/fusion probe set (supplied by Oxford Gene Technology. Inc.) covering FIP1LI,
CHIC2, and PDGERA loci. Two hundred nuclei were analyzed for each probe.
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Chromosome analysis on bone marrow aspirate was performed using a culture condi-
tion optimized for precursor and myeloid cell growth.

A microarray study was performed on DNA extracted from the bone marrow aspirate as
a reflex test after reporting cytogenetics results and FISH results. Genomic DNA was iso-
lated from the whole bone marrow aspirate. Oligonucleotide array-based comparative
genomic hybridization {array CGH) and SNP (single-nucleotide polymorphism) analyses
were performed using the Agilent SurePrint G3 Cancer CGH+SNP microarray with 25 KB
overall median probe spacing (Design based on UCSC hgl9 [NCBI Build 37, February
20091). The array features 180,000 genomic loci, including ~20,000 CGH and ~G0,000
SHP probes, which are cancer-associated. The assay was performed on the extracted
DNA sample and referenced to a normal male DNA sample.

FIPIL1ZPDGERA quantitative real-time PCR was performed on BNA extracted from the
bone marrow aspirate as a reflex test after reporting FISH results. Briefly, RNA is isolated
from the sample provided and converted into cDNA using reverse transcriptase and
amplified by real-time polymerase chain reaction (RQ-PCR). FIPILI:PDGFRA transcript
levels were reported as a ratio of fusion gene rranscript/ABL] reference gene transcript.
This test is designed to detect FIPILI:PDGERA fusion transcript with a sensitivity level
of =1 in 10e4 transcripts ((.01%).

Test results

The peripheral blood smear showed increased eosinophils and basophils. Subsets of the
neutrophils, easinophils, and basophils have hypo granular cytoplasm. The marrow aspi-
rate smears have 25% eosinophils, 2% basophils, and < 1% blasts. The trephine biopsy has
80-100% cellularity. Flow cytometric analysis of the bone marrow aspirate revealed abnor-
mal maturing neutrophilic cells, increased eosinophils {to 44% of nonerythroid cells), and
increased basophils (1o 3.1%) but no increase in myeloblasts (0.1%). The neutrophilic cells
were predominantly mature and abnormally lacked CD36 and CD&4.

The cytogenetic analysis revealed a normal male karyotype. FISH analysis using the
probe set that covers the FIP1LI-CHIC2-PDGFRA genomic region detected a deletion of
CHIC2 in B4.5% of nuclei (Fig. 13.3.1A and Fig. 13.3.1B). FISH revealed no evidence of
the following gene rearrangements: PDGERE, FGFRI, BCRuABLIL, JAKZ, KMT2A, RUNXI:
RUNXITI, PML:RARA, or CBFB:MYH I {data not shown). Microarray test on bone marrow
revealed a microdeletion (about 849 kb) in chromosome band 4q12 (Fig. 13.3.1C). Quanti-
tative RT-PCR on this diagnostic bone marrow specimen detected the FIPILI:PDGERA
fusion transcript with a normalized copy number (NCN) at 0.702 (Fig, 13.3.1D).

Results with interpretations

Flowcytometric study on the bone marrow and morphologic analysis on both bone mar-
row and peripheral blood concordantly revealed prominent eosinophilia in this case. It
was no surprise that chromosome analysis and other FISH tests for AML or MPN returned
a normal result, while the FISH using the probes covering the FIPILI-CHIC2- PDGERA loci
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FIG. 13.3.1 FiSH, microarray, and RT-PCR showed abnormal results with CHICZ deletion resulting in the fusion of
FIPTLT: PDGFRA, (&) Diagram af the FISH probe set that covers the FIPILY -CHICZ-FRGFRA g.enumic regi:m.

(B} A normal interphade nucleus with twa fusion s,}gnals {left). Aninterphase nucheus with an abnoarmal signal panern:
one fusion and ene green {right). (C) Microarray data showed an B49kb deletion covering 3°-FIPILT, whale CHIC2
locws, and 5-PDGERA, (D) Quantitative RT-PCR data showed this patient's diagrostic specimen and follow.up
specimens, ISCN; arf[GRChIT] 14g12(54292027 55141033 )x1

revealed a loss of CHICZ, This FISH probe set was designed to specifically detect a small
deletion of the CHIC2 locus. The probe covering the CHIC2 locus in the middle of this
genomic region is produced with red fluorochrome, and the probes covering FIPILI
and PRGERA at both sides of this genomic region are produced with green fluorochrome.
A chromosome with intact FIPILI-CHIC2- PDGFRA loci will be hybridized by both red and
green probes adjacent to each other and will appear as a typical fusion signal.
A chromosome carrying a CHIC2 deletion can only be hybridized by two green probes
adjacent to each other, but lacks a red probe signal, thus appearing as one green signal.
In this case, 84.5% of nuclei examined present such deletion signal patterns, one fusion
signal from a normal chromosome 4 and one green signal from a chromosome 4 carrying
the CHICZ deletion. A microarray test can be an effective approach to detecting such small
deletions. The microarray data verified an 849kb deletion covering 3-FIPILI, whole
CHIC2 locus, and 5-PDGERA, resulting in the fusion of 5°-FIPIL] with 3'-PDGFRA, The
formation of an in-frame fusion of the FIPILI gene with the PDGFRA gene leads to con-
stitutive activation of the PDGFRA kinase domain in hurnans [39.40]. RT-PCR test is a
defining approach to verify the production of FIPILI:PDGFRA fusion transcript. The
RT-PCR assay also helped to establish a patient-specific baseline for future monitoring.
The value of normalized copy numbers (NCNs) was 0.702 in the diagnostic specimen,
which has been used as the baseline for monitoring along the patient treatment courses
(Fig. 13.3.1D).
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Future testing and recommendations

It has been reported that almost all patients with FIPILI:PDGERA fusion are responsive to
the kinase inhibitor imatinib. Therefore, treatment with imatinib has been recommended
as the definitive first-line therapy for patients with this gene fusion by the WHO [3,11]. For
this patient, the NCN values for all follow-up specimens have been detected as 0.0000,
reduced by 100.0% (log reduction >3.5) in comparison with the patient’s baseline
specimen.

Case 13.4 Myeloid/lymphoid neoplasm (MLN) with PDGFRB
rearrangement

Clinical indication

A 46-year-old man presented with a headache and blurred vision. He had a medical his-
tory of hyperleukocytosis and leukocytosis. Bone marrow biopsy was inconclusive, The
patient has been largely asymptomatic with no fevers, chills, chest pain, shoriness of
breath, abdominal discomfort, or changes in bowel or bladder habits. Labs obtained were

concerning for WBC of 107.8, 87.1% neutrophils with 2,1% lymphocytes and 5.5% eosin-
ophils. A concern of MPN or AML was indicated.

Test ordered

= Chromosome analysis of the bone marrow
— FI5H: PDGFRA rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were deseribed in Chapter 12,

Test results

Chromosome analysis of the bone marrow was performed initially. Of the 20 cells analyzed,
three exhibited a balanced translocation involving 5q and 12p likely resulting in ETVE:
PDGFRB fusion. The remaining 17 cells appear to be chromosomally normal (Fig. 13.4.1).

FISH was performed on interphase nuclei using probes localized to the 5' and 3' ends of
the POGFRE (5q33.1) gene region. One hundred nuclei were examined, and the results

demonstrated a rearrangement involving PDGFRE in 47/100 (23.5%) of the cells scored
(Fig. 13.4.2).

Results with interpretations

This 1(5;12) was noted in two prior studies which was concordant with the PDGFRE rear-
rangement seen in the concurrent FISH analysis, It is consistent with the diagnosis of a
persistent myeloid/lymphoid neoplasm with PDFGRE rearrangement. Correlation with
other elinical, laboratory, or pathology data is essential.
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FIG. 13.4.7 Chromosome analysis showed an abnormal mabe kargotype with t(5; 12} 1I5CN: 46,XY,1(5; 12{g33p 13 [3Y
46,XY[17]

PDGFRB (5q33.2) BAP

5q33.2 (telomeric)

191f = Abnormal

FIG. 13.4.2 FISH for PDGFRE break-apart probe showed positive results for POGERE rearrangement. 1SCNE nuc
ish{(PDGFRExZN I POGFRE sep S'PDGFREx1}47r200]
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Future testing and recommendations
Chromosome analysis and FISH can be ordered to monitar disease progression.

Case 13.5 Myeloid/lymphoid neoplasm (MLN) with a variant
PDGFRB rearrangement

Clinical indication

A 13-year-old female with a history of Ph-like pre-B ALL was treated on AALL1131 with
Gleevec, off study, off therapy, for 2 months. She had headaches and blurry vision but
denied any fever, nausea, vomitng, diarrhea, or bleeding symptoms. There was concern
about a relapse of the disease,

Test ordered

- Chromosome analysis of the bone marrow
— FISH: PDGFRE rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were described in Chapter 12.

Test results

Chromosome analysis was performed initially. Of the 20 cells examined, 8 exhibited multiple
structural chromosome abnormalities including a derivative chromosome with del(2q) and
translocation involving 2p&18q, unbalanced rranslocations invelving 5q&22q, and 11q&22q.
The remaining 12 cells appear to be chromosomally normal (Fig. 13.5.1).

FISH was performed on interphase nuclei using probes localized to the 5" and 3’ ends of
the PDGFRE (5q33.1) gene region. Twe hundred nuclei were examined, and the results
were positive for rearrangements involving PDGFRE in 192/200 (96.0%) of the cells scored
(Fig. 13.5.2).

Results with interpretations

Chromosome analysis revealed a complex karyotype with rearrangements involving chro-
mosomes 5, 11, and 22, Rearrangement of PDGFRE on 5033 was also seen in the concurrent
FISH testing, concordant with t(5;22) from karyotyping (a variant of PDGFRE rearrange-
ment). These results are consistent with the diagnosis of myeloid/lymphoid neoplasm with
a variant PDGFRE rearrangement. Clinicopathologic correlation is advised. These patients
will benefit from imatinib therapy.

Future testing and recommendations
Chromosome analysis and FISH can be ordered to monitor disease progression.
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o Analysis revealed an abnormal complex karyotype including 5:22). ISCH: 46,XX, der(2)del{2)
(a1 2q21 (2 18)(p I 2 1 2L der{S) 15 22 a3 X 13) der{ 1 1)1(1 1:22M 240 1 2)1(5:22). der(2200( 1 1;: 22} der (1 E)E(2; 1B} BY
A, XKK[12]

FOGFRE (5932.2) BAP
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19 1f = Abnormal ' .

1g = Abnormal

FIG. 13.5.2 FI5H for POGFRE break-apart probe showed positive results for PDGFRA rearrangement. ICN: nue
BhiPDGFRE2HI PDGFRE iep 5 POGERB: 1} 167/200) nut BhPDGFRBEX1){A'PDGFRE sep %' PDGFREX1){25/200]



172 Cases in Laboratory Genetics and Genomics (LGG) Practice

the fusion transeript and can be an ideal monitoring approach with high sensitivity. It has
been reported that myeloid/lymphoid neoplasm with JAKZ rearrangement may be resis-
tant to first-generation and second-generation tyrosine kinase inhibitors such as imatinib,
bosutinib, dasarinib, and nilotinib. These neoplasms may respond to the JAKZ inhibitor,
ruxolitinib, for 1-2 years. Therefore, early allogeneic hematopoietic stem cell transplanta-
tion is recommended for eligible patients [13,25,43,44].

Assessment of tyrosine gene fusions including JAK2 gene rearrangement should be
considered for patients presenting eosinophilia. PCM1:JAK2 fusion resulting from chro-
mosome translocation 1(&:3)(p22;p24) is the most common JAK2 gene rearrangement
associated with myeloid andfor lymphoid neoplasms. Please note that chromosome
morphology changes can be subtle and cryptic for this translocation t(8;9) if banding res-
olution is not eptimal. FISH testing with appropriate probes and molecular assays such as
RT-PCR, or RNA fusion NGS test can help to verify the translocation and the gene fusions
involving the JAKZ gene,

Summary of key learning points

+  According to the fifth edition of WHO classifications, evaluation for PDGEFRA
rearrangement has been recommended for patients presenting with unexplained
eosinophilia, particularly when a conventional cytogenetic study reveals a normal
karyatype.

= Patients with myeloid/lymphoid neoplasms with FGFR1, PDGFRA, PDGFRBE, or JAK2
rearrangements can present as a myeloproliferative neoplasm, acute myeloid
leukemia, T- or B-lymphoblastic leukemia/lymphoma, or mixed-phenotype acute
leukemia.

= The most common mechanism contributing to the FIPILI:PDGFRA gene fusion is an
interstitial microdeletion around 800kb over the region containing the CHIC2 locus at
chromosome band 4q12.

= FISH and microarray can be effective approaches to detect fusions. RNA sequencing
can be a powerful diagnostic approach if the sequencing cost and turnaround time
become practicable in clinical applications.

+  Myeloid/lymphoid neoplasms with PDGFRA or PDGERE rearrangement can be treated
effectively by tyrosine kinase inhibiter therapy using imatinib,

* Notallabnormalities of chromosome 8p11-12 involve the FGFR1 gene. Therefore, FISH
and/or molecular studies may be required for confirmation.
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Background

Myelodysplastic/myeloproliferative neoplasms (MDS/MPNs) are a group of diseases in
which the bone marrow makes an excess of white blood cells. MDS/MPNs have features
of both myelodysplastic and myeloproliferative neoplasms. They are characterized by the
following features: (1) persistent monocytosis =1x10%/L in the peripheral blood (PB); (2)
negative result for presence of a Philadelphia (Ph) chromosome and BCR:ABLI fusion
gene; (3} absence of rearrangement of PDGFRA or PDGEB; (4) fewer than 20% blasts in
the PB and bone marrow (BM), and (5) dysplasia involving one or more myeloid lineages
[1,2]. There are different types of MDS/MPNs including Chronic Myelomonocytic Leuke-
mia (CMML), arypical Chronic Myelogenous Leukemia (aCML}), BCR::ABL] negative,
Juvenile Myelomonocytic Leukemia (JMML), and Myelodysplastic/myeloproliferative
Neoplasms, unclassifiable (MDS/MPN-UC). There are many challenges in diagnosing this
group of diseases. For example, excluding other causes of monocytosis, cytogenetic
abnormalities, and somatic mutations may help identify clonal hematopoiesis ruling
out reactive processes in CMML [1,2].

Genetic markers are very important in making an accurate diagnosis of this group of
diseases. Clonal cytogenetics abnormalities are found in 20%-40% of patients with
CMML, but none are specific [3). Common cytogenetic abnormalities include trisomy
8, -Y, -7/del(7q), structural abnormalities of 12p, trisomy 21, and del{20q). These are used
effectively for risk stratification in CMML patients. Gene mutations identified from CMML
include TET2 (~60%), ASXLI (~40%), SRSFZ (~50%), RUNXI (~15%), RAS (~30%), and
CBL (~15%) [3]. In aCML, karyotypic abnormalities are reported in up to 80% of patients.
The most commeon abnormalities are +8, del(20q), as well as abnormalities of chromo-
somes 13, 4, 17, 19, and 12 [1]. JAK2 VE17F mutations were reported in some aCML cases
[4]. Monosomy 7 is seen in about 25% of IMML patients, other abnormalities in 10%, and a
normal karyotype in 65% [5]. RAS mutations such as NRAS, KRAS, NFI, and PTPNI1I are
also reported [6,7]. There is no cytogenetic or molecular genetic finding specific to
MDS/MPN-UC. BCR::ABLI fusion, PDGFRA, PDGEFRB, or FGFRI rearrangement or with
isolated del(5q), t(3;3)(q21;926.3), or inv(3)(g21q286) is excluded from this category [1].
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In clinical diagnostic labs, FISH, karyoryping. RT-PCR, or NGS is commonly used to
identify the chromosomal aberrations in MDS/MPN. In this chapter, two cases will be
illustrated to demonstrate how genetic testing can benefit the diagnosis and risk
stratification of MDS/MPN patients.

Case 14.1 Chronic myelomonocytic leukemia (CMML)
Clinical indication

A G8-year-old male presented with no energy, night sweats, and lower jaw pain. He was
found to have elevated white blood cell count, anemia, and thrombocytopenia, A bone
marrow biopsy was then performed. The findings in the bone marrow were a morpholog-
ical diagnosis match for myelodysplastic/myeloproliferative neoplasm, best classified as
chronic myelomonocytic leukemia-1 (CMML-1).

Test ordered

- Chromosome analysis of the bone marrow
- FISH: MDS and MPN panels

= JAEZ2 VB17F Mutation Detection, Qualitative
- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, RT-PCR, and NGS on bone marrow were performed
{methods were detailed in Chaprer 12).

The JAK2 (mRNA reference sequence: NM_004972.3) qualitative real-time PCR allelic
discrimination analysis is specifically designed to detect the point muration c.1849G=T
(p-Val617Phe). This mutation assay cannot accurately detect mutations in samples com-
prising less than or equal to 2% of the mutant allele. Mutations outside the codon covered
by this test will not be detected.

Test results

Chromosome analysis was performed on the bone marrow. All 20 cells examined exhib-
ited a rranslocation between the long arms of chromosome 3 and the short arm of chro-
mosome 12 (Fig. 14.1.1).

FISH for MD5 and MPN panels was performed on interphase nuclei using probes
(Abbott Molecular, Inc.) localized to the DSSF21 (5p15.2), EGRI (5q23-31), D7Z1 (Tecen),
D75468 (7q3l), ABLI (9934.12), BCR (22q11), D821 (Been), D205108 (20q12), DI35319
(13q14.3), and LAMPI (13g34) gene regions. Two hundred nuclei were examined, and
the results were within normal limits for the laboratory’s established background rate
(Fig. 14.1.2).
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FIG. 14.1.1 The karyotype of the bone marrow showed a $(3;12) translocation. ISCHN: 46,XY,1(3:12)(426.2:p13)[20]

Qualitative JAK2 V&1 7F Mutation Detection was conducted. No mutation was detected
{data not shown).

NGS5 Hematology Molecular Profile was performed, and the results showed a fusion of
ETVE:MECOM and mutations of ASXL! and SRSF2 (Fig. 14.1.3).

Results with interpretations

The translocation t{3;12)(g26.2;p13), resulting in the fusion of the MECOM gene at 3q26.2
with the ETVE gene at 12pl3, was consistent with the concurrent NGS finding (ETVE:
MECOM fusion). NGS results also showed ASXL] and SRSF2 mutations. FISH was negative
for MPN and MDS panels, including BCR::ABLI fusion probes, The t{3;12) is a recurrent
abnormality seen in myeloid neoplasms including MDS, MPN, MDS/MPN and has been
associated with a poor prognosis |https://atlasgeneticsoncology.org/haematological / 1280/t
(3:12)(q26;q21)] [8.9]. Many patients with CMML harbor somatic mutations, most frequently
in TET2 (found in 58% of cases), SRSE2 (in 46%), and ASXLI (in40%) [1]. Therefore, the results
of karyotyping, FISH, and NGS from this patient are consistent with a myelodysplastic /mye-
loproliferative neoplasm (CMML) in the context of the pathology report. Clinicopathologic
correlation is advised.
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Future testing and recommendations

Chromosome analysis and NGS can be ordered to monitor disease progression and
treatment efficacy in the furure.

Case 14.2 Myelodysplastic/myeloproliferative neoplasm with
ring sideroblasts and thrombocytosis (MDS/MPN-RS-T)

Clinical indication

A 63-year-old gentleman presented with macrocytic anemia and thrombocytosis. He
complained about having decreased exercise tolerance, fatigue, hypertension, hypothy-
roidism, neutrophilic leukocytosis, and monocytosis. Bone marrow biopsy and aspirate
showed trilineage hematopoiesis with erythroid hyperplasia and megakaryocytic hyper-
plasia consistent with myelodysplastic/myeloproliferative neoplasm with ring sidero-
blasts present, The patient also had thrombocytosis. Findings were consistent with
those of myelodysplastic/myeloproliferative neoplasm with ring sideroblasts and throm-
bocytosis (MDS/MPN-RS-T). He was treated with Jakafi {(Ruxolitinib).

Test ordered

- Chromosome analysis of the bone marrow
FISH: MPN panel

FISH: del(5q) and del(7q)

- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS on bone marrow were performed (derailed
methods were described previously in Chaprer 12).

Test results

Chromasome analysis identified 4 related clones in 18 of the 20 metaphase cells analyzed.
Specifically, clone 1 with 8 cells showed a solitary deletion 5q (Fig. 14.2.1). Clone 2 with three
cells showed a rearrangement of chromosome 13, monosomy for chromosomes 16 and 18,
trisomy 19, a dicentric chromosome involving 19q, a deletion 20q, a tricentric chromosome
involving 21 p&21q&22p, and presence of 1-2 marker chromosomes in addition to del(5q)
{Fig. 14.2.2). Clone 3 with four cells showed, in addition to the aberrations in clone 2, loss of
the ¥ chromosome, a rearrangement of 12p, trisomy 20, an unbalanced rearrangement
involving 21q&21p, a rearrangement of 22q, and the presence of a marker chromosome,
There was no evidence in this clone of the dicentric (19;19) and the tricentric (21;21;22)
(Fig. 14.2.3). Clone 4 with three cells showed, in addition to the deletion 5q in clone 1, tri-
somy 21 (Fig. 14.2.4). The deletion 5q was detected in a previous chromosome study
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FIG. 14.2.4 The karyotype of the bone marrew showed clone 4 with del{Sq) and trisomy 21,
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indicating persistent/recurrent disease. There were additional abnormalities in the present
study compatible with clonal evolution, In addition to MDS/MPN, karyotypes such as this
can be seen in acute myeloid leukemia (AML) and therapy-related MDS/AML. In the
Revised International Prognostic Scoring Systemn (IP5S-R) scoring system for MI 15 risk
assessment, this result was associated with a very poor prognosis.
FISH for the MPN panel was performed on interphase nuclei using probes [(Abbott
Molecular, Inc.) localized o the D5S721, EGRI, D7Z1 (7cen), DF5468 (Ta3l), ABLI
Sq34.12), BCR (22q11), D821 (Bcen), D205108 (20q12), 0135319 (13q14.3), and LAMPI
13g34) gene regions. Two hundred nuclei were examined, and the results demonstrated
gains of 22q in 113/200 (56.5%) of the cells scored, deletion of 20q in 70/200 (35%), and

deletion of 5g in 150/200 {75%) of the cells scored (Fig. 14.2.5).
Finally, NGS revealed two mutations including JARZ p.{V&17F) and TP53 p.(P152R) (Fig.

14.2.6).

Results with interpretations

Chromosome analysis showed a complex karyotype with clonal evolution, del(5q),
del(20q), and gain of 22q were also seen from the current FISH testing. These findings
are concordant with a persistent/recurrent myeloid neoplasm such as myelodysplasia
(MDS) and/or myeloproliferative neoplasm (MPN} in the context of the pathology
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FIG. 14.2.6 NGS dermonstrated mutations of JAKZ and TPS53.

report and clinical history. NGS revealed two mutations including JAKZ p.(VEI7F) and
TP53 p.{P152R); both are associated with an intermediate prognosis for MDS/MPHN.

Future testing and recommendations

Chromosome analysis and NGS can be ordered to monitor disease progression and treat-
ment efficacy in the future.

Summary of key learning points

+  MDS/MPNs have features of both myelodysplastic syndromes and myeloproliferative
neaplasms.

= All MDS/MPN cases should be absent of BCR::ABLI fusion, with no PDGFRA, PDGFRB,
or FGFERI rearrangement.

s FISH, karyotyping, RT-PCR, and NGS are the common technologies used to identify
genetic abnormalities in MDS/MPN.
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Myelodysplastic neoplasms

Xia Li and Guang Liu
SONCORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

Myelodysplastic neoplasms (MDS) consist of a group of blood disorders in which imma-
ture blood cells in the bone marrow do not mature or become healthy blood cells. In a
patient with MDS, the blood stem cells (immature cells) do not become mature red blood
cells, white blood cells, or platelets in the bone marrow. These immature blood cells,
called blasts, either die in the bone marrow or die soon after they enter the blood. This
reduces the roam available for healthy blood cells to form in the bone marrow. When there
are fewer healthy blood cells, infection, anemia, or easy bleeding is more likely to occur [1).

There are different types of myelodysplastic neoplasms, and they are diagnosed based
on certain changes in the blood cells and bone marrow. These types include MDS with sin-
gle lineage dysplasia (MDS-SLD), MDS with ring sideroblasts (MDS-RS), MDS with mulii-
lineage dysplasia (MDS-MLD), MDS with excess blasts (MDS-EB), MDS with excess blasts
and erythroid predominance (MDS-EB/EP), MDS with excess blasts and fibrosis (MDS-EB/
F), MDS with isolated del{5q) [MD3 del(5q)]. MDS unclassifiable (MDS-U), Childhood
MDS, and Refractory cytopenia of childhood (MDS-RCC) [2]. An accurate diagnosis of
MDS should include persistent and clinically unexplained cytopenia, a morphologic dys-
plasia of hematopoietic elements, and cytogenetic and/or molecular genetic evidence of
clonal hematopoiesis. In addition, morphologic assessment of bone marrow and blood,
flow cytometry immunophenotyping, and cytogenetics and molecular genetics testing
can helpwith the classification, prognosis, and risk stratification of the diseases [1]. Finally,
next-generation sequencing (NGS) has played an important role in the identification of
mutations associated with M DS, making diagnosis and treatment options more accessible.
The new WHO classification has included mutations of SF3B1, in the definition of a single
MDS subtype, MDS with ring sideroblasts [2]). TP53 mutation is associated with complex
karyotype, therapy-related disease, and adverse prognosis in all MDS disease subtypes
[3]. The number of genes and mutations in MDS identified by NGS is so large, that these
can now be organized into a limited number of subtypes and implicated cellular modes
of action such as RNA-splicing factors, epigenetics regulators, cohesin components, tran-
scription factors, DNA damage response, and signal transduction molecules [4,5].

From the clinical and therapeutic points of view, the options for targeted treatment of
MDS are rapidly increasing. For example, the drug luspatercept has been used in patients
with SF381 mutation, and other specific therapies including drugs targeting aberrant DA
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methylation and chromatin remodeling, modulating/activating the immune system o
enhance tumor-specific cellularimmune responses, etc., are under development. The inte-
gration of precision medicine into practice has become a reality for patients with MDSand/
orothercancers [6]. Itis known that 4%-10% of children and young adults with MDS or AML
and 4% of adults with AML carry inherited damaging mutations in cancer susceptibility
genes. These genesinclude CEBPA, GATA2, RUNX 1, ANKRD2G, BRCA I, and MSHE. The most
recently identified genes such as DDX41, SAMDS, and SAMDSL are involved in leukemo-
genesis and deepen our understanding of the basic biology of MDS/AML [7]. Testing for
germline murations is indicated for families with prior known medical history.

In clinical diagnostic labs, the most common technologies for MDS patients include
karyotyvpe, which will define clonal evolution for abnormal cells, FISH, which looks for
specific gain or loss as well as chromosome translocations, and NGS, which will elucidate
all mutations and fusions associated with MDS. These tests will help to classify disease
subrypes, prognosis, risk stratification, and therapy options. In this chapter, a few cases
will be illustrated using the diagnostic technologies mentioned above. The results of
the testing will aid in the decision-making process for treating MDS patients.

Case 15.1 Myelodysplastic neoplasms with excess blasts-2
(MDS EB-2)
Clinical indication

A 72-year-old female presented with pancytopenia. She reported fatigue, difficulty swal-
lowing. and some chest pain.

Test ordered

- Chromosome analysis of the bone marrow
- NGS5 Hematology Molecular Profile

Laboratory test performed
Chromosome analysis and NGS methods were described in Chapters 1 and 12,

Test results

Chromosome analysis showed a complex karyotype with three abnormal clones identi-
fied. Of the eight cells examined, seven were abnormal, and clonal evolution was evident.
Adl seven abnormal cells exhibited del(5q) and del(7q) (Fig. 15.1.1). Three cells also had a
dicentric chromosome involving 1q and 17g with unknown material inserted to 1p and
addi2q) (Fig. 15.1.2). Another three cells had additional abnormalities, including gains
of chromosomes 1, 4, 6, 9, 14, and 21 (Fig. 15.1.3). The remaining cell appears to be chro-
mosomally normal.
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FiG. 15.1.1 Chromosome analysis of the bone marrow showed clone 1 from a complex karyotype including del{Sq)
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AG. 15.1.2 Chromosome analysks of the bane marrow showed clone 2 from a complex karyotype including a dicentric
chramadome invalving 198174 with a pessible insertion and add(2q) in addition to del(5q) and del(7q).
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FIG. 15.1.3 Chromosome analysiz of the bone marrow showed clone 3 from a complex karyotype including gains of
chromosomes 1, 4, 6, 9, 14, and 21 in addstion to del(5q) and del(7q).

)

NGS Hemartology Molecular Profile was performed. The results were negative for DNA
mutations and RNA fusions (data now shown).

Results with interpretations

del(5q) and del{7q) are commonly seen in myeloid disorders. These results are consistent with
adiagnosis of MDS EB-2. Previous karyotype results from bone marrow performed 3 years ago
showed del(5q) and del(7q). The accumulation of novel abnormalities in this specimen could
represent sampling or could signify an increase in disease aggression. According to the revised
Intemational Prognostic Scoring System (IP55-R) for MDS, this is a complex karyotype with
>3 abnormalities. Therefore, it was classified as a very poor prognosis.

Future testing and recommendations

Regular follow-up and clinicopathologie correlation are recommended. Chromosome
analysis can be ordered for monitoring disease progression and treatment efficacy in
the future,
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Case 15.2 Myelodysplastic neoplasms: Refractory anemia
with ring sideroblasts (RARS)

Clinical indication

An 84-year-old female presented with normochromic, normocytic anemia, and erythroid
hyperplasia. The morphology report showed that she had ring sideroblasts in her bone
Marrow.

Test ordered

= Chromosome analysis of the bone marrow
- FISH: MDS panel
- MNGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Chromosome analysis exhibited an abnormal karyotype with two distinct clones. Clone 1
with two cells had a balanced translocation involving Xp and 18g (Fig. 15.2.1). Clone 2 with
three cells exhibited trisomy 1, a whole-arm translocation involving 1q and 16p, and
del{20q) (Fig. 15.2.2).

FISH for MDS5 panel was performed on interphase nuclei using probes localized to the
D5S721 (5p15.2), EGRI (5q23-31), D7Z1 (Teen), D75486 (7g31), D8Z2 (Been), and D205108
(20g12) gene regions. Two hundred nuclei were examined, and the results were within
normal limits for the laboratory's established background rates (Fig. 15.2.3).

Finally, the NG5 Hematology Molecular Profile showed results with mutations from
SF3B1, ASXL1, and BCOR. The therapeutic drug for SF3BI mutation p.(RG625L) . 1874G=T
was shown in the report (Fig. 15.2.4).

Results interpretations

Of the 25 cells analyzed, 5 were abnormal, and 2 distinct clones were present. The remain-
ing 15 cells appeared to be chromosomally normal.

Clone 1 (two cells) showed a balanced translocation between the short arm of the
X chromosome and the long arm of chromosome 18, This clone was observed previously
in 2020, indicating a persistent disease.

Clone 2 (three cells) showed a 20q deletion; a derivative chromosome consisting of 1q
and 16p resulting in a gain of 1q and loss of 16q. der(1;16)(ql0;pl0) is a rare but non-
random abnormality found in MDS and AML. Collectively, these findings are consistent
with persistent MDS.
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FIG, 15.2.2 The karyotype of this patient showed clone 2 with trisomy 1, a whole-arm translocation involving 1 and
16p, and del{20g).
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NGS Hematology Molecular Profile has identified mutations from three genes: SF3BL
ASXLI1, and BCOR. According to NCCN guidelines, SF3BI p.(R625L) c.1874G>T is asso-
ciated with a favorable prognosis in MDS, and ASXL! p.(E635Rfs*15)c.1900_1922del
AGAGAGGCGGCCACCACTGCCAT, and BCOR p.(Q1653%) c.4957C>T are associated with
poor prognosis. Furthermore, luspatercept is a recommended drug for MDS-RS patients
based on ESMO recommendations [8.9],

Future testing and recommendations

Regular follow-up and clinicopathologic correlation are recommended. Chromosome anal-
ysis and NGS can be ordered to monitor disease progression and treatment efficacy in the
furure,

Case 15.3 High-grade myelodysplastic neoplasms (MDS)
Clinical indication

A 70-year-old male had a history of coronary artery disease, congestive heart failure, and
diabetes. His labs showed severe anemia,

Test ordered

— Chromosome analysis of the bone marrow
- MNGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis and NGS methods were described previously in Chapters 1 and 12.

Test results

Of the 20 cells examined, 18 were abnormal, and clonal evolution was evident. All abnor-
mal cells exhibited multiple numerical and structural chromosome abnormalities, includ-
ing an unbalanced translocation involving 5q and 14q resulting in del(5q), del(7q), a
pericentric inversion of chromosome 7, del(12p), monosomy 14, del(20q), and a marker
chromosome (Fig. 15.3.1); 16 of these also had trisomy 8 (Fig. 15.3.2). The remaining two
cells appear to be chromosomally normal,

NGS Hematology Molecular profile revealed TP53 p.(H214R) c.641A=G, TP33 p.
(Y220C) ¢.659A>G and BCOR p.(W1218*) ¢.3654_3655delGG mutations (Fig. 15.3.3).

Results with interpretations

Chromosome analysis revealed a complex karyotype with two related clones, and clonal
evolution was evident. del(5q), del(7q), del(12p), and del(20q) were all seen in myeloid dis-
orders. These results are consistent with a diagnosis of high-grade myeloid neoplasms.
The degree of karyotypic complexity indicates a more aggressive disease process.
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FIG. 15.3.1 The karyotype of this patient showed clone 1 in two cells with an unbalanced translecation imvolving 5q
and 14q, del(?q), a pericentric inversion of chromosome 7, del{12p), moanasamy 14, del(20g), and a marker
chromesome, 130N: 46X, der(Shti5; 140g13;91 1.2, der(7 Jdel{7Hg 1 1. 2)inv(THp1 1.2q11.2),del{12}{p11,2},-14,del (20}
(q11.2q13.3), +mar{2)/46,idem, + B,-mar[ 1 61546, XY [2]

MNGS results with TP53 and BCOR mutations are associated with a poor prognosis in
MDS based on the NCCN guideline. These two TP53 mutations are also resistant to lena-
lidomide therapy.

Future testing and recommendations

Regular follow-up and clinicopathologic correlation are recommended. Chromosome analysis
and NGS ean be ordered to monitor disease progression and treatment efficacy in the future.

Case 15.4 Myelodysplastic neoplasms with excess blasts (MDS
EB-1) transforming to AML
Clinical indication

A 75-year-old male had a recent diagnosis of myelodysplastic neoplasm with excess blasts
(EB-1). The present bone marrow biopsy was performed for restaging in preparation for
chemotherapy and possible stem cell transplant. The peripheral blood smear showed
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FIG.15.3.2 The karyotype of this patient showed clone 2 In 16 cells with wrisomy 8 and loss of the marker chromosome
in additien 10 the abnarmalities seen in clone 1.

pancytopenia with circulating blasts (10%). A flow cytometry analysis on the marrow a§|1'i "
rate showed 35% blasts. The marrow aspirate revealed 43% blasts. The patient was diag-
nosed with AML rising from MDS.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Of the 20 cells examined, 17 exhibited an abnormal chromosome complement with two
unrelated clones. Clone 1 with 12 cells showed a monosomy 18 and one to two marker



Chaprer 15 = Myelodysplastic neoplasms 195

Relevant Biomarkers

Relevam Theraples
Ther  Genomic Allemation wmwtrm . Cliskzal Trisls
1A TPE3p(H2T4R) c.6414>G, TPSR p.(YZ20C) c.659A=0 Hong L}
Progrostie significanse: NCCH: Poor
Dagnostic significance: MNone

i BCORp(WIZIBY & 3654_3655eICE T hone ' ‘o

Frogrostio significance: NGCH: Poor
Diagnostic significance: Hone

Polils fils pourcm bndieded in relevest renepiea: FOWT, HCCH, EMAT D500

Pl S souron incloded in prognoitic and dagaontic sigrificante: RECK, E5090

Tr Bletanete Liatal J2ascindi oo Gutrlor I DNk MDD 40a] Avgomrg of Saceence Vansals in Caacer & tound C of the 4
For Mpleriar Paope Ameicen Spcecy of Shacal Onralagy. and Colepe of Anerstaa Pasholigals Jkel Buagn HIF Jea #1433

£ Alens infarmed by public data so a0 ficated, TR
TP5F p(H214R) . 64TAG, TPST 0 lenalidomade
PIT2NC) o 65PAG

Pabiic dala sourors inclodsd in slertic FOAY, NOCL EMAT, ESM0

Variant Details

:.-. :]-'_._:___-:‘-_’: .'-||_!:.||:-; Ui filpge: ]
Gane Aming &cid Change Cading Lestirn ABgle Frequenty Waslasd EHeon

TPSY B OrII0G) £45AG chl 77578190 AP0 missense

T pOEIVAR) ARG eI T TETE208 44 07% mmissEnse

BCOR BOWIZIE") £ 3E54_3B55061 00 che 3RS0 MO8 monient

FIG. 15.3.3 NGS results revealed TP53 and BCOR mutations. The NCCH indicated a poor prognosis for MDS.

chromosomes (Fig. 15.4.1), Clones 2 with five cells revealed a deletion of 1q (Fig. 15.4.2).
The remaining three cells appeared to be chromosomally normal,

FI5H for AML panel was performed on interphase nuclei using probes localized to the
D58721 (5p15.2), EGRI (5q31), D7Z1 (7cen), D75486 (7q31), DEZ2 (Becen), RUNXITI
(8q22), ABLI (9g34.12), KMT2A (11q23), PML (15q24.1), CBFB (16q22.1), RARA
(17q21.1), 205108 (20g12), RUNXI (21q22.3), and BCR (22q11) gene regions. Two hun-
dred nuclei were examined, and the results were within normal limits for the laboratory’s
established background rates (Fig. 15.4.3).

NGS Hematology Molecular Profile has identified FLT3-1TD with 35% allele frequency,
NPMI p.(W288CFs*12) with 3.5% allele frequency, and $TAG2 p.(M1200Nfs*4) with 75.30%
allele frequency (Fig. 15.4.4).

Results with interpretations

Chromeosome analysis identified two unrelated clones, not specific to MDS or AML. FISH
for AML was normal. NGS findings with FMS-like tyrosine kinase 1Ll (FLT3)-1TD and NPM1
were commonly seen in AML.,
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FiG. 15.43 Chromosome analvsis of the bone marrow showed dlone 2 with del(1g).
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FIG. 15.4.3 FISH for the AML panel showed normal signal patterns for all probes tested. ISCN: nue sh{DSST21,EGR 1 2
2000 (CEPT, DTSARE) 2] 199200], (D822, D205 108) (2 1599 200] (RUNX 1T1 RUMNX 1}x2[200/200).(ABL1, BCR)x2
[FOVZ00LIKMT2 Ax2) [ 200200], (PML RARA)RZ[200r200], (CBFBx2 )] 1965200]

The incidence and impact of FLT3 in myelodysplastic neoplasm (MDS]) and chronic
myelomonocytic leukemia (CMML) are unknown. A study from Daver et al. showed that
12/1252 (0,95%) MDS patients had FLT3 mutations, and the overall survival did not differ
significantly for FLT3-mutated versus FLT3-nonmutated patients [10]. However, FLT3
mutations have been identified in one-third of AML and have multiple small-molecule
inhibitors (midostaurin and gilteritinib) [11]. The patient is currently on consolidation
therapy with decitabine, gilteritinib, and venetoclax, and is doing well

Future testing and recommendations

Regular follow-up and clinicopathologic correlation are recommended, Chromosome analysis
and NG5 can be ordered to monitor disease progression and treatment efficacy in the future.

Case 15.5 Myelodysplastic neoplasms: Refractory cytopenia
with multilineage dysplasia (MDS-RCMD)
Clinical indication

The patient was an 81-year-old male and was noted to be mildly neurropenic and throm-
bocytopenic. His hemoglobin was 136 g/L, white cell count was 3.1 » 10%/L, the neutrophil
count was 1.8=10%L, and platelet count was 113= 10%/L. Bone marrow biopsy showed
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FIG. 15.4.4 NGS resulis revealed FLTZ-ITD, NPMI, and STAG2 mutations, The NCCN indicated therapy drug and
prognosks information for MDS transforming 1o AML.

hypercellular marrow with moderate dyserythropoiesis and dysgranulopoiesis, which was
consistent with the diagnosis of refractory cytopenia with multilineage dysplasia.
Test ordered

- Chromosome analysis of the bone marrow
- FISH: MDS panel
- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis. FISH, and NG5 methods were described in Chapters 1 and 12

Test results

Firstly, FISH for MDS panel was performed on interphase nuclei using probes localized o
the D55721 (5p15.2), EGRI (5q23-31), D71 (Teen), D75486 (7q31), D822 (Bcen), and
D205]08 (20g12) gene regions. Two hundred nuclei were examined, and the results were
positive for deletion 20g in 134/200 (67.0%) of the cells scored (Fig. 15.5.1).
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FIG. 15.5.1 FISH for MDS panel was positive for delotion 204q. ISCN: nuc ishiDSST 21, EGR 1 x2[ 2002000 (CEPT DT 5486)x2
[199300] (DEZ2x2, D205 108x 1)[134/200)

Secondly, NGS Hemartology Molecular Profile was conducted, and the results were neg-
ative (data not shown).

Finally, chromosome analysis revealed an isochromosome on the long arm of chromo-
some 20 with loss of an interstitial segment of 20g11-g13 in 15 of the 20 metaphase cells
examined (Fig. 15.5.2). The remaining five cells were chromosomally normal.

Results with interpretations

The finding of an isochromosome of the long arm of chromosome 20 with loss of interstitial
material [ider{20q)] was consistent with the concurrent FISH finding. The ider{20q) is arare
but recurrent abnormality in myelodysplastic neoplasm (MDS) and acute myeloid leuke-
mia (AML) [12,13]. The chromosome result is consistent with myelodysplastic neaplasm
[MDS] in the context of the pathology report for this patient. The prognosis of patients with
ider{20q) seems (o be poor compared to patients with del(20q) [14]. [n conventional cyto-
genetics, ider(20q) is a small metacentric chromosomal marker associated with the mono-
somy of chromosome 20. Therefore, an inexperienced cytogenetic technologist could read
aresultof 46, XY,-20,+mar for this type of case. Accurate identification of this abnormality is
important for the patient’s diagnosis, prognosis, and selection of the treatment strategy.

Future testing and recommendations

Regular follow-up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered to monitor disease progression and treatment efficacy
in the furure.
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FIG. 15.5.2 The karyotype of bone marmow from the patient showed an ider{20q), ISCN: 46, XY, ider(20){g 10Mdel(20)
{1 1g13)[15)6,X¥[5]

Summary of key learning points

+ MDS can be diagnosed through morphology, flow, and cytogenetics analysis.

*+ del(5q), del(7q), del{20q), and +B are the most common findings in MDS.

* Karyorypes can be very complex in MDS. The results will help with prognosis, risk
stratification, and treatment option.

= NGS5 can identify DNA mutations or fusions. Some of these, such as §F351, may provide

prognosis or therapy information.
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Background

Based on the fifth edition of the World Health Organization (WHO) Classification of Hae-
matolymphoid Tumeors published in 2022, acute myeloid leukemia (AML) falls into two
families: AML with defining genetic abnormalities and AML defined by differentiation [1].

AML can be diagnosed regardless of myeloid blast percentage by detecting defining
genetic abnormalities including gene fusions such as PMLURARA, RUNXI:RUNXITI,
MYHI1:CBEB, DEK:NUPZ214, and REMIS5:MATFA; gene rearrangements involving
KMT2A, MECOM, and NUP98 as well as NPM1 mutation. Please note that the 2022 Inter-
national Consensus Classification (ICC) of myeloid neoplasms requires a 10% or higher
blast percentage along with the defining genetic abnormalities to define AML [2].

AML can also be defined based on findings of BCR:ABLI fusion or CEBPA mutation
along with at least 20% blasts. The defining CEEPA mutation can be either monoallelic
in the basic leucine zipper (bZIP) region of the gene or a biallelic mutation based on
the fifth edition of the World Health Organization Classification (1], In the 2022 1CC
classification, biallelic CEBPA mutations are not required to make this diagnosis (2.

Acute promyelocytic leukemia (APL) with PML:: RARA fusion is characterized by the
predominance of abnormal promyelocytes and fusion of the RARA gene on the chromo-
some at band 17q21.2 with the PML gene on the chromosome at band 15q24.1 or with
other rare fusion partner genes. APL is frequently associated with coagulopathy and
the risk of disseminated intravascular coagulation (DIC) [3].

AFL cells may contain Auver rods and kidney-shaped or bilobed nuclei, with high-level
myeloperoxidase expression. APL immunophenotypic features include negative expres-
sion of CD34 and HLA-DR, with characteristically high side scatter and forward scatter
and positive expression of CD13, CD33, and CD117 [4-7].

APL diagnoses can be confirmed by defining PML::RARA fusion or other variant RARA
gene fusions. Other chromosomal aberrations including 7q deletion and trisomy B can be
seen in APL. FLT3 mutations such as FLT3-1TD and FLT3 p.DB35, as well as other muta-
tions, can be found in APL.

AFL can be stratified into three risk categories based on WBC and platelet count: high-
risk with WBC >10x 10%/L, intermediate-risk with WBC <10 x 10*/L and platelet count
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=40 x 10%/L, and low-risk with WBC <10 x 10%/L and platelet count <40 x 10%/L [8-11].
Accordingly, the therapy strategy is adjusted based on risk category [12].

Acute myeloid leukemia [AML) with RUNX1:RUNXITI ischaracterized by a fusion of
the RUNX! gene on the chromosome 21g22.1 and RUNXITI gene on the chromosome
822, resulting from the ranslocation t(8;21)(q22;q22.1).

RUNXI and CBFB encode components in the transcription factor complex called core
binding factor (CBF). The RUNX1::RUNXIT! fusion leads to leukemogenesis by blocking
myeloid differentiation. Besides t(8;21), other secondary chromosomal aberrations
include deletion in chromosome 9q and loss of an X chromosome in females or loss of
a Y chromosome in males [13].

Blasts in this AML category are large with abundant basophilic eytoplasm, often con-
taining numerous azurophilic granules and perinuclear halo (clearing), with fewer mono-
cytes and increased eosinophil [14,15]. Its immunophenotype is characterized by high
CD34 expression and aberrant expression of CD19 and cytoplasmic CD79a, with abnor-
mal neutrophil maturation. HLA-DR, CD13, myeloperoxidase, and PAX-5 are often
expressed, with weak or no expression of CD33. Blasts are usually positive for myeloper-
oxidase [16-20].

Most patients in this category have higher rates of complete remission and long-term
disease-free survival when treated with intensive consolidation therapy (e.g., high-dosage
cytarabine) [21,22]. The presence of KIT p.D816 in adults correlates witha lower relapse-
free survival rate, while hyperdiploidy or presence of del{9q) is associated with longer
overall survival [23]. A high (>2) mutation burden is associated with inferior outcomes
124,25].

Patients who do not achieve major molecular remission after consolidation therapy are
at a high risk for relapse and may benefit from allogeneic stem cell transplant therapy [26].
Detection of measurable residual disease either by flow cytometry or PCR-based tech-
niques is associated with lower complete remission rates and shorter survival, even after
transplantation [27].

Acute myeloid leukemia with CBFB:MYH 11 fusion is characterized by fusion of the
CBFB gene on the chromosome 16g22 and the MYH1] gene on the chromosome 16pl3.1,
resulting from either a pericentric inversion of a chromosome 16 or a translocation
berween two homologous chromosome 16.

Increased blasts with myelomonocytic differentiation can be seen in bone marrow
smears. Marrow eosinophilia with abnormal eosinophils morphology is a feature of
AML with CEFB::MYH11.

The flow cytometric study usually identifies nwo abnormal blast populations: one
CD45-dim immarture blast population with CD34 expression, and another more mature
monoecytic CD45-bright population that lacks CD34 expression but expresses monocyti-
cantigens such as CD14, CD64 and lysozyme [1).

Besides inv(16) or 1(16:16), other chromosomal abnormalities include trisomy 8,
trisomy 21, trisomy 22, and/or deletion of 7q |13]. CBFB:MYHI11 is associated with a
favorable prognosis, with long-term survival rate of ~50% in adults [22].
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AMLwith KMT2A rearrangement is defined irrespective of the bone marrow blast per-
centage. More than 80 fusion partners have been identified involving KMT24 rearrange-
ments [28]. The most common rearrangement is KMT2A:MLLT3 fusion resulting from
translocation between KMT2A on the chromosome 11g23.3 and MLLTS on the chromo-
some 9p21.3. Please note, some KMT2A rearrangements can be seen in acute lymphoblas-
tie leukemia (ALL). KMT24 rearrangements can occur after treatment with topoisomerase
Il inhibitors, supporting diagnosis of myeloid neoplasm post cytotoxic therapy, KMT24::
CREBBP fusien resulting from a translocation t(11;16)(g23;p13) is highly indicative of such
disease [29,30].

KMT2A rearrangements are more often seen in children than adulets with AML [31,32].
The rearrangement results in a chimerie protein consisting of N-terminus of KMT24 and
C-terminus of a partner protein [8].

Owverall, MLLTZ, AFDN, ELL, and MLLTIQ are most commonly detected in KMT2A-
rearranged AML, resulting from the translocations t9:11)(p22;q23), u§;11)(q27;q23),
t(11;19)(p13.1;923), and t(10;11)(p12;q23), respectively [28,32-34].

The immunophenotype of leukemic cells with a KMT2A rearrangement varies based on
cell lineage. The most often leukemic cells are of the monocytic lineage and express CD33,
CD8s, CD4, CD15, HLA-DR, and lysozyme. In children, KMT2A:MLLTI and KMT2A::
MLELT10 can present as an acutemegakaryoblastic leukemia (AMKL) [35-37).

Cases with subpopulations of leukemic cells meeting the criteria for mixed phenotype
acute leukemia (MPAL) should not be classified as AML. The finding of a partial tandem
duplication (PTD) in KMT24, common in adults AML, does not support the diagnosis of
AML with KMT2A rearrangement. Some KMT24 rearrangements can be cytogenetically
cryptic and can be detectable by FISH, RT-PCR, or RNA sequencing.

For AML with KMT2A rearrangement, the prognostic impact depends on the fusion
partner. In adults, cases with KMT2A4:MLLT3 fusion have an intermediate risk of relapse,
whereas other KMT24 rearrangements are associated with a poor prognosis (32-34,38). In
children, the prognostic impact of fusion partners varies based on treatment protocol.
The KMT24 rearrangements involving ABLI, AFDN, AFF1, MLLTI, and MLLT10 are com-
monly associated with a high risk of relapse, and ELL, MLLT3, MLLTI1, and SEPTING with
a standard risk [35].

AML with MECOM rearrangement is characterized by rearrangements involving the
MDSI and EVII complex locus (MECOM) on the chromosome 3g26.2, resulting from a
paracentric inversion inv(3){g21.3;926.2) in chromosome 3q or a translocation t(3.3)
(921.3;926.2) between two homologous chromosome 3. Such rearrangements lead to
overexpression of EVIT but not MDS1:EVI] as well as functional GATAZ haploinsufficiency
due to the GATAZ enhancer being hijacked to 3q26.2 from i1s original position 3g21.3
139-41].

Multilineage dysplasia is common, often presenting small megakaryocytes with
nonlubated or bilobed nucleus, Blasts are positive for CD34, CD33, CD13, CD117, and
HLA-DR and often positive for CD38, but negative for CD7 [42]. High CD34 expression
is more observed in inv(3) cases rather than in t(3;3) cases [43].
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GATAZ:MECOM isthe most frequent rearrangement resulting from either inv(3) or
t(3;3), but more than 30 parnner genes including MYC, ETVE, RUNXI have been described,
with some of those being cytogenetically cryptic [25,44—47]. In addition to chromosome
karyotvping, fluorescence in situ hybridization (FISH) usingbreak-apart probes for
MECOM locus can be considered as assessing possible cryptic MECOM rearrangements
[48.49).

Some myeloid neoplasm-related cytogenetic aberrations such as loss of 5q, loss of 7q,
monosomy 7, and/or complex karyotype can be seen along with 3q26.2 rearrangements
[50:51].

A hallmark of AML with MECOM rearrangement is EVI] overexpression in the absence
of MDS1:EVI] wranscript |45].

The rare cases with concurrent BCR:ABLI and MECOM rearrangement at presenta-
tion are best considered as having blast phase CML (1),

AML with BCR:ABLI fusion is ade novo AML with BCR:ABLI detected at initial diag-
nosis. More than 20% myeloid blasts in the bone marrow and/or peripheral blood and no
evidence of CML are required 10 make this diagnosis [1].

Itis challenging to distinguish AML with BCR=ABLI and CML in myeloid blast phase of
CML. AML with BCR::ABL] is associated with a higher blast percentage (median: 13% vs
47%), a lower absolute basophil count or basophil percentage (median: 0% vs 2.5%), and a
lewer frequency of splenomegaly (25% vs 65%) [52,53). AML with BCR:ABLI is rare and
occurs mainly in adults with a male predominance [54].

About 70%-80% cases of AML with BCR::ASL] present p210 transcripts, and 50%-60%
cases have additional chromosomal alterations [54]. Cryptic deletions within immuno-
globulin and T-cell recepror genes are seen in almost all cases, with frequent microdele-
tions in [KZF! and/or CONK2A/B genes, detectable by array comparative genomic
hybridization |55]. These deletions are also seen in the lymphoid blast phase of CML
and in MPAL with BCR:ABLI, but not in myeloid blast phase of CML [56).

Compared with the myeloid blast phase of CML, AML with BCR:ABLI shows a lower
myeloid/erythroid ratio (median: 2.0 vs 4.8) and a lower frequency of basophils being
higher than 2% (13% vs 53%) in bone marrow [52].

AMLwith DEK:NUP21 4 fusion is characterized by fusion of DEK gene on the chromo-
some 6p22.3 and NUP214 gene on the chromosome 9934, resulting from a translocation
1(6:9)(p23;q34). This rearrangement can be detected by chromosome analysis, FISH, or
molecular approaches. AML with DEK:NUP214 is rare. It comprises 0.6%-1.7% of AML
in children and about 1% of AML in adults |57-60]. FLT3-ITD mutation presents in many
cases and does not impact overall survival but has faster relapse [61]. AML with DEK:
WNUP214 is associated with a poor prognosis and short overall survival [62].

AML with NUF98 rearrangement is characterized by fusion of NUFPS6 on chromo-
some 11pl5.4 with various partner genes, NUP98:KDMS5A and NUP98:NSDI are the
two most frequently seen NUP38 rearrangements, resulting from cytogenetically cryptic
translocations t(11;12){p15;p13) and t(511){g35;p15.5), respectively. NUP28 rearrange-
ments are frequently found in childhood acute leukemias with erythroid differentiation
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[63). Among various NL/P98 rearrangements, NUPS8:KMDSA and NUPS8:fARIDIA are
most often associated with megakaryoblastic differentiation |64,65].

Assessment of NUPS8 rearrangement is recommended for AML cases with normal
karyorvpe and FLT3-ITD mutation and/for WT! murtation and for pediatric acute mega-
karyoblastic leukemia. Loss of RE1 is particularly associated with NUPS8:KDMS5A |66,67].

AML with NUPS8 rearrangement is associated with poor prognosis. FLT3-1TD makes
prognosis even worse [67-69]. NU/P98 rearrangement has been found in almost half of
pediatric refractory AML cases, suggesting allogeneic stem cell transplantation for
NUPS8 rearranged patients who achieve remission [70].

AML with REMI5::MRTFA is defined by fusion of REMI5 on the chromosome 1p13.3
and MRTEA on the chromosome 22q13.1 and is characterized by megakaryocytic differ-
entiation. This type of AML accounts for less than 1% of all AML and 10%-12% of pediatric
AMEL. It occurs more frequently in infants (<6months) and young children (<3 years)
without trisomy 21 {Down syndrome), with a female predominance [71].

AML with mutated NPMI is a myeloid neoplasm characterized by somatic mutations
involving the nucleophosmin (NPMI) gene. Nearly 1/3 of adult AML patients have NPMT -
mutation, mast of them with normal karyotype at middle age [72-75). Approximately 20%
of AML in patients over 70years old has NPMI mutation [76]. NPMI mutation was found
in 6%—8% of pediatric AML |77-80].

NPMI1 mutation is characterized by a four-base pair insertion in its exon 12, NPM]
mutations result in a new nuclear export signal (NES) motif and loss of the tryptophan
residue at eadon 288 or 290, leading to aberrant localization of mutant NPAI to the cyto-
plasm |81-84]. Identification of cup-like nuclear morphology in more than 10% of blasts is
highly specific for AML with NPAMI mutation [85].

NPMI mutation is an AML-defining genetic lesion. The finding of NPMI mutation
overrides other myelodysplastic or myeloproliferative morphologic features and defines
this AML diagnosis (86,87). NPMI mutations are mostly (>99%) restricted in exon
12 [88]. More than 85% of these cases present a normal karyotype [73,89). Patients with
this diagnosis typically experienced a good response to induction therapy [38,73]. How-
ever, higher NPAMI mutant expression is associated with increased risk of relapse and
death post therapy [90-92].

The prognosis of NPMI mutated AML is influenced by other mutations, NPMI muta-
tion positive AML without FLT3-ITD or with low FLT3-ITD (VAF < 0.5) is classified as the
favorable-risk category, while NPA] mutation with high FLT3-ITD (VAF =0.5) is interme-
diate risk [38], wild-type NPMI without FLT3-ITD or with low FLT3-1TD (VAF <0.5) is
intermediate risk, and wild-type NPMI high FLT3-ITD (VAFZ=0.5) as adverse risk
[93-98]. Triple positive for NPM1, FLT3-1TD, and DNMTIA murations is associated with
a particularly poor outcome [939-101]. Cytogenetic abnormalities with poor prognosis
override favorable risk of NPMI mutation without FLT3-1TD or with low FLT3-1TD [102].

AML with CEEPA mutation is characterized bybiallelic CEBPA murtation (biCEBPA) or
single CEBPA mutation in the basic leucine zipper (bZIP) region of the gene (smbZ1P-
CEBPA). More than 20% myeloid blasts in bone marrow or blood are required for this
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diagnosis. AMLwith CEBPA mutation accounts for ~5% of AML in children and 5%-11% in
adults |103-105].

Among cases with biCEBPA, up to 10% of patients have a germline MN-terminal muta-
tion [106]. Therefore, biCEBPA may reflect a germline CEBPA variant, indicating referral to
genetic counseling.

Please note, biCEBPA was previously required for this AML subtype due to the associ-
ation with a favorable prognosis [107-109]. Now, the bZIP single mutation is being
included in this category with a favorable prognosis [103-105].

AML, myelodysplasia-related (AML-MR) can be defined with at least 20% blasts
and carrying specific cytogenetic and molecular abnormalities associated with MDS,
de novo or secondary. These cytogenetic abnormalities include complex karyotype
with three or more abnormalities; 5q deletion or loss of 5q; monosomy 7, 7q deletion,
or loss of 7q; 11q deletion; 12p deletion or loss of 12p; monosomy 13 or 14q deletion;
17p deletion or loss of 17p; isochromosome 17g; and isodicentric chromosome X
idic(X)(q13) [1]. The recognized MDS-associated molecular abnormalities include
murtations of eight genes: SRSF2, SF3BI, U2AF1, ZRSR2, ASXL], EZH2, BCOR, and
STAG2 [110,111].

AML-MR is associated with a poor prognosis [112,113]. AML-MR patients often have
TP53 mutations and complex karyotype, indicative of a worse prognosis [114].

AML with other defined genetic alterations includes emerging or provisional AML
subtypes with distinct genetic features. This diagnosis requires >20% myeloid blasts
in bone marrow and/or blood. This category includes several subtypes: AML with
CBFA2T3:GLIS2, AML with KATEA::CREBER AML with FUSSERG, AML with MNX1:
ETVE, and AML with NPMI:MLFI.

CBFA2T3:GLIS2 is exclusively seen in childhood AML, particularly in infants, and often
associated with non-Down-syndrome related AMEL [36,115,118]. Cases with this fusion
often present RAM immunophenotype (strong CD56 expression and lack of HLA-DR
and CD38) and poor prognosis [117-119). AML with KATEA::CREEBP is rare, but mostly
seen in the neonatal period [120,121]. AML with FUS:ERG is mainly found in young adults
111.122]. AML with MNXI::ETVE accounits for less than 1% of overall pediatric AML, but up
to one-third of infant (0-2 vears old) AML [123,124).

Other rare fusions in this category include RARG (12q13) fusions such as CPSF6::RARG,
1(12:12)(q13:q15) [125,126), NUP98:RARG, t(11;12)(p15:q13) [127]; PML::RARG, t(12;15)
(q13;q22) [128], and HNRNPC:RARG [129]. These fusions are associated with APL-like
features and resistance to all-trans retinoic acid-based therapy.

Besides AML with defining genetic abnormalities, AML can also be diagnosed without
defined genetic abnormalities by presenting more than 20% of myeloblasts in peripheral
blood or bone marrow based on morphology analysis. AML defined by differentiation
includes several rypes distinguished by differentiation status. Details of these AML types
can be found in the updated fifth edition of WHO classification [1]. In addition, myeloid

sarcoma represenis a unique tissue-based manifestation of AML or transformed MDS,
MDS/MPN, or MPN.
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In the genetic diagnostic lab, karyotyping, FISH, PCR, or next-generation sequencing
(NGS) is used to identify chromosome abnormalities including gene rearrangements and
mutations. The information frorm these testing will help patients with targeted therapy,
predicting prognosis, and risk stratification. In this chapter, over 10 cases will be
illustrated on how patients will benefit from these genetic testing.

Case 16.1 Acute myeloid leukemia (AML) with 1(3;21)(q26.2;
Q22)RUNX1::MECOM fusion

Clinical indication

This is a 70-year-old man with leukocytosis, anemia, and thrombocytopenia. The new
diagnosis of acute myeloid leukemia with 31.89% blasts was made based on flow and mor-
phology from the bone marrow.

Test ordered

—  Chromosome analysis of the bone marrow
= FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

All 20 metaphase cells analyzed exhibited a translocation between the long arms of
chromosomes 3 and 21 (Fig. 16.1.1).

FISH for AML panel was performed on interphase nuclei using probes localized to the
Ds55721 (5pl5.2), EGRI (5q31), DFZ1 (Tcen), D75486 (7q31), DBZ2 (Been), RUNXITI
(8q22), ABLI (9g34.12), KMT2A (11q23), PML (15q24.1), CBFB (16q22.1), RARA
(17g21.1}, 2205108 (20g12), RUNX1 (21q22.3), and BCR (22q11) gene regions (supplied
by Abbott Molecular, Ine.). Two hundred nuclei were analyzed for each probe, the results
demonstrated three RUNXT signals in 2007200 (100%) of the cells scored (Fig. 16.1.2).

NGS Hematology Molecular Frofile was conducted on bone marrow, and the results
showed a RUNXI:MECOM (also called EVII) fusion and several mutations including
ASXL], NRAS, and WTI. The relevant therapies for ASXLI mutations were also shown
in the report (Fig. 16.1.3).

Results with interpretations

The results from chromosome analysis, FISH, and NGS were concordant for this patient.
The 1(3;21)(g26.2;q22) ranslocation, resulting in the fusion of the MECOM gene at 326
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FIG. 16.1.3 NGS showed the fusion of RUNXTMECOM and three gene mutations including NRAS, WTI, and ASXL]T,
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and the RUNXT gene at 21g22, is a rare and recurrent chromosomal abnormality exhibited
in <1% of AML and myelodysplastic syndrome (MDS), primarily in therapy-related MDS/
AML or in the blastic crisis phase of chronie myelogenous leukemnia [130,131]. This abnor-
mality typically activates the MECOM gene, which has been implicated in the pathogen-
esis of AML and is associated with a poor prognosis [132,133].

Future testing and recommendations

Chromosome analysis, FISH, and NGS on bone marrow can be ordered to monitor the
disease progression and treatment efficacy in the future.

Case 16.2 Acute myeloid leukemia (AML) with t(6:9)(p22;
q34)YDEK::NUPZ214 fusion

Clinical indication

The patient was a previously healthy 19-year-old male with 1week of fevers, chills, night
sweats, and vomiting. Peripheral blood smear showed 42% blasts by morphology. By flow
cytometry, there was an increased blast population comprising 55% of all events, 36% of
all events were CD34 positive and express CD45, C38, CD33 (dim), CD117, CD13, HLA-DR,
CD64 (subset), CD11b (dim), and CD11c (dim). There was a partial aberrant expression of
CD7 (dim). The blasts did not show expression CDs, CD19, CD10, CD20, CD2, CD3, CD4,
CD8, CD14, CD56, MPO, TdT, or CD3. Collectively, these findings demonstrated an early
myeloid population with monocytic features and were consistent with a diagnosis of AML.

Test ordered

- Chromoscme analysis of the bone marrow
—  FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12,

Test results

Chromosome analysis revealed a translocation t(6:9)(p22;q34) resulting in the fusion of
the DEK gene at 6p22 with the NUP214 gene at 9934 in all 20 metaphase cells examined
(Fig. 16.2.1)

FISH for AML panel was performed on interphase nuclei using probes localized to the
D58721 (5p15.2), EGRI (5q31). D721 (Tcen), D7S486 (7q3l), DAZ2 (Bcen), RUNXITI
(8q22), ABLI (9g34.12), KMT24 (11g23), PML (15q24.1), CBFR (16g22.1), RARA
(17g21.1), 2205108 (20q12), RUNXI (21922.3), and BCR (22q11) gene regions (supplied
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FIG. 16.2,1 The karyotype of bone marrow from the patient showed a t{6:9) translocation, ISCN; 46, XY, 4{6:9)(p2d;
q3d)2a]

by Abbott Molecular, Inc.). Two hundred nuclei were analyzed for these probes, and the
results were negative for the AML panel (Fig. 16.2.2).

MNGS Hematology Molecular Profile was conducted, and the results showed DEK:
NUP214 fusion and FLT3-1TD mutation (Fig. 16.2.3).

Results with interpretations

The 1(6;9)(p22;q34) translocation identified by chromosome analysis and consistent with
the concurrent NGS finding (DEK:NUFP214 fusion) is a recurrent abnormality observed in
AML and has been associated with a poor clinical prognosis. The t{6;9) occurs in 0.7%-
1.8% of AML cases and is predominantly detected in younger adults. This is a distinet
entity in the World Health Organization {WHO) classification system and has been studied
extensively [1,57,134]. AML with 1(6;9) is an AML with = 20% peripheral blood or bone
marrow blasts with or without monocytic features. This is also concordant with this
patient’s pathologic findings. FLT3-1TD mutations are very common in AML with 1(6;9),
occurring in approximately 70% of cases. The presence of FLT3-1TD does not appear to
negatively impact the cutcome compared with the absence of FLT3-1TD [58]. The t(6;9)
may be overlooked in chromosome analysis due to subtle chromosomal structural
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FIG. 16.2.2 FI5H was negative for the AML panel ISCN: nuc ish{D55721, EGR1 1x2[200/200), (CEPY, D75486)x2[ 200/200].
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rearrangement (hiip:/fatlasgeneticsoncologyv.org/haematological 11014/ 0(6;9) (pZ2;934]).
Also, the FISH AML panel usually does not include this translocation. Therefore, NGS
or RT-PCR testing is important to identify this rearrangement.

Future testing and recommendations

Chromosome analysis and NGS on bone marrow can be ordered to monitor the disease
progression and treatment efficacy in the future.

Case 16.3 Acute myeloid leukemia (AML) with t(9;11)(p21;
g23WKMT2A::MLLT3 fusion

Clinical indication

4 21-year-old female complained of nosebleeds and was found to have a population of
immature monocytic cells in her peripheral blood, The bone marrow bic Ipsy morphology
report showed a predominant population of monoblasts. By flow cytometry, these cells
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FIG. 16.2.3 NGS showed the fusion of DEK:NUPZ 14 and FLTZ-ITD mutation.
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showed moderate side scatter and were positive for CD4, CD56, CD33, CD13, CD117,
CD123, CD45 (dim), and HLA-DR while negative for B-cell markers, MPO, and cCD3.
The collective findings indicate acute myeloid leukemia with monocytic differentiation.
Test ordered

— Chromosome analysis of the bone marrow
- FISH: AML panel

- NGS5 Hematology Molecular Profile
Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described in Chaprers 1 and 12,

Test results

Firstly, chromosome analysis revealed a translocation t{9;11){p21;q23), resulting in the
fusion of the MLLT3 gene at 9p21 with the KMT24 gene at 11923, in 19 of 20 metaphase
cells examined (Fig. 16.3.1). The remaining cell appeared to be chromosomally normal.
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showed moderate side scatter and were positive for CD4, CD36, CD33, CD13, CD117,
CD123, CD45 (dim), and HLA-DR while negative for B-cell markers, MPO, and cCD3.
The collective findings indicate acute myeloid leukemia with monocytic differentiation.
Test ordered

- Chromosome analysis of the bone marmmow
- FI5H: AML panel

— MNGS Hematology Molecular Profile
Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

Firstly, chromosome analysis revealed a translocation 1(9:11)(p21;q23), resulting in the
fusion of the MLLT3 gene at 9p21 with the KMT24 gene at 11g23, in 19 of 20 metaphase
cells examined (Fig. 16.3.1). The remaining cell appeared to be chromosomally normal.
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FIG. 16.3.1 The karyotype of bone marrow from the patient showed a t(5;11) translocation. ISCN: 46,5001(9;11)0p21;
23115146, %11
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FIG. 16.3.3 NGS5 showed the fusion of KMT2ZAMLLTE.

translocations. The t(9;11) may easily be overlooked in chromosome analysis due to subtle
chromosomal structural rearrangement (http:// atlasgeneticsoncology.org/haematological/
1001 /u(%;:11){p21;q23)) [135,136]. Therefore, FISH, NGS, or RT-PCR testing is important to
identify this rearrangement.

Future testing and recommendations

Chromosome analysis, FISH, or NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.4 Acute myeloid leukemia (AML) with 1(8;21;21)
(g22;p13;q22)/RUNXT::RUNX1TT fusion

Clinical indication

A 68-year-old male presented with a near syncopal episode and was found to have pan-
cytopenia. He also had systemic mastocytosis observed on bone marrow biopsy. He
denies any fevers, chills, chest pain, shortness of breath, palpitations, abdominal pain,
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nausea, vomiting, or diarrhea. He did note chronie, intermittent, moderate to severe,
nonradiating, sharp, aching, right shoulder pain.

Test ordered

= Chromosome analysis of the bone marrow
— FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods are described in Chapters 1 and 12,

Test results

Firstly, chromosome analysis revealed a three-way translocation t(8;21;21)(q22;p13:q22),
resulting in the fusion of the RUNXIRUNXITI, in 20 of 20 metaphase cells examined
(Fig. 16.4.1). Fourteen cells also showed two copies of the derivative chromosome 21,
which resulted from t(8;21;21) (Fig. 16.4.2). The karyorype also revealed del(9q) in one
of the 20 cells analyzed (Fig. 16.4.3).
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FIG. 16.4.1 Chromosome analysis revealed an abnormal clane 1 with a three-way translocation t18;21;21). I5CN: a6,
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FISH for AML panel was also performed on interphase nuclei using probes localized to
the DS5721 (5pl5.2), EGRI (5031), DZZ1 (Teen), D75486 (Tq3l), DEZ2 (Bcen), RUNXITI
(822), ABLI (9q34.12), KMT24 (11923), PML (15q24.1), CBFB (16g22.1), RARA (17g21.1),
D205108 (20q12), RUNXIT (21g22.3), and BCR (22q11) gene regions. Two hundred nuclei
were examined, and the results demonstrated an atypical RUNXI T ARUNXIT rearrangement
in 164200 (82.0%) of the cells scored. There was only one red signal indicating a possible
pariial deletion of RUNXIT! (Fig. 16.4.4).

NGS Hematology Molecular Profile was conducted, and the resulis showed a RUNXI:
RUNXITI fusion and KT p.(D816V) c.2447A>T mutation (Fig. 16.4.5].

Results with interpretations

The results of karyotyping, FISH, and NGS for this patient were concordant with t(8;21;21)
or RUNX1:RUNXITI rearrangement. The morphology report concurred with a diagnosis
of AML with the comments of hypercellular bone marrow (G0%) with persistent/relapsed
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FG. 16.4.5 NG5S detected a fusion of RUNXISRUNKTTT and KIT p(D816V) ¢ 24474 T mutation.

systemic mastocytosis with associated hematological neoplasm represented by AML (B7%
BLASTS) (SM-AHM).

AML with 1(8;21){q22:q22) is the typical form presented as part of the group of AML
with recurrent genetic abnormalities. It is commonly seen in AML-M2 and rarely in M1
or M4 (hups://atlasgeneticsoncology.org/haematological/ 1019/t(8;21) (q22;q22)). This
rearrangement has been seen in both children and adults but is more frequently observed
in childhood AML. Complex 1{8;21:Var) rearrangement involving a (variable) third chro-
mosome has been described in 3% of AML patients. In terms of prognosis, complete
remission (CR) in most cases (90%) can be expected with relatively long disease-free sur-
vival when treated with high-dose chemotherapy. NGS identified a K7TT mutation in addi-
tion to the RUNXI:RUNXITI fusion. The relapse-free survival (RFS) in KIT-mutated
patients was inferior 1o those of unmutated patients. Based on subgroup analysis, KIT
mutations had a prognostic impact in patients with RUNXI:RUNXITI [137].

Future testing and recommendations

Chromosome analysis, FISH, or NGS can be ordered 1o monitor the disease progression
and treatment efficacy in the future.
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Case 16.5 Acute myeloid leukemia (AML) with CEBPA double
mutations

Clinical indication

A 35-year-old male presented with muscle aches, progressive fatigue, self-limiting gum
bleeding after brushing, intermittent hematemesis, nausea, and vomiting. Also noted
intermittent chills and sweating along with headaches and watery eyes. Denied any chest
pain, shortness of breath, dyspnea on exertion, neurclogical deficits, cough, or any
abdominal pain. Evaluation of the bone marrow showed an increased blast cell population
(68%). Flow cytometry also revealed an increased blast cell population that was positive
for the CD34 dim subset, CD13, CD117, HLA-DR, CD38, CD45, and CD7 but negative for
CD33, and CD10. AML was one of the differential diagnoses.

Test ordered

- Chromosome analysis of the bone marrow
—  FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NG5S methods were described previously in Chapters 1
and 12.

Test results

Of all 20 metaphases examined, no evidence for a chromesome abnormality was detected
within the limits of the band level and technology utilized in this study (Fig. 16.5.1).

FISH for AML panel was also performed on interphase nuclei using probes localized 1o
the D55721 (5pl5.2), EGRI (5q31), D7Z1 (7een), D7S486 (Tq31), D8Z2 (Been), RUNXITI
(8q22), ABLI (9934.12), KMT2A (11g23), PML (15g24.1), CBFB (16gq22.1), RARA
(17g21.1), D205108 (20q12), RUNXI (21g22.3), and BCR (22q11) gene regions. Two hun-
dred nuclei were examined, and the results were within normal limits for the laboratory's
established background rates. (Fig. 16.5.2).

Finally, NGS Hematology Molecular Profile was performed and showed a double
mutation of CEBPA [p.(Q312dup) and p.(F77Wis*82)] (Fig. 16.5.3).

Results with interpretations

This patient had normal results from chromosome analysis and FISH. However, NGS
identified two murtations of CEBPA,

CEBPA mutations are seen in 5.86%—20.33% of AML patients | 138]. Moreover, the frequen-
cies of CEBPA*™ and CEBPA™™ are very similar in AML patients from Caucasian populations,
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FE. 16.5.2 NGS5 results exhibited double mutations for CEBPA.

but the frequencies of CEBPA™™ are seen in more Asian populations [107,139]. Ho etal. stud-
ied B47 pediatric AML patients and evaluated the presence of CEBPA mutations. Clinical out-
come was examined for the 847 patients with known CEBPA mutation status. The overall
survival (08), event-free survival (EFS), disease-free survival (DES), and complete remission
[CR} were more favorable in patients with CEBPA mutations than those without CEBPA muta-
tions [140]. AML, patients with CEBPA"™ are sensitive to chemotherapy and show favorable
outcomes 107, 109,138]. In this case, even though cytogenetics and FISH results were normal,
the patient still benefited from NGS testing, which showed a favorable prognosis with
CERPA®™ muations. The therapy drugs were also provided in the report (Fig. 16.5.3),

Future testing and recommendations

Since this patient had normal karyotype and negative FISH results, NG5S can be ordered 1o
monitor the disease progression and treatment efficacy in the future.

Case 16.6 Acute myeloid leukemia (AML) with a complex
karyotype and TP53 mutation
Clinical indication

The patient is a 66-year-old female with a past medical history of basal cell carcinoma,
leukocytosis, monocytosis, anemia, and thrombocytopenia. A bone marrow biopsy was
obtained for evaluation.
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Test ordered

- Chromosome analysis of the bone marrow
- FISH: AML panel
- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were deseribed previously in Chapters 1
and 12.

Test results

Chromosome analysis was performed initially. Of the 21 cells examined, 19 were abnormal
and clonal evalution was evident. The stemline with two cells exhibited del{4q], mono-
somy 7, dup(l1q), monosomy 20, and a marker chromosome (Fig. 16.6.1); in addition
to the abnormalities from the stemline, sideline 1 with 7 cells showed add(5q), monosomy
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FIG. 16.6.1 Chromosome analysks showed an abnosmal eclene 1 with delldg), monosery 7 and 20, dupl11g), and a

marker chromosome. ISCH: 45, XX, del{d)(q13q35)-7,dup(11)g2 32 5),-20, +mar2}f 46--48 ), add(5Hg13),-13,43~5r
[cp7 46-.50,5d11,+B[cp8) 48,5412, add(Z}Hp10),-add(5h- 192/ 46, X [Z]
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FIG. 16.6.2 Chromosome analysis showed an abnormal clone 2 with add({Sqg), monesamy 12, and 3-5 ring
chremosomes in addition to the abmormalities seen in clone 1,

13, and 3-5 ring chromosomes (Fig. 16.6.2); sideline 2 with 8 cells revealed trisomy 8 (Fig.
16.6.3); sideline 3 with 2 cells had add(2p), monosomy 19 but withour add(5q) (Fig. 16.6.4).
The remaining two cells appear to be chromosomally normal.

FISH for AML panel was performed on interphase nuclei using probes localized to the
D&S721 (5pl5.2), EGRI (5q31), D71 (Teen), DF5486 (Vq31), DEZ2 (Bcen), RUNXITI (8q22),
ABLI (9q34.12), KMT2A (11q23), PML (15q24.1), CBFB (16q22.1), RARA (17q21.1), D205108
(20q12), RUNXI (21q22.3), and BCR (22q11) gene regions. Two hundred nuclei were exam-
ined, and the results demonstrated multiple abnormalities (Fig. 16.6.5).

Deletion 5q was observed in 155/200 (77.5%) of the cells scored.

Deletion 7q was observed in 190/200 (95.0%) of the cells scored.

Trisomy 8 was observed in 102/200 (51.0%) of the cells scored.

A gain of 11q (KMT2A) was observed in 140/200 (70.0%) of the cells scored.

Deletion 20q was observed in 194/200 (97.0%) of the cells scored,

MNGS Hematology Molecular Profile revealed a TP53 p(G187V{is*60) c.560delG murta-
tion. There was a fast-track treatment for AML patients with this mutation (Fig. 16.6.6).
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FIG. 16.6.3 Chromasafme analysis showed an abnormal clone 3 with trisomy 8 in addition to the abnormalities seen in
clone I,
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FIG. 16.6.4 Chromosome analysis showed an abnormal dlone 4 with add(2p), monosomy 19, and without add(5q) in
addition to the abnormalities seen in clone 3.
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FIG. 16.6.5 FISH for AML panel identified deletion 5q, deletion 7a. trisormy 8, gain of 11q (KAT24), and deletion 20q
I5CH: nue Sh{D55721x2. EGR1x1)[155/200LICEPTx2, 0754861 190v200], (08223, 0205 108x 1) [ 102200MDEZ 212,
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Results with interpretations

Chromosome analysis identified four abnormal clones and clonal evolution was evident.
Ihe chromosome aberrations seen in this case were recurrent chromosome abnormalities
associated with myeloid disorders. del(5q), del(7q), trisomy 8, a gain of 11q, and del(20q)
were also seen from the concurrent FISH testing. Three or more FISH abnormalities and
chromosome 7 anomalies indicate poor risk status in MDS and AML. These results are
consistent with a diagnosis of AML. The degree of karyotypic complexity indicates a more
ageressive disease process.

NGS Hematology Molecular Profile identified a TP53 mutation, which provided the
therapy option for a fast-track designation by the FDA (hutps://iraprea.com//news-
releases/news-release-details/aprea-therapeutics-receives-fda-fast-track -'.|-L'$i.1.‘,lu'l[lu'|1].
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FIG. 16.6.6 NG5 identified a TP53 mutation.

Warisnt clgss TPS3 mutation

Future testing and recommendations

Chromosome analysis, FISH, and NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.7 Acute promyelocytic leukemia (APL) with a typical
PML::RARA fusion and FLT3-ITD mutation

Clinical indication

A 26-year-old male presented with a 2-week history of fever and bleeding gums. A bone
marrow biopsy was then performed and revealed a hypercellular marrow with left-shifted
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maturation in the myeloid lineage with 77% blasts. Morphology showed an increased
nuclear-cytoplasmic ratio and bilobed nuclei with sliding plate morphology. The morpho-
logic and clinical findings were concerning for APL, and thus, the clinical team started
ATRA (all-trans-retincic acid) while awaiting final diagnosis. Flow cytometry revealed
the blast population to be dim CD45, bright CD33, subset CD34, dim HLA-DR, dim
CD13, CD117, subset CD56, and cytoplasmic MPO positive.

Test ardered

- FISH: AML panel including PML:RARA fusion probes
- Chromosome analysis of the bone marrow

-~ RT-PCR was conducted in a sendout lab

- MNGS Hematology Molecular Profile

Laboratory test performed

Firstly, FISH for the AML panel was performed on interphase nuclei using probes localized
to the PML (15q22-24) and RARA (17921) gene regions (Abbott Molecular, Ine.) as a STAT
case. Then, a full AML panel was also conducted for this patient.

Secondly, chromosome analysis of the bone marrow was performed. At the same time,
RT-PCR was performed in another lab.

Finally, the NGS Hematology Molecular Profile assay was performed. In most clinical
diagnostics laboratories, only typical transcripts are available for testing. In our lab, the
NGS assay can detect 45 different transcripts for RARA gene rearrangements including
common and variant fusion pariners.

Test results

Firstly, FISH for AML panel was performed on interphase nuclei using probes localized to
the 55721 (5pl5.2), EGRI (5q31), DFZ] (Tcen), D75486 (Tq31), D8z2 (Been), RUNXITI
(8g22), ABLI (9q34.12), KMT24 (11q23), PML (15g24.1), CBFB (16q22.1), RARA (17q21.1),
D205108 (20q12), RUNX1 (2122.3), and BCR (22q11) gene regions. Two hundred nuclei
were examined, and the results demonstrated a PMLRARA rearrangement in 187/200
(93.5%) of the cells scored and trisomy 8 in 172/200 (86.0%) of the cells scored. This
PML::RARA gene rearrangement is commonly associated with acute promyelocytic leuke-
mia (APL) (Fig. 16.7.1).

Secondly, chromosome analysis revealed a translocation between the long arms of
chromosomes 15 and 17, and trisomy 8 in 15 of 20 the cells examined (Fig. 16.7.2). Five
normal cells were observed

RT-PCR was conducted in another lab showing a fusion of PML:RARA (data not
shown).

Lastly, NGS Hematology Molecular Profile was performed, and the results showed a
fusion of PML:RARA and FLT3-1TD mutation (Fig. 16.7.3).
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FIG. 16.7.2 The karyotype of the bone marrow showed a t(15:17) translocation and a trisomy 8. ISCN: 47, XY, +8.1
15172 1,92 1){1 51046, X¥(5]

Results with interpretations

The tests performed on this patient including chromosome analysis, FISH, and NGS were
concordant, all of which detected t(15,17) or PAML::RARA rearrangement. However, chro-
mosome analysis and FISH also showed trisomy 8, which is the most common secondary
change for APL patients. NGS showed an FLT3-1TD mutation in addition to the fusion of
PML:RARA, which might affect risk stratification in patients with APL [141). FLT3-ITD
mutation with a high variant allele frequency (VAF), along with PML:RARA gene fusion
and trisomy 8, could represent a poor prognostic for APL, especially in young patients
[142]. The genetic investigation of patients with APL must be comprehensive to overcome
the limits of each technique to have an appropriate characterization of the genome, a real-
istic prognosis, and personalized treatment.

APLis a subtype of AML in which abnormal promyelocytes predominate. APL accounts
for 5%-8% of AML cases. The disease can occur at any age, but most APL patients are
middle-aged adults. An important distinguishing feature of APL is the frequent associa-
tion with disseminated intravascular coagulation (DIC) leading to high mortality and mor-
bidity rate [2,143]. However, APL has a particular sensitivity to treatment with tretinoin
and arsenic trioxide; therefore, a prompt diagnosis of APL is very important [144].
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FIG. 16.7.3 NGS5 demonstrated the fusion of PMLRARA and FLT3ITD mutation,

This represents the most common STAT (urgent/rush) testing for clinical genetic/
genomic labs,

An APL diagnosis requires APL cellular morphology and either translocation t(15:17)
(g22:921) by cytogenetics or promyelocytic leukemia (PML)/ retinole acid receptor alpha
(RARA) oncoprotein by molecular testing. t(15;17) usually appears as the sole chromo-
somal abnorrmaliry, but complex translocations involving chromosomes 15 and 17 are also
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possible. The most common secondary change is trisomy 8 (seen in one-third of cases),
followed by del{7q), deli9q), and ider(17)(qlO)t(15,17) [145,146].

Mutations invelving FLT3, including FLT3-ITD and FLT3 tyrosine kinase domain
(FLT3-TKD) mutations, occur in 30%—40% of APL. FLT3-1TD mutations are the most com-
mon, and patients with this mutation are more likely to have significantly higher white
blood cell count at diagnosis, higher risk of induction deaths, and lower overall survival
rates than those without FLT3-1TD mutations [141,142,147-152].

Future testing and recommendations

Arepeart of FISH, NGS, gPCR, and chromosome analysis on bone marrow is recommended
to confirm a complete response to the treatrment and to monitor the minimal residual dis-
ease or a relapse of the disease.

Case 16.8 Acute promyelocytic leukemia (APL) with a variant
ZBTB16.::RARA fusion

Clinical indication

A 51-year-old male presented to the clinic due to fatigue and easy bruising. Morphaologic
examination of peripheral blood smear demonstrated some immature/blast-like cells.
These cells were of predominantly intermediate to large size with oval to foldedfconvo-
luted nuclei, fine nuclear chromatin, small nucleoli, and scanty finely granular cytoplasm.
Possible Auer rods were seen. Flow cytometry demonstrated that 35% blasts that were
CD34(-), HLA-DR(-), CD33(+), CD13(+), CD117(+), and CD38(+). The findings were

suspicious for APL.

Test ordered

- FISH: AML panel including PML:RARA duel color duel fusion probes
= FI5SH reflex to RARA break-apart probes

- Chromeosome analysis of the bone marrow

— MNGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, gPCR, and NGS5 methods were described previously in
Chapters 1 and 12.

Test results

Firstly, FISH for AML panel was performed on interphase nuclei using probes localized to
the D55721 (5pl15.2), EGRI (5q31), D7Z1 (Teen), D75486 (Tq3l), D8Z2 (Been), RUNXITI
(Bg22), ABLI (9g34.12), KMT24 (11q23), PML (15q24.1), CBFE (16g22.1), RARA (17g21.1),
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D205108 (20q12), RUNXI (21g22.3), and BCR (22q11) gene regions. Two hundred nucle
were examined, and the results demonstrated trisomy 8 in 68/200 (34.0%) of the cells scored
and three copies of RARA in 1737200 (86.5%) of the cells scored (Fig. 16.8.1).

Secondly. FISH with #4ARA break-apan probes was pedformed on interphase nuclei, the
results were positive for RARA rearrangement in 177/200 (88.5%) of the cells scored
(Fig. 16.8.2),

Next, chromosome analvsis was performed on bone marmow. All the 20 cells examined
exhibited a translocation berween the long arms of chromesomes 11 and 17 (Fig. 16.8.3).
I'wo cells also had trisomy 8 in addition 1o 1{11;17) (Fig. 16.8.4).

Finally, the NGS Hemartology Molecular Profile was performed and detected fusion of
ZBTRIG:RARA in addition to IDH2, TETZ, and SRSE2 mutations (Fig. 16.8.5).

Results with interpretations

A subser of cases, often with morphological features resembling those of APLwith t{15;17),
show variant translocations involving KARA. The variant fusion pariners include £BTEIG
{previously called PLZF) at i Iq23.2, NUMAT at 11gl13.4, NPMI at 5q35.1, and STATSE at
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FIG. 16.8.4 The karyotype of the bone marrow showed an abnormal clone 2 with a t{11:17) translocation and
trisomy 8.
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FIG. 16.8.5 NGS demonstrated the fusion of ZBTEV6:RARA and other gene mutations.
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17q21.2 [148]. Some APL variants, including those with ZBTB16::RARA and STATSB::RARA
fusions, are resistant to tretinoin. Cases with these variant translocations should be
diagnosed as APL with a variant RARA translocation [2,143-146].

The variant APL with t(11;17)(g23;q21) cases that are associated with the ZB8TEIE::
RARA fusion gene has been reported as being resistant to all-trans-retincic acid (ATRA).
Therefore, differential diagnosis of variant APL with t(11;17){g23:q12) from classical
APL with t[15:17)(q22;q12)/ PML:RARA is very important [149]. If FISH is negative for
PML:RARA but three RARA signals are present or still have strong clinical suspicion,
use RARA break-apart probes or karyotype to determine the partner. Our NGS hematology
assay can detect RARA rearrangement with 16 different partners and a total of 45 tran-
scripts, some of which cannot be identified by chromosome analysis or FISH due to cryp-
tic or submicroscopic changes. Therefore, NGS analysis should be considered for APL
variant cases. Also, NGS can identify other gene murations. Molecular profiling of addi-
tional mutations may provide a platform to individualize therapeutic management in
patients with this rare form of APL [150,151].

Future testing and recommendations

Since the patient had a variant RARA rearrangement (ZBTB16::RARA fusion), chromosome
analysis, FISH using RARA break-apart probes, or NGS should be repeated to measure how
this patient responds to treatment and to monitor the disease progression or relapse.

Case 16.9 Acute promyelocytic leukemia (APL) with a cryptic
PML::RARA fusion

Clinical indication

A 32-year-old female presented with night sweats, pancytopenia, decreased platelets, and
low fibrinogen. The blood smear consisted predominantly of normochromic, normocytic
red blood cells. The bone marrow aspirate was cellular and pauciarticular. Most of the cells
were abnormal promyelocytes and represent >90% of nucleated cells. Auer rods and APL
cells were observed. The flow cytometry finding indicared APL.

Test ordered

FISH: PML::RARA dual color dual fusion probes
Chromosome analysis of the bone marrow

NGS Hematology Molecular Profile

- RT-PCR: PML:RARA quantitative assay (send out)

Laboratory test performed

Chromosome analysis, FISH, and NG5S methods were described previously in Chapters 1
and 12,
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Test results

FISH for PML:RARA rearrangement was performed on interphase nuclei using probes
localized to the PML (15g24.1) and RARA (17g21.1) gene regions. Two hundred nuclei were
examined, and the results were negative for the rearrangement (Fig. 16.9.1A).

Then FISH with RARA break-apart probes was performed on interphase nuclei, and the
results were negative for BARA rearrangement in all cells examined (Fig. 16.9.1B}.

Next, chromosome analysis was performed on bone marrow. All 20 cells examined
exhibired a normal female karyotype (Fig. 16.9.2).

Finally, the MNGS hematology profile was performed and detected the fusion of PML:
RARA in addition to W1 mutation {Fig. 16.9.3).

RT-PCR was concurrently performed in another lab and revealed the long fusion tran-
script of PML::RARA associated with t{15:17)(g24;q21) at a rranscript level of 1478.933 with
ABLI as the control gene (data not shown).

To further characterize these apparently discrepant results, a reanalysis of FISH using
enhancement was performed on both metaphase and interphase cells. The enhanced
FISH revealed a tiny cryptic insertion of RARA (green) into the PML (red) at chromosome
15q, which could not be appreciated in unenhanced images (Fig. 16.9.4A and B). This is a
case of a cryptical PMLRARA fusion. likely due to a minor insertion, the lack of visibility
on chromosome analysis, and the lack of detectability by conventional FISH

PMLRARA Dual eodor, dual fusion RARA Dual Coler Break Apart

3" end (TEL) (&)

FIG. 16.9.1 FiSH with PMLERARA dual-color dual-fusion probes and RARA dual-color break apary probes both
showed negative results for PMLARARA fusion (A) and RARA rearrangement (B). ISCN: nuc ish 15g24.7
(PMLx2), 1 7g21. 1{(RARAXZ)200] . nuc sh 176211 (RARAx) 200]
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FIG, 16.9.3 NGS showed the fusion of PMLRARA and a WTT mutatien.
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Unenhanced Imiage Enhanced Image

FIG. 16.9.4 FISH with PML:.RARA dual-olor dual-fision probes showed negative results for PMLERARA fusion from
the unenhanced image [A); FISH revealed a tiny cryptic insertion of RARA (green) into PML (red) fnom the enhanced
image (B)

Results with interpretations

The conventional cytogenetics and FISH for PML::RARA rearrangement as well as RARA
break-apart probes did not derect a fusion. In general, if morphology findings strongly
sugpest APL. then ene should investigate further using NGS testing or metaphase FISH.
In this case, NGS identified the PML:RARA rearrangement. Then reanalysis of FISH with
enhancement revealed the cryptic fusion. Cryvptic PAML:RARA fusions have been reported
in many studies; accurately identifying these crvptic fusions is crucial because patients
with a typical PMLRARA fusion and with cryptic:RARA fusion both respond to targeted
therapies including ATRA and ATO, with a favorable prognosis [153-156].

Our NGS hematology assay can detect RARA rearrangement with 16 different partners
and a total of 45 transcripts, some of which cannot be identified by chromosome analysis
or FISH due to cryptic or submicroscopic changes. Therefore, NGS analysis should be
considered for APL variant cases.,

Future testing and recommendations

NGS is superior to conventional eyvtogenetics and FISH in identifying fusions. It can be
ordered for follow-up testing to monitor the disease progression or a relapse.

Case 16.10 Acute myeloid leukemia (AML) with jumping
translocations
Clinical indication

A 45-year-old female presented with weakness and low blood counts. A bone marrow
hiopsy was collected. The blast level reached 34.35%. She was diagnosed with AML.
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Test ordered

— Chromosome analysis of the bone marrow
FISH: AML panel
—  NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12.

Test results

Chromosome analysis was performed initially. Of the 25 cells examined, 8 exhibited jump-
ing translocations involving 7p with various partners that included 22q, 9q, and 1p (Figs.
16.10.1-16.10.3). The remaining 17 cells appear to be chromosomally normal.

FISH for AML panel was performed on interphase nuclei using probes localized to the
1255721 (5p15.2), EGRI (5q31), DFZ1 (Vcen), D7S486 (7q31), D822 (Boen), RUNKXITI
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FIG. 16.10.1 Chromosome analysis showed the abrermal clone 1 with 1722}, ISCN: 46204722 (p12:q11. 2[5 46,
K UT AR RGN 2 46,20 TIRI R 1 ) 46,XX]17]
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FIG. 16.10.4 FISH for AML panel identified monosomy 7 and galn of RUNXT. ISCN: nue Bh(DS57.21,EGRY )2 [1997200)
(CEPT,DTSABER [ 15200 (DEZ2, 02051 08)x2 | 200/200], (RUNX 1T 1x2, RUNX1 x3)[9200], (ABL1, BCR)=x2[200/200],
(KM T2 A H 20002000 (PML, RAR AN [ 155 200], (CBFBx2)[198200]

(8q22), ABLI (9g34.12), KMT24 (11q23), PML (15q24.1), CBFB (16q22.1), RARA (17q21.1),
D205108 (20g12), RUNXI (21g22.3), and BCR (22q11) gene regions. Two hundred nuclei
were examined, the results demonstrated monosomy 7 in 15/200 (7.5%) of the cells scored
and three copies of RUNX! in 9/200 (4.5%) of the cells scored (Fig. 16.10.4).

NGS Hematelogy Molecular Profile identified SF2B1, NRAS, and DNMT3A mutations
(Fig. 16.10.5).

Results with interpretations

The karyotyping and FISH results were consistent with a diagnosis of AML. Jumping trans-
locations in myeloid malignancies are associated with treatment resistance and poor sur-
vival. The mutations identified from NGS were seen in myeloid disorders but were not
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FIG. 16.90.3 Chromosome analysis showed the abnormal clene 3 with t{1:7).
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FlG. 16.10.5 NG5 detecied SFFEY, NRAS, and DNMTIA mutations,

specific to AML. The degree of karyorypic complexity indicates a more aggressive disease
process. Clinicopathologic correlation is advised.
Future testing and recommendations

Chromosome analysis, FISH, or NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.11 Acute myeloid leukemia (AML) with a complex
karyotype and multiple mutations

Clinical indication

A 49-year-old female presented with the diagnosis of FLT3-positive acute myelogenous
leukemia who had relapsed after a prior haploidentical stern cell transplant.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: AML panel
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- NGS Hematology Molecular Profile
- AML MRD assay (send our)
= FLT3-1TD MRD assay (send out)

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Chromosome analysis revealed 2 related abnormal clones from 10 out of 23 cells. These
10 cells were female chromosome complement, which was consistent with the patient’s
gender (Recipient Karyotype). Clone 1 with & cells exhibited a balanced translocation
involving 3p and 12q, a dicentric chromosome involving 7q and 12q, add(14p), mono-
somy 17 possibly resulting in loss of TP53, and add(20q) (Fig. 16.11.1). Clone 2 with 2 cells
had 1(3:12), an isochromosome 13 for the long arm leading to a gain of 13q, add(14p),
monosomy 17, and add(20q) (Fig. 16.11.2).
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FiG, 16,111 Chromosome analysis showed the abnormal clone 1 with a compléx kanyotype incleding ©(3:12) and
other chromosomal abnormalities. 1I50N: 44, 300(312)(p21,924.1),dic(7;1 2Mp125;p1 1. 2)add(14)(p1 1.2),-17, add{20)
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FIG. 16.11.2 Chromosome analysis showed the abnormal clone 2 with a complex karyotype with additional
chromosomal abnormalities.

The sex chromosome complement, XY, of 13 metaphase cells examined is inconsistent
with the patient’s reported gender as a female. Based on the patient’s history of bone mar-
row/stem cell transplant, these cells are therefore interpreted as being of donor origin.

FISH for the AML panel was performed on interphase nuclei using probes localized to
the D55721 (5p15.2), EGRI (5q31), D7Z1 (Tcen), D75486 (7q31), DEZ2 (Bcen), RUNXITI
(8q22), ABLI (9g34.12), KMT24 (11q23), PML (15q24.1), CBFB (16q22.1), RARA (17g21.1),
D205108 (20q12), RUNX] (21q22.3), and BCR (22q11) gene regions (supplied by Abbott
Molecular, Inc.). Two hundred nuclei were examined, and the resuits demonstrated loss
of one copy of CBFB, without evidence for rearrangement, in 166/200 (83.0%) of the cells
scored (Fig. 16.11.3).

NGS identified several mutations including FLT3-1TD, FLT3 p.(D835Y) (FLT3-TKD),
TP53 p.(R196%), and RUNXI p.(M78fs) (Fig. 16.11.4).

FLT3 MRD assay detected 159bp FLT3-1TD with 2.14E-0.3 variant read frequency (Fig.
16.11.5).

Results with interpretations

Twao related abnormal clones with the sex chromosome complement, XX, were detected
by chromosome analysis. The abnormal female chromosome complement was consistent
with AML, status post bone marrow transplant, in the context of the pathology report. The
concurrent FISH study also detected a deletion of CBFE (16g22), which was presumed to
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FIG. 16.11.3 FiSH far the AML panel revealed a loss of one copy of CBFB in 83% of the cells seored. ISCH: nut
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be cryptic at the conventional cytogenetic level. FISH also did not detect loss of 17p, sug-
gesting that it might be located on one of the abnormal chromosomes, NGS detected
FLT31TD, FLT3-TKD, TP53, and RUNX! mutations, concordant with the finding from
FLT3 MRD assay regarding FLT3-1TD. In the European Leukemia Net (ELN) scoring system
for AML risk assessment, this combination of abnormalities is associated with an adverse
prognosis. Clinicopathologic correlation is advised.

Future testing and recommendations

Chromosome analysis, FISH, or NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.12 Acute myeloid leukemia (AML) with
t(10:11)(p12:q23VKMT2A::MLLT10 fusion
Clinical indication

A 48-year-old female was known to have a poor risk of refractory AML. She presented with
weakness, cough, and lethargy. Her white blood count had been low, and the diagnosis
was recurrent AMIL.
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FIG. 16.11.5 FLT3 MAD assay showed positive results for FLTIATD.
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Test ordered

= Chromosome analysis of the bone marrow
- FISH: AML panel
- MNGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and MGS methods were described previously in Chapters 1
and 12,

Test results

Chromosome analysis was performed initially. Of the 20 cells examined, 13 exhibited
add(1p), a balanced translocation invelving 2p and 6p, and a possible insertion of 10p
to 11q, resulting in KMT2A:MLLTI0 Fusion (Fig. 16.12.1). The remaining seven cells
appear to be chromosomally normal.

FISH for the AML panel was performed on interphase nuclei using probes localized to
the D55721 (5p15.2), EGRI (5q31), D7Z1 (7cen), D75486 (7q31), D8Z2 (Bcen), RUNXITI
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FIG, 16.12.1 Chromosome analysis showed an abnormal clone with a KMT2A rearrangement. ISON; 46,300 add(1)
(P63, HEEHR 1 3p2 1) Mins(11: 10){q23;p 1 2p 1 31 13046, XX [7]
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FiG. 16.12.2 FISH for the AML pane] revealed a gain of KMT24 with a reafrangement invelving two coples of KEMTZ2A
in 106200 (53.0%) of the cells scored. 1SCH: nuc ish{iDE572 1, EGR 1 2 [ 2000200], (CEPT DTS4R6) 22 196/200], (DEZ2,
DZOS10BR 195200 L (AUNX 1T, RUNX 12 [2007200). (ABLY, BCR )2 [200M200L (KMT2AxIHS KMT2A sep T KMT2A2)[/
200]. (PML ARAKE[ H0H00]. (CBFBx2) [ 15597200]

(8q22), ABLI (9q34.12), KMT2A (11q23), PML (15q24.1), CBFB (16q22.1), RARA (17g21.1),
D205108 (20g12), RUNXT (21922.3), and BCR (22q11) gene regions (supplied by Abbott
Molecular, Inc.). Two hundred nuclei were examined, and the results demonstrated a gain
of £MT24 with a rearrangement involving two KMT24 copies in 106/200 (53.0%) of the
cells scored (Fig. 16.12.2)

NGS identified KMT2A:MLLTIO fusion and a DVMTIA mutation (Fig. 16.12.3).

Results with interpretations

EMT2A rearrangement was seen from karyotyping, the concurrent FISH, and NGS testing.
These results are consistent with a diagnosis of AML, and the abnormality is associated
with an unfavorable prognosis. Clinicopathologic correlation is advised.
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FIG. 16.12.3 NGS detected KMT2ZACMLLTIO fusion and a DNMTIA mutation.

Future testing and recommendations

Chromaosome analysis, FISH, or NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.13 Acute myeloid leukemia (AML) with
t(11;19)(g23;p13.3/KMT2A:MLLT1 fusion

Clinical indication

This is a 55-year-old female with a complex past medical history including breast cancer,
complex regional pain syndrome, hypertension, type 2 diabetes, ulcerative colitis, gastro-
paresis, and sarcoidosis. She presented with shortness of breath. Her initial lab work
showed abnormal results with a WBC of 5.3, Hgb of 5.7, and PLT of 16. Her peripheral
blood flow showed a newly diagnosed therapy-related AML.

Test ordered

~ Chromosome analysis of the bone marrow
- FISH: AML panel

- NGS5 Hematology Molecular Profile

- FLT3-ITD MRBD assay (send out)
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Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Chromosome analysis revealed three related abnormal clones from all 20 cells examined,
and clonal evolution was evident. Of the 20 cells examined, all exhibited t(11;19)(g23;
pl3.3) KMT2A:MLLTT (Fig. 16.13.1); 17 cells also had two marker chromosomes in addi-
tion to t(11;19) (Fig. 16.13.2). The remaining two cells had an unbalanced translocation
involving 1p and 11q with del{1p) (Fig. 16.13.3).

FISH for the AML panel was performed on interphase nuclei using probes localized to
the DS5721 (5pl5.2), EGRI (5q31), DFZ1 (Tcen), DFS486 (7q31), D822 (Boen), RUNXITI
(8g22), ABLI (9934.12), KMT2A (11q23), PML (15q24.1), CBFB (16q22.1), RARA (17q21.1),
D205108 (20q12), RUNXI (21q22.3), and BCR (22q11) gene regions (supplied by Abbott
Muolecular, Ine.). Two hundred nuclei were examined, and the results demonstrated KMT24
rearrangements in 192/200 (96.0%) of the the cells scored. This abnormality is associated
with an unfavorable prognosis. The additional red signal represented the gain of KMT24
involving t(1;11) (Fig. 16.13.4).
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FIG. 16.13.1 Chromoseme analysis showed the abnormal clone 1 with (11,190 ISCH: 46,300,101 1190 (g23;p 13,31 1)F 48,
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FIG. 16.13.3 Chromesome analysis showed the abnormal clone 2 with 1(11;19), an unbalanced translocation invalving
1p&11q and dell1p)
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FiG. 16.12.4 FISH for the AML panel revealed a KMT24 rearrangement in 96% of the the cells scored. ISCH: nuc
ish{D55721.EGR1 1220072001 (CEPT, D7 Sa86) 22 200/200), (DAZ2, D205 1082 [ 200,200 (RUNX 1T 1, RUNX 1 Jx2]| 2007200
(ABLY,BCR)2[200500], (KMT2Ax2M 5 KMT2A t6p 3 KMT28:0 1) [1 367200005 K MT2Ax 2. 3 KMT2Ax3) (5 KMT2A con

I EMTZAX ) [S6200] (PML EARATZI 20072001, (CEFB2 ) 2 00V200]

NGS identified a KMT2A:MLLTI fusion and KRAS p.(061H) c.183A=C mutation. The
therapeutic drugs for this fusion were shown in the report (Fig. 16.13.5).
FLT3 MRD assay was negative for FLTI3-1TD {data not shown).

Results with interpretations

Chromosome analysis identified a complex karyorype with t(11;19). KMT24 rearrange-
ment was also seen from the concurrent FISH testing and NG5S, These resulis are consis-
tent with a diagnosis of therapy-related AML. The degree of karyotypic complexity
indicates a more aggressive disease process. Clinicopathologic correlation is advised.

11 1:19)(q23p 13.3) KM T2AMELLTT has been reported in B-cell ALL, T-cell ALL, AML,
and bi-phenotypic leukemia. Most cases are found in infants 1 year (congenital leuke-
mia) with various phenotypes except in T-cell pediatric patients. Such a feature is partic-
ularly siriking: most female cases exhibit a B-lineage or bi-phenotypic phenotype, and
most male cases are M4/M5 cases. The prognosis is very poor (median < 1 year) except
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FIG. 16.13.5 NG5 detected KAMT2AMLLTT fusion.

in the rare T-cell cases with long survivors (hips://atlasgeneticsoncology.orgf
haematological/ 1071/1(11;19)(q23:p13-3)).

Future testing and recommendations

Chromosome analysis, FISH, or NGS can be ordered to monitor the disease progression
and treatment efficacy in the future.

Case 16.14 Acute myeloid leukemia with
NUPSS8::KDMS5A fusion

Clinical indication

A 1-year-old female presented with a differential diagnosis that included acute megakar-
voblastic leukemia (AMEKL or AML-M7 category of the French-American-British classifi-
cation). Bone marrow aspirate was sent in for the following laboratory tests.



258 Cases in Laboratory Genetics and Genomics (LGG) Practice

Test ordered

= Immunophenotypic analysis by flow cytometry
- Chromosome analysis of the bone marrow
- FISH study with pediatric AML panel

Laboratory test performed

Flow cytomerry analysis was performed on bone marrow aspirate. Chromosome analysis
on bone marrow aspirate was performed using the culture condition optimized for pre-
cursor and myeloid cell growth. FISH was performed on bone marrow aspirate with
pediatrie AML panel including the probe sets (supplied by Oxford Gene Technology,
Ine.) covering the following loci: MECOM at 3g26.2, NUP98 at 11pls, KMT2A at 11923,
and 7q probes for 7922 and 7q31. The FISH panel also includes the dual-color dual-fusion
probe sets for detecting DEKLZNUP2I4 fusion derived from t(6;9)(p22;:q34), RUNXD:
RUNXIT] fusion derived from t(8;21)(q21.3,q922), PML:RARA fusion derived from
t{15:17)(q24:q21), and CEFB:MYHI1! fusion derived from inv(16)(p13;922) or t(16;16)
(p113:g22). NUP98:KDMS5A quantitative real-time PCR assay was performed as a reflex
test based on chromosome and FISH results,

Test results

The flow cytometric findings revealed an aberrant myeloblast population identified at
23% of toral nonerythroid cells with abnormal maturing myeloid cells. FISH study with
NUP3S8 dual-color break-apart probe revealed an abnormal signal pattern (one fusion sig-
nal, a separate red signal, and a separate green signal) instead of two intact fusion signals
in 29% of nuclei examined (Fig. 16.14.1A and B). The FISH analysis also showed low-level
gains of 8q, 16q, and 21q in 1.5%-6% of nuclei examined, suggesting the presence of a low-
level subclone. Chromosome analysis revealed a complex abnormal female karyotype
with a three-way translocation involving 11q, 12p, a likely 13q; monosomy 13, trisomy
16, add(16p), trisomy 21, and a marker chromosome in 12 out of 20 (60%) of the cells
examined (Fig. 16.14.1C). The remaining eight cells appear to be chromosomally normal.

The reflex quantitative real-time PCR assay detected NUP98::KDMSA fusion transcript
with a quantitative NCN (normalized copy numbers) value at 0.047.

Results with interpretations

The FISH finding revealed a typical NUP98 break-apart signal pattern, consistent with
NUPS8 gene rearrangement. However, this finding cannot define the partner gene/chro-
mosome involving the NUPSE rearrangement. The RT-PCR results verified the NUP98
rearrangement at the molecular level and further revealed NUP38:KDM5A fusion, Chro-
maosome analysis revealed complex abnormalities including a three-way translocation
1{11;12;13)(g24;p13;%q12) involving chromosomes 11q, 12p, and 13q, and other chromo-
some abnormalities. This three-way translocation cannot be defined with NUPSS:: KDMS5A
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FIG. 16.14.1 Diagram of the NUPSE break-apart FISH probe set that covers the SNUPSE and ¥ NUPIE genomic regions
(A). A normal interphase nuclews exhibited two fusion signals. An interphase nucleus revealed an abnormal signal
pattern: one fusion, one green, and one red signal (B). G-banded chromosomes demonitrated a complex karyatype
with & three-way translocation invalving 1149, 12p, a likely 13q. and other abnormalities (C), ISON; 4820010111213
(624:p13:7q12),-13,416,3dd(1E}p1 1. 22, + 21, smar[ 12146, XX[B]

gene rearrangement since the NUP98 locus localizes at 11p15. Due to the eryptic nature of
the chromosome morphology changes associated with this translocation, the transloca-
tion t(11;12)(p15;p13) that leads to NUP98:KDMS5A gene fusion cannot be detected by
chromosome analysis.

These genetic findings support the diagnosis of AML with NUP98 rearrangement,
which confers a poor prognosis. Studies showed that more than 40 partner genes of
NLUP38 have been reported, and NSD1 at 5q35 and KMDS5A at 12p13 are the most common
partner genes, Abnormal megakaryoblasts are most commaonly seen in patients with
NUP38:KMDS5A and NUP98::JARID 1A fusion [64,65]. Assessment of NUP98::KDMS5A gene
rearrangement was recommended as part of the standard survey in pediatric AML. Hema-
topoietic stem cell transplant in the first complete remission was also indicated for such
patients [G8].

Future testing and recommendations

The flow-cytometric assay can be applied to detect measurable residual disease (MRD) in
future specimens. NUP98:: KDMSA quantitative real-time PCR assay can be used for future
disease monitoring with the quantitative NCN of 0.047 as the patient-specific baseline.
NUPg98 gene rearrangement should be evaluated for AML patients who present a nor-
mal karyotype or karyotype with no other AML-related recurrent chromosomal aberra-
tions, particularly for pediatric patients with megakaryoblast. FISH with the NUP98
break-apart probe can be useful in detection of most of the NUP98 gene rearrangements,
Fusion-specific quantitative RT-PCR can be a sensitive approach for disease monitoring.
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The positive finding of NU/P98 rearrangements can classify patients into a high-risk group
and warrant appropriate treatment strategies for patients.

Summary of key learning points

AML is the most common type of acute leukemia in adults,
AML has many subtypes, and each has different chromosome abnormalities that can
be tested for disease diagnosis and treatment decision.

= Chromeosomal rearrangements involving KMT24 may be missed due to subtle changes
near the telomeres of the chromosomes involved.

= FISH, RT-PCR, and NGS can help identify the translocations in case conventional
cytogenetics may overlook them.
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Blastic plasmacytoid dendritic cell
neoplasm (BPDCN)

Guang Liu
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Background

Blastic plasmacytoid dendritic cell neoplasm (BPDCN) is a clinically aggressive tumor
derived from the precursors of plasmacytoid dendritic cells that involve multiple sites.
It is most commonly found in the skin but can also infiltrate the bone marrow, peripheral
blood, and lymph nodes, as well as visceral organs. Most often, BPDCN presents with fea-
tures of both lymphoma and leukemia. However, the clinical presentation of BPDCN is
broadly heterogeneous and was most recently categorized as a distinct clinical entity
by the World Health Organization (WHO) classification of hematological malignancies
in 2022 under histiocytic/dendritic cell neoplasms [1]. The immunophenotype from flow
cytometry is essential for the diagnosis of BPDCN. Most BPDCN cells overexpress CD123
and may also be positive for CD4, CD56, CD303, and TCL1. The incidence of BPDCN has
been estimated to be 0.04 cases per 100,000 people. The average age at diagnosis is
60-70years, but this neoplasm can occur at any age, including childhood. There are more
men than women who are diagnosed with BPDCN, with approximately 75% of cases
occurring in men (2,3]. Although rare, BPDCN has been discussed more frequently in
recent years because of a new drug (Elzonris), which has been approved by FDA and could
be effective in treating this disease [4]. The diagnosis of BPDCN has been challenging
because its clinical features can be heterogeneous and can overlap with other hematologic
neoplasms [4]. Studies have looked to identify recurrent genetic abnormalities in BPDCN,
and some have shown that 8q24/MYC rearrangement is a recurrent cytogenetic abnor-
mality occurring in 10%-15% of BPDCN; the MYC gene is often partnered with nonimmu-
noglobulin chromosomal loci and may play a role in BPDCN pathogenesis [5,6].

Case 17.1 Blastic plasmacytoid dendritic cell
neoplasm (BPDCN)

Clinical indication

A 72-year-old male presented with fatigue and weight loss. Flow cytometric analysis
detected an abnormal population of cells accounting for approximately 62.4% of analyzed
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events. This abnormal cell population expressed CD123, CD4 (dim), CD56, HLA-DR,
CD38, subset CD117 (dim), and dim variable CD45, while negative for CD34, CD10,
CD19, CD20, CD22, cytoplasmic CD3, CD5, CD13, CD33, CD11¢c, CD11b, CD64, MPO,
and TdT. By morphology, the cells were large mononuclear cells with moderate agranular
cytoplasm exhibiting occasional vacuoles, fine nuclear chromatin, and prominent nucle-
oli. The immunophenotype of CD123, CD4, and CD56 with the absence of lineage-specific
antigens was highly suggestive of blastic plasmacytoid dendritic cell neoplasm; however,
acute undifferentiated leukemia could not be entirely excluded.

Test ordered

— Chromosome analysis of the leukemic blood
— FISH: AML panel and MYC gene rearrangement
— NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

Firstly, chromosome analysis revealed a 6;8 translocation and an extra chromosome
12 with additional material of unknown origin added to 12q24.1 (Fig. 17.1.1).

Secondly, FISH was performed on interphase nuclei using probes localized to the 5
and 3’ ends of the MYC (8q24) gene region. Two hundred nuclei were examined, and
the results were positive for a rearrangement involving MYC in 194/200 (97.0%) of the cells
scored (Fig. 17.1.2).

FISH was also performed on interphase nuclei using probes localized to the D55721
(5p15.2), EGRI (5q31), D7Z1 (7cen), D75486 (7q31), D8Z2 (8cen), RUNXITI (8q22),
ABLI (9q34.12), KMT2A (11923), PML (15q24.1), CBFB (16q22.1), RARA (17q2l1.1),
D20S108 (20q12), RUNX1 (21q22.3), and BCR (22q11) gene regions. Two hundred nuclei
were examined, and the results were within normal limits for the laboratory’s established
background rates (Fig. 17.1.3).

Finally, NGS Hematology Myeloid Profile was performed, and the results showed a
KRAS p.(A146P) mutation (Fig. 17.1.4).

Results with interpretations

Chromosome analysis exhibited a translocation t(6;8)(p21;q24), which might result in the
fusion of the MYC gene at 8q24 and the SUPT3H gene at 6p21. FISH for the MYC probe
showed MYC rearrangement and was concordant with the findings of the chromosome
analysis. The t(6;8)(p21;q24)/MYC::SUPT3H fusion is a recurrent abnormality seen in
BPDCN and is generally associated with a poor prognosis [5,6]. The morphologic and cyto-
metric findings were suggestive of BPDCN for this patient; however, acute undifferentiated
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leukemia cannot be excluded. Therefore, identification of the t(g;8) rranslocation along with
MYC rearrangement confirmed the diagnosis of BPDCN and ruled out acute undifferen-
tiated leukemia [6]. KRAS mutation detected by NGS has also been reported in BPDCN
[7]. The prognosis of BPDCN is generally poor. The translocation t(6;8)(p21;q924) may indi-
cate an even more aggressive disease process [8]. The new FDA-approved drug,
tagraxofusp-erzs (Elzonris), has shown to be safe and effective in the treatment of
BEDCHN [9].

Future testing and recommendations

FISH and chromosome analysis on leukemic blood can be ordered to monitor disease pro-
gression and treatment efficacy in the future.

Summary of key learning points

* BPDCHN is a clinically aggressive heterogeneous hematologic malignancy that can be
easily misdiagnosed as other forms of leukemia or lymphoma.

*  Bg24/MYC rearrangement is a recurrent cytogenetic abnormality in BPDCN.
Identification of 8q24/MYC rearrangement is important for diagnosis of BEDCN.

+ The new FDA-approved drug, tagraxofusp-erzs, has shown to be safe and effective in
the treatment of BPDCHN.
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Background

Acute leukemias of ambiguous lineage are heterogeneous groups of hematopoietic malig-
nancies. In these leukemias, the blasts show markers of multiple developmental lineages,
which cannot be classified as acute myeloid or lymphoblastic leukemias. This group of
diseases accounts for 2%-5% of all acute leukemias depending on the diagnostic criteria
used (1], The fifth World Health Organization (WHO) Classification of Haematolymphoid
Tumours (2022) classified this group of diseases as acute leukemia of mixed or ambiguous
lineage including acute leukemia of ambiguous lineage (ALAL) and mixed-phenotype
acute leukemia (MPAL). Both ALAL and MPAL have overlapping clinical and immunophe-
notypic features and share common molecular pathogenic mechanisms [2].

ALAL with defining genetic abnormalities includes MPAL with BCR:ABLI fusion,
KEMT2A, ZNF384, or BCL11B rearrangements, ALAL, immunophenotypically defined
includes MPAL with Bfmyeloid, T/myeloid, rare types, ALAL, not otherwise specified
NOS, and acute undifferentiated leukemia (AUL) [2].

Because of the presence of adverse cytogenetics abnormalities such as KMT24 and
BCR:ABLI rearrangements in these cases, the prognosis is in general worse than either
acute myeloid leukemia (AML) or acute lymphoid leukemia (ALL) [3,4]. As for the treat-
ment, there are not enough trial dara to guide therapy. The treatment generally relies
on ALL-like regimens followed by consolidation chemotherapy or hematopoietic stem
cell transplant (HSCT) [4,5]. A study by Orgel et al. discussed the challenges and uncer-
tainty of the optimal chemotherapy for treating MPAL and the role of HSCT for pediatric
patients, The results of the Children’s Oncology Group (COG) MPAL cohort and a literature
review suggest that ALL chemotherapy without HSCT may be the preferred initial therapy.
AML chemotherapy and HSCT are the best practices for those with treatment failure as
addressed by minimal residual disease [6].

In most clinical diagnostics laboratories, FISH, karyotyping, RT-PCR, and NGS are the
common technologies to identify copy number variations, mutations, or translocations
[(EMT2A, BCR=ARL] fusion) seen in MPAL [7-9]. A study by Quesada et al. examined 14 cases
of MPAL and showed that seven were B-cell/myeloid MPALs immunophenotype, six were
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T-cell/myeloid immunophenotype, and one was B-cell/ T-cell immunophenotype. A total
of 25 distinct mutations were identified in 15 different genes in 9/14 (64%) patients.
FLT3-1TD was the only recurrent mutation in two patients [10). In this chapter, a few cases
will be illustrated to demonstrate how these genetic aberrations are detected by different
assays and what limitations each technology may have when evaluating the concordance
of the test results,

Case 18.1 Mixed phenotype acute (B/myeloid) leukemia
(MPAL) with a complex karyotype

Clinical indication

A 42-year-old male with a past medical history of erosive gastritis presented with epistaxis
and pancytopenia. Additionally, he just received a new diagnosis of acute mixed pheno-
type leukemia. He had an allogeneic bone marrow transplant and was now presenting
with body aches, fevers, shortness of breath, and cough. Peripheral blood smear showed
60% blast conceming relapse and no concern for Auer rods.

Test ordered

- Chromosome analysis of the bone marrow at diagnosis and relapse
- FISH: AML panel

- FI5H: ALL hyperdiploidy panel

- FISH: ETVE:RUNXI rearrangement and RARA break-apart probe

—  Flow MBED (send out)

~ NGS Hemarology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

Chromosome analysis was performed on bone marrow collected at diagnosis. Of the
21 cells examined, three exhibited an isochromosome for 17g. The remaining 18 cells
appear 1o be chromosomally normal (Fig. 18.1.1),

Chromosome analysis was also performed on bone marrow eollected at relapse. Of the
21 cells examined, 14 were abnormal with multiple structural chromosomal aberrations
including unbalanced translocations involving 1p&3q, 1q&2q, possible insertion of part of
chromosome 3 onto 1p, a balanced translocation involving 1 p&8q, add(8q), del(12p), and
del(20q). These cells were consistent with the patient's gender (Recipient Karyotype). The
remaining seven cells were all donor-derived and appeared to be chromosomally normal
(Fig. 18.1.2).
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FIG. 18.1.2 Chromesome analysis on the bone marrow at relapse showed a complex karyotype with multiple
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FISH for the AML panel was performed on inte F[ﬂ'ldh{" nucled using r_rr[]ljl s localized to
the D55721 (5pl5.2), EGRI (5q31), D721 (Teem), D7 "S486 (7q31), D8Z2 (Been), RUNXITI
(8g22), ABLI (39q934.12), KMT2A4 (11q23), PML (15q24.1), CBFB (16g22.1), RARA
]_I..I'r] 11, B2asiog I"-'r:llall'a'- RUNX] I"']I:{'J"" 3}, and BCRH ._....E]l 11 gene rd_,}'lmn Twao hun-
dred nuclei were examined, and the results demonstrated a gain of RARA {17g21.1) in
204200 (10.0%) of cells scared (F ig. 18.1.3).

FI5H for the ALL hyperdiploidy panel, RARA break apart probe, ETV6::RUNX]I rearran-
gement probes was also performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions, RARA (17q21), ETV6 (12p13), and RUNXI
(21g22.3) gene region. Two hundred nuclel were examined, and the results demonstrated
a gain of RARA in 377200 (18.5%) of the cells scored (Fig. 18.1.4).
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Flow MRD was performed in another lab; the results showed abnormal CD34-positive
blasis representing approximately 8% of the white cells and expressing several markers,
consistent with persistent/recurrent acute leukemia (B/myeloid) (data not shown),

Finally, the NGS hematology profile was performed and detected a mutation of RUNXI
pAR1G6Esc.494_495insts (Fig. 18,1.5).

Results with interpretations

The karyotype from the bone marrow collected at diagnosis identified an isochromosome
for 17q. A gain of 17q was also seen from the concurrent FISH testing, i(17q) has been seen
in myeloid disorders, although it was rarely reported in mixed acute leukemia.

The karyotype from the bone marrow collected at relapse showed complex rearrange-
ments involving chromosomes 1, 2, 3, and 8, an additional material on #q, a deletion of
12p, and a deletion of 20¢q. These abnermalities were all from the recipient cells, indicating
engrafiment failure, and were consistent with relapse of the patient’s known acute
leukemia. ;

FISH for AML, ALL panel, RARA break-apart probe, and ETVE:RUNXI rearrangement
probes showed gain of RARA only from the diagnostic bone marrow sample, concordant
with the findings from the karvotype.
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FIG. 18.1.5 NGS detected a mutation of RUNXT p.(R165fc.494_495insG.

Finally, NGS detected a mutation of RUNXI p.(R166fs)c.494_495insG. This ,15; ﬁs:dm;;l
shift insertion at 39.21% allele frequency and is associated with a poor prognosis ba
the NCCN guidelines [11].

Future testing and recommendations

fol b,
The patient was on the status post stem cell transplant and was treated with '“_ﬂ'mz',':xse
Chromosome analysis, FISH, and NGS on bone marrow can be ordered to monitard
progression and treatment efficacy in the future,

Case 18.2 Mixed phenotype acute (B/myeloid) leukemia
(MPAL) with FLT3-ITD and other mutations

Clinical indication

A 67-year-old woman initially presented with pancytopenia. She reported bilateral 13
aches, shortness of breath, and some tightness around the lower ribs. The patient dznlm
experiencing any nausea, vomiting, or diarrhea. She underwent a bone marrow biopsy 1o

evaluation of the abnormal myeloid population and blasts. Cytometric and mﬂmh?lﬂﬁ"
analysis of bone marow revealed a small abnormal myeloid blast population. Eighty-

seven percent (87%) of the cells were in the analyzed lymphocyte region. The diagnesi
was bi-phenctypic leukemia.

Test ordered

= Chromosome analysis of the bone marrow
- FI5H: AML panel
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— FISH: ALL hyperdiploidy panel and ETVE:RUNX] rearrangement
- MNGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12,

Test results

Chromosome analysis identified two distinet abnormal clones. Clone 1 with six cells
exhibited an unbalanced translocation involving 1q and 9p. resulting in del(9p) and
dup(lq) (Fig. 18.2.1). Clone 2 with five cells revealed trisomy 6 (Fig. 18.2.2).

FISH for the AML panel was performed on interphase nuclei using probes localized to
the D55721 (5pl5.2), EGRI (5q31), D7Z1 (7een), D75486 (7q31), D8Z2 (Been), RUNXITI
(8q22), ABLI (9q34.12), KMT2A (11q23), PML (15g24.1), CBFE (16q22.1), RARA
(17q21.1), D205108 (20q12), RUNXI (21922.3), and BCR (22q11) gene regions. Two hun-
dred nuclei were examined for each probe, and the results were within normal limits
for the laboratory's established background rates (Fig. 18.2.3).
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FIG. 18.2,1 Chromosome analysis identified abnormal clone 1 with an unbalanced translocation involving 1g and 9p
resulting in del{3p). BON: 46,500 der(S)0{1:8)(g 1 2;p24) 6147, 52, +6{5)446,34(9)
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FISH for the ALL hyperdiploidy panel and ETVE:RUNXI rearrangement probes was
also performed on interphase nuclei using probes localized to the chromosome 4, 10,
and 17 centromeric regions, ETVE (12p13) and RUNXI (21g22.3) gene region. Two hun-
dred nueclei were examined for each probe, and the results were within normal limits
for the laboratory's established background rates (Fig. 18.2.4).

Finally, the NGS hematology profile was performed and detected several mutations
including FLTE-1TD, two RUNXT mutations, NRAS, PHFSG, and PRPES mutations (Fig.
18.2.5)

Results with interpretations

The chromosome finding is genetically most compatible with MPAL in the context of the
flow cytometry report. Two unrelated clones were detected in 11 of the 20 metaphase cells
analyzed. Six cells (clone 1) showed an unbalanced translocation between chromosomes 1
and 9 leading 1o a gainof 1q and a deletion of 9p. Five cells (clone 2) showed trisomy 6. The
fact that two distinct clones were present along with the mutations detected by NGS con-
firmed the diagnosis of mixed phenotype leukemia. Some studies showed that
FLT3-positive MPAL can be treated successfully using midostaurin [12]. Clinicopathologic
correlation is recommended.

Future testing and recommendations

Chromosome analysis and NGS on bone marrow can be ordered to monitor disease pro-
gression and treatment efficacy in the future,
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Case 18.3 Mixed phenotype acute (B/myeloid) leukemia
(MPAL) with RUNXT mutation

Clinical indication

A B5-year-old male presented with abdominal and pelvic pain. He had a past medical his-
tory of mixed lineage acute leukemia which was diagnosed about 2 years ago. Upon recent
surveillance, he was found to have a rising BCR:ABLI fusion on peripheral blood. This
prompted a bone marrow biopsy, the results of which were consistent with relapsed dis-
ease. He underwent reinduction chemotherapy with Decitabine and Venetoclax with the
addition of Potaninb.

Test ordered

— Chromosoeme analysis of the bone marrow
= FISH: AML panel

- AML MRD (send out)

- BCR:ABLI quantitative real-time PCR

- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

Chromosome analysis on bone marrow was performed. Of the 20 cells examined, 18 exhib-
ited a balanced rranslocation involving the long arms of chromosomes 2 and 14, The
remaining two cells appear to be chromosomally normal (Fig. 18.3.1). While not associ-
ated with any disorder, this is a patient-specific abnormality that can be monitored.

FISH for the AML panel was performed on interphase nuclei using probes localized 1o
the D55721 (5pl5.2), EGRI (5q31), D7Z] (Yeen), D75486 (7q3l), DBEZ2 (Bcen), RUNXITI
(8q22), ABLI (9g34.12), KMT24 (11g23), PML (15q24.1), CBFB (16g22.1), RARA
(17g21.1), D205108 (20g12), RUNXI (21q22.3), and BCR (22ql1) gene regions. Two hun-
dred nuclei were examined for each probe, and the results were within normal limits
for the laboratory's established background rates (Fig. 18.3.2).

AML MRD results were positive for an abnormal myeloid blast population (9.3%) (data
not shown).

Then BCR:ABLI quantitative real-time PCR designed for detecting p210 and p190 was
performed. The results were positive for p210 (Fig. 18.3.3).

Finally, the NG5 hematology profile was performed and detected the RUNXI frameshift
mutation that is associated with many relevant therapies recommended by the NCCN
guidelines (Fig. 18.3.4).
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FIG. 18.3.1 Chromosome analysis identified a balanced translecation involving 2q and 14q. ISCH: 46,XY.1(2;14)(523;
q32)[70H4E, XY [8]

Results with interpretations

Although chromosome analysis with t{2;14) did not show an association with MPAL, NG5S
did show a RUNXI p.(A25IMf*4) c.749_750insGA mutation with several treatment
options for the patient. According to European LeukemialNet, this mutation is associated
with an adverse prognosis. Clinicopathologic correlation is recommended.

Future testing and recommendations

Chromosome analysis, q-PCR, and NGS on bone marrow can be ordered to monitor dis-
ease progression and treatment efficacy in the future.

Summary of key learning points

* ALAL is a heterogeneous group of hematopoietic malignancies.

* This group of diseases has an adverse prognosis.

* The treatment relies on ALL-like regimens followed by consolidation chemotherapy or
hematopoietic stem cell transplant (HSCT).

* FISH, karyotyping, RT-PCR, and NGS are the common technologies used to identify
copy number variations, mutations, or translocations (KMT24, BCR::ABLI fusion) seen
in MPAL.
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FIG. 18.3.1 Chromosome analysls identified a balanced wransiocation invalving 20 and 14q. ISCN: 46.%Y,t2;14)(q23;
QI TG XY [E]

Results with interpretations

Although chromosome analysis with 1(2;14) did not show an association with MPAL, NGS
did show a RUNXI p.(A25]1Mf5*4) c.749_750insGA mutation with several treatment
options for the patient. According to European LeukemiaNet, this mutation is associated
with an adverse prognosis. Clinicopathologic correlation is recommended.

Future testing and recommendations

Chromosome analysis, ¢-PCR, and NGS on bone marrow can be ordered to monitor dis-
ease progression and treatment efficacy in the future.

Ssummary of key learning points

= ALAL is a heterogeneous group of hematopoietic malignancies.

* This group of diseases has an adverse prognosis.

* The reatment relies on ALL-like regimens followed by consolidation chemotherapy or
hematopoietic stem cell transplant (HSCT).

* FISH, karyotyping, RT-PCR, and NGS are the common technologies used to identify
copy number variations, mutations, or translocations (KMT24, BCR:ABLI fusion) seen
in MPAL.
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Precursor lymphoid neoplasms

Xia Li and Guang Liu
SONORA QUEST LABORATORIES, PHOENIX, AZ, UNITED STATES

Background

Precursor lymphoid neoplasm consists mainly of B-lymphoblastic leukemia/lymphoma
{B-ALL) and T-lymphoblastic leukemia/lymphoma (T-ALL). They are a group of geneti-
cally heterogeneous lymphoid neoplasms derived from B- and T-lymphoid progenitors.
These are malignant disorders of immature B or T-cells that occur typically in children,
and 75% of patients are under the age of 6. T-ALL accounts for about 15% of childhood
ALL cases and is more commeon in adolescents than in younger children. Each year, there
are approximately G000 new cases of ALL diagnosed in the United States. Over 80% of
these cases represent B-ALL forms and are leukemic, whereas T-ALL presents with a medi-
astinal mass with or without leukemic involvement [1].

To establish the diagnosis of these disorders, morphologic, immunophenotypic, and
genetic features are to be evaluated so that the differentiation between normal progenitors
and other hematopoietic and nonhematopoietic neoplasms can be determined [2).
According to the revised fourth edition of the WHO Classification (2017) of Tumors of
Hematopoietic and Lymphoid Tissues, there are 10 subgroups of B-ALL including
B-lymphoblastic leukemia/lymphoma, not otherwise specified, B-lymphoblastic leuke-
mia/lymphoma with recurrent genetic abnormalities (9 subtypes). These nine subtypes
include B-ALL with hyperdiploidy, B-ALL with hypodiploidy, B-ALL with iAMP21, B-ALL
with BCR2ABLT fusion, B-ALL with BCR::ABLI-like features, B-ALL with KMT2A rearran-
gement, B-ALL with ETVE:RUNXI fusion, B-ALL TCF3::PBXI, and B-ALL with IGH:IL3
fusion [1,3].

In the fifth edition of the WHO Classification (2022) of Tumors of Hematopoietic and Lym-
phoid Tissues, two new entities were added to this group: B-lymphoblastic leukemia/ lym-
phoma with ETV6:RUNXI-like features and B-lymphoblastic leukemia/lymphoma with
TCF3:HLF fusion [4]. For T-ALL, T-lymphoblastic leukemia/lymphoma and early
T-precursor lymphoblastic leukemia/lymphoma were in both the fourth revised and the fifth
editions [1,4].

In the genetic diagnostic lab, karyotyping, FISH, PCR, and next-generation sequencing
(MNGS) are used to identify chromosome abnormalities including rearrangements of BCR:
ABLI, KMT2A, ETVE:RUNXI, TCF3:PEXT, IGHEIL, TCE:HLE hyperdiploidy, hypodiploidy,
iAML21, T-cell receptor gene rearrangement, etc. Gene mutations associated with precur-
sor lymphoid neoplasms are usually identified by NGS [5]. The information from these
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tests will help patients with targeted therapy, predictive prognosis, and risk stratification.
In this chapter, 14 cases will be used to illustrate how these tests will benefit patients,
including a large pediatric population.

Case 19.1 B-lymphoblastic leukemia (B-ALL, Ph+) with T315!
resistance mutation

A T0-vear-old female felt very fatipued and weak. The bone marrow biopsy report Shm_‘"ﬂd
90% lymphoblasts. Immunohistochemistry (IHC) stained positive for CD34 and Terminal
deoxynucleotidyl ransferase (TdT), an assay specifically created for the detection of ﬂfr"'-l'-"&
lymphoblastic leukemia (ALL). Flow cytometry identified 80% of lymphoblasts as positive
for CD10, CD19, CD22, CD34, CD79a, and TdT, consistent with acute leukemia, B-ALL
The patient also went through chemotherapy and had indueed neutropenia and pancy-
topenia. She was treated with HyperCVAD plus dasatinib initially. After the first relapse,
she was given prednisone and dasatinib. On the second relapse, she was found to have
a T3151 mutation in the ABLI kinase domain, which is a resistance mutation to the

first-line therapy. Then she started with ponatinib, an inhibitor targeted to this T3151
mutation.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: BCR:ABL! probes

- BCR:ABLI quantitative real-time PCR

- MNGS Hematology Molecular Profile

- ABLI kinase domain mutation analysis

Laboratory test performed

Chromosome analysis, FISH, q-PCR, and NGS methods were deseribed in Chapters 1
and 12.

ABLI kinase domain mutation analysis is a test designed for the detection of muta-
tions in imatinib-treated CML patients with acquired resistance. The early detection of
mutations should provide clinical benefit by allowing for early intervention. Candidates
for the BCR::ABL11 kinase domain mutation analysis include those who fail to respond
1o Gleevec (imatinib) and other TKIs therapy or are in an accelerated phase/blast crisis.
Most of the labs use RT-PCR and Sanger sequencing method for muration detection.
The analysis includes the detection of all mutations recommended by guidelines,
including the common T3151, Y253H, E255K/V, F359V/C/1, FI17LIV/I/C, T3154, and
V299L. Alternatively, NGS is used to detect these mutations with a higher sensitivity

than Sanger sequencing [6]. In the following patient, this assay was performed in
another lab.
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Test results

Firstly, a karyotype revealed a complex structural rearrangement that involved chromeo-
somes 9 and 17 leading to the loss of chromosomes 9p and 17p. On the same chromosome
9, at the q arm, there was a translocation involving chromosomes 9q and 22q resulting ina
derivative chromosome 22 (Philadelphia chromosome), which is associated with a poor
prognosis of B-ALL. In addition, there was monosomy 7 (Fig. 19.1.1).

Secondly, FISH was performed on interphase nuclei using probes localized to the ABLI
9g34.12) and BCR (22q11) gene regions. Two hundred nuclei were examined, and the
results were positive for a rearrangement involving BCR:ABLI in 1B1/200 (85.5%) of
the cells scored (Fig. 19.1.2).

Then BCR:ABLI quantitative real-time PCR designed for detecting p210 and p190
showed negative results (see the trend table and chart for p210 in Fig. 19.1.3). The discor-
dant results were discussed in “Results with Interpretations” section.

Mext, NGS Hematology Molecular Profile was conducted, and the results showed an
atypical transcript el3a3 (Fig. 19.1.4).

Finally, RT-PCR and Sanger sequencing were conducted in another lab showing T3151
mutation by ABL! kinase domain mutation analysis (data not shown).
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FIG. 19.1.1 The karyotype of bone marrow from the patient showed complex rearrangements invelving
chromosomes 9822, chromosomes 9817, and moenosomy T, ISCN: 44,300 -T der(9:17)(510:91000(9:22)(q34.2:411.2),
den(220(2:22)[ 19146, XX[3]
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FIG. 19.1.3 qPCR results showed the trend table and chart of p210 negative results due to failure to detect the e13a3
{a rare transoript for BOR-ABLT)

Results with interpretations

Among the tests performed on this patient, chromosome analysis, FISH, and NGS were
concordant, all of which detected 1(9;22) or BCR2ABLI rearrangement. The patient has
an atypical wranscript el3a3 identified by NGS. The gPCR was designed o detect p210
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FIG. 19.1.4 NG5 showed the fusion of BCR:ABLT with an atypical transcript e13a3

and p190 transcripts, which explained why BCR:ABLI rearrangement was not detecred by
qPCR. The patient has had several relapses after the initial diagnosis and did not respond
well to the therapy with imatinib. Therefore, the ABLI kinase domain mutation analysis
was performed in another lab, and the T3151 mutation was identified. This is a common
mutation that accounts for ~20% clinical resistance 1o TKls. Ponatinib is a novel, orally
active, multitargeted TKI It binds to BCR:ABLI with high potency, to inhibit the whole
spectrum of mutants conferring resistance against other TKIs, including the T3151 mutant
that is resistant to all current therapies [6-8).

Future testing and recommendations

Since the patient does not have p210 and p190 transcripts, chromosome analysis, FISH, or
NGS can be ordered to monitor disease progression. Otherwise, a send-out to the lab that
performs qPCR detecting atypical transcripts is recommended.

Case 19.2 B-lymphoblastic leukemia (B-ALL, Ph+) with a
complex karyotype
Clinical indication

A 57-year-old male had Ph+ B-lymphoblastic leukemia on chemotherapy. He was in
remission for a few months, but then his blood counts began to decrease, requiring trans-
fusions. The patient was placed on chemotherapy and allopurinol.

Test ordered

= Chromosome analysis of the bone marrow
= FISH: ALL panel
-  BCR:zABLI quantitative real-time PCR

Laboratory test performed

Chromosome analysis, FISH, and RT-PCR methods were described previously in Chapters
1 and 12.
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Test results

Chromosome analysis identified three abnormal clones (two related; one unrelated).
Clone 1 with six cells showed 1(9;22)(q34;q11.2)/BCR=ABLI together with gains of the
X chromosome and chromosomes 7, 8, and 17 (Fig. 19.2.1). Clone 2 with four cells showed
1(9:22) and a deletion 3p (Fig. 19.2.2). Clone 3 with two cells showed a gain of the
Y chromosome as the sole aberration, a finding of unclear significance, possibly repre-
senting low-level sex chromosome mosaicism (Fig. 19.2.3).

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABLI (9q34.12); BCR (22q11); KMT24
(11g23); ETVE (12p13); RUNXI (21q22.3) gene regions. Two hundred nuiclei were exam-
ined, and the results were positive for a typical BCR:ABL] rearrangement (2F101G) in
164/200 (84.0%) of nuclei scored, and trisomy 17 in 132/200 (66.0%) of the cells scored
(Fig. 19.2.4). One additional fusion gene was observed in 7/200 (3.5%) of nuclei scored
(data not shown).

Then the BCR::ABLI quantitative real-time PCR designed for detecting p210 and p190
showed positive results for pi90, concordant with those of karyotyping and FISH
(Fig. 19.2.5).
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FIG. 19.2.1 Chremosome analysis showed abnormal clone 1 with & Philadelphia chremasame and gains of
chromosomes X, 7. 8, and 17. ISCH: 50,KY, +X,+7,+8,1(5;22Mq 34:q11.2), + 1 T[61/46, 307, dei{2)(p21),4{3. 22} [4)r47, XY, + Y2}
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Results with interpretations

The karyotyping findings support recurrent B-lymphoblastic leukemia/lymphoma
(B-ALL) in the context of the flow cytometry report and previous history. The 1(9;22) with
trisomy for the X chromosome and chromosomes 7 and 17 were detected previously
supporting recurrent disease. Trisomy 8 in clone 1 and the deletion of 3p in clone 2 were
novel abnormalities suggesting clonal evolution. The presence of the t(9:22) in B-ALL is
associated with an unfavorable prognosis. However, the incorporation of tyrosine kinase
inhibitors in the treatment has proven beneficial for these patients.

The FISH findings of the typical BCR:ABL] rearrangement and trisomy 17 have been
reported previously, along with positive resules for p190 from BCR:ABLI quantitative real-
time PCR, all of which are consistent with recurrent B-lymphoblastic leukemia.

Future testing and recommendations

Regular follow-ups and clinicopathologic correlation are recommended. Chromosome,
FISH, and q-PCR can be ordered for disease monitoring and treatment efficacy in the future,

Case 19.3 Relapsed B-lymphoblastic leukemia (B-ALL, Ph—)
with a complex karyotype

Clinical indication

The patient was a 75-year-old with relapsed B-ALL. He had pancytopenia and reported
feeling unwell but denied fever, chills, shortness of breath, chest pain, or abdominal pain.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALL panel
- BCR:ABLI quantitative real-time PCR

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12,

Test results

Of the 20 cells examined, 16 were abnormal and 3 different clones were observed. Clone 1
with 11 cells exhibited multiple numerical and structural chromosome abnormalities,
including loss of the ¥ chromosome, and gains of chromosomes 1, 6, 8, 10, 18, 19, 21,
and add (21p) in a haploid background (Fig. 19.3.1). Clone 2 with three cells was a double
clone from clone 1 (Fig. 19.3.2). Clone 3 with two cells had an addirional ¥ chromosome
(Fig. 19.3.3). The remaining four cells appeared to be chromosomally normal,
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FIG. 19.3.3 Chromosome analysis shewed abnormal clone 3 with a gain of the ¥ chromosome.

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions, ABLI (9q34.12), BCR (22q11), KMT24
(11g23), ETVE (12pl3), and RUNXI (21g22.3) gene regions. Two hundred nuclei were
examined, and the results demonstrated multiple abnormalities (Fig. 18.3.4).

Loss of chromosomes 4 and 17 was observed in 26/200 (13.0%) of the cells scored.

Loss of 9g34 (ABLI) was observed in 59/200 (29.5%) of the cells scored.

Gain of 9q34 (ABLI) was observed in 38/200 (19.0%) of the cells scored.

Gain of chromosome 10 was observed in 43/200 (21.0%) of the cells scored.

Laoss of 11q (KMT24) was observed in 45/200 (22.5%) of the cells scored.

Loss of 12p (ETVE) was observed in 60/200 (30.0%) of the cells scored.

Gain of 21q (RUNXI) was observed in 50/200 (25.0%) of the the cells scored.

Gain of 22q (BCR) was observed in 38/200 (19.0%) of the cells scored.

BCR::ABLI quantitative real-time PCR showed negative results (dara not shown).

Results with interpretations

Chromosome analysis identified a near-haploid karyotype with gains of multiple chromao-
somes and other abnormalities. FISH results showed multiple gains or losses of multiple
chromosome regions. The losses of chromosomes 4 and 17, along with multiple gene
region losses, indicate a near-haploid component, which is considered a poor risk,
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Future testing and recommendations
Regular follow-ups and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for disease monitoring and treatment efficacy in the

future.

Case 19.4 B-lymphoblastic leukemia (B-ALL) with t(12;21)
(p13;922)/ETVE::RUNXT fusion

Clinical indication

A 13-year-old female with no significant past medical history presented with an enlarged
lymph node, chest pain, and shortness of breath. She denied any history of fevers, weight
lass, or sore throat. Blood work showed a normal WBC count with lymphocytosis and a
blast. Mild anemia was noted with normal plateler count. Chest X-ray was done with
no abnormal findings. Leukemia was suspected.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALL and Ph-like ALL panels

-  BCR:ABLI quantitative real-time PCR
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Laboratory test performed

Chromosome analysis, FISH, and q-PCE methods were described previously in Chapters 1
and 12,

Test results

Of the 25 cells examined, 16 exhibited an abnormal chromosome complement with 2
related clones: clonal evolution was evident. Clone 1 with 11 cells showed a del(Bg), a
del(12p), and a der(18) derived from an 18;21 translocation (Fig. 19.4.1). Clone 2 with
five cells showed a der(1) derived from a 1;21 translocation in addition to the del{12p)
{Fig. 19.4.2). The remaining nine cells appeared to be chromosomally normal.

FISH ALL panel was performed on interphase nuclei using probes localized to the chro-
mosome 4, 10, and 17 centromeric regions; ABLI (9934.12); BCR (22q11); KMT24 (11g23);
ETVE (12p13); RUNXT (21g22.3) gene regions. Two hundred nuclei were examined, and
the results demonstrated rearrangement involving ETVE:RUNXT ot 1(12;21), deletion of
12pl3 (ETV6E), and gains of 21q22 (RUNXI) in 164/200 (B2.0%) nuclei scored
(Fig. 19.4.3). Metaphase FISH confirmed the ETVE:RUNXI fusion and gain of 21922
(RUNXI) (Fig. 19.4.4).
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FIG. 19,47 Chromosome analysis exhibited an abnormal clone 1 with del(6q), del{12p), and an unbalanced
trarslacation invalving 18g and 21q. ISCN; 46,50 del(B)(q16),del(12)(p12p13) der{ 1EJR{18; 2 1)q22:02 1)1 1)/ 46. XX, der
(U121 g4 g2 hdel(12){p 1 2p A3} [Sha6, MX[5])
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FIG. 19.4.2 Chromosome analysis exhibited an abnonmal done 2 with del{12p) and an unbalanced translocation
involving 1gq and 21q.

FISH Ph-like ALL panel was also performed on interphase nuclei using probes local-
ized to the CRLF2 (Xp22.33/Yp11.32), ABL2 (1q25.2), CSFIR (5q32), PDGERB (5q33.2),
JAKZ (3p24.1), ABLI (9q34.13), and EPOR (19p13.2) gene regions. Two hundred nuclei
were examined, and the results were within normal limits for the laboratory’s established
background rates (Fig. 19.4.3).

BCH:ABLI guantitative real-time PCR showed negative results for the fusion (data not
shown).

Results with interpretations

Chromosome analysis revealed a complex karyorype with two related abnormal clones,
The del(12p)(ETVE) was also seen in the concurrent FISH studies, The “cryptic” ETVE:
RUNXI rearrangement by FISH was not appreciated by the karyotype due to the low chro-
mosome banding resolution. ETVE:RUNXI rearrangement is a recurrent abnormality
found in 25% of childhood B acute lymphoblastic leukemia and is generally associated
with a good prognosis.

FISH ALL panel detected 1(12;21) and a deletion of ETVE, This combination of abnor-
malities is associated with a favorable prognosis in acute lymphoblastic leukemia.
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FIG. 19.4.2 Chromosome analysis exhibited an abnormal cdone 2 with del{12p) and an unbalanced translocation
invalving 1g and 21g

FISH Ph-like ALL panel was also performed on interphase nuelei using probes local-
ized 10 the CRLEZ (Xp22.33/Yp11.32), ABL2 (1q25.2). C5FIR [5q32), PDGFRE (5933.2),
JAKZ (3p24.1), ABLI (9934.13), and EPOR (19p13.2) gene regions. Two hundred nuclel
were examined, and the results were within normal limits for the laberatory’s established
background rates (Fig. 19.4.3),

BCR:ZABLI quantitative real-time PCR showed negative results for the fusion (data not
shown).

Results with interpretations

Chromosome analysis revealed a complex karyotype with two related abnormal clones.
The del(12p)(ETVE) was also seen in the concurrent FISH studies. The “cryptic” ETVE:
RUNXI rearrangement by FISH was not appreciated by the karyotype due to the low chro-
mosome banding resolution. EIVEZRUNX] rearrangement is a recurrent abnormality
found in 25% of childhood B acute lymphoblastic leukemia and is generally associated
with a good prognosis.

FISH ALL panel detected t(12:21) and a deletion of ETVE. This combination of abnor-
malities is associated with a favorable prognosis in acute lymphoblastic leukemia.
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EIG. 19.4.3 EI5H for ALL panel showed positive results for t{12:21) or ETVE:RUNXT rearrangement with deletion of
12p13 (ETVE] and galn of 2122 (RUNXT] obierved. FISH for Ph-like ALL panel was negative for all probes examined.
150K for ALL panel: nuc shICER, CEPI10,D17Z21)x2[200/200], (ABLY, BCR) 2 200/200] (KMT 24 2 | 200/200] (ETVEX 1,
RUNX 1{ETVE con RUMNX1x1)[164/200); 15CN for Ph-like ALL panel: nuc ish{CRLF2x2)[ 200200 (ABL2x2)|200/200],
(CSF1Rx2)[200/200) (POGFRBx2)[ 2002001 (AK 22} 20002001 (ABL 1x2)[200/200] (EPORx I H200/200]

Future testing recommendations

Regular follow-ups and clinicopathologic correlation are recommended. Chromosome anal-
ysis and FISH can be ordered for disease monitoring and treatment efficacy in the future,

Case 19.5 Ph-like B-lymphoblastic leukemia (Ph-like ALL) with
CRLFZ rearrangement
Clinical indication

I'he patient was an 8G-year-old female with a past medical history of hypertension, hyper-
lipidemia, and congestive heart failure who had initially presented with complaints of
generalized fatigue and weakness. The patient was subsequently admitied 1o the hospital
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FIG. 19.4.4 Metaphade FISH confirmed the ETVE=RLIANKT fusion and gain al Mag22 (RUNXT).

due to concern for acute leukemia as the patient had an elevated WBC count. The patient
denied noticing any bleeding from anywhere, as well as any nausea, vomiting, diarthea,
abdominal pain, dysuria, cough, or shoriness of breath, She was found to be in tumor lysis
with B8% blasts on peripheral blood and had an acute kidney injury.

Test ordered

-  Chromosome analysis of the bone marrow
- FI5H: AML panel

- FISH: ALL panel

- FISH: Ph-like ALL panel

= NGS5 Hematology Molecular Profile

- BCR:ABLI quantitative real-time PCR

Laboratory test performed

Chromosome analysis, FISH, q-PCR, and NG5S methods were described |:||1='..ri|;1.|.15|1_,.' in
Chapiers 1 and 12

Test results

Chromosome analysis was performed initially. All 20 cells examined exhibited monosomy
18 and a complex derivative chromosome 20 (der20) derived from o 18:200 and additional
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material of unknown origin attached to 20p12. Clonal evolution was evident. Clane 1 (15
cells) showed trisomy 22 in addition to monosomy 18 and der(20) (Fig. 19.5.1). Clone 2
(five cells) revealed trisomy X in addition 1o moenosomy 18 and der(20) (Fig. 19.5.2).

FISH for AML panel was performed on interphase nuclei using probes localized to the
D55721 (5pl5.2), EGRI (5q31), D7Z1 (7cen), D7S486 (7q31), DBZ2 (8cen), RUNXIT] (8g22),
ABLI (9q34.12), KMT2A (11q23), PML (15g24.1), CBFB (16g22.1), RARA (17q21.1), D205108
(20g12), RUNXI (21q22.3), and BCR (22ql11) gene regions. Two hundred nuclei were
examined, and the results demonstrate the following abnormalities (Fig. 19.5.3).

Deletion of 20q12 was observed in 187/200(93.5%) of the cells scored.

Gain of RUNXI (21g22) was observed in /200 (4.5%) of the cells scored.

Gain of BCR (22q11.2) was observed in 182/200 (91.0%) of the cells scored.

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromeosome 4, 10, and 17 centromeric regions; ABLI (9q34.12), BCR (22q11), KMT24
(11g23), ETVE (12pl13), and RUNXI (21q22.3) gene regions. Two hundred nuclei were
examined, and the results demonstrated a gain of 21q in 12/200 (6.0%) of the cells scored
and a gain of 22q in 172/200 (86.0%) of the cells scored (Fig. 19.5.4).

FISH Ph-like ALL panel was performed on interphase nuclei using probes localized to
the CRLEZ (Xp22.33/Ypl1.32), ABLZ (1q25.2), CSFIR (5q32), PDGFRE (5q33.2), JAKZ
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FIG. 19.5.1 Chromaosome analysis revealed abnormal clene 1 with a complex rearrangement invelving chromesames
18 and 20, 1SCN: 46,204-18,der(20)add{200{p1 (18 20Hq1 1491 1.2),+ 2215)46, idem, +X,-22(5]
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FiG. 18.5.2 Chromosome analysis revealed abnormal clone 2 with a complex rearrangement involving chromosomes
18 and 20, loss of chromosome 22, and gain of the X chromosome.

(9p24.1), ABLI (9934.13), and EPOR (19p13.2) gene regions. Two hundred nuclei were
examined, and the results demonstrated a CRLF2 rearrangement in 183/200 (31.5%) of
the cells scored (Fig. 19.5.4).

NGS Hemartology Molecular Profile identified an NRAS p.(Q61H) £ 183A>C mutation
(Fig. 19.5.5).

BCR:ABLI quantitative real-time PCR results were negative for both p210 and p190
(Fig. 19.5.6, see wend table and charn of p210),

Results with interpretations

Chromosome analysis detected two abnormal clones including trisomy 22. FISH studies
were positive for deletion of 20q, gains of RUNXI (21q22) and BCR (22q11) with no evi-
dence for BCR::ABLI rearrangement, concordant with the negative BCR::ABLI quantita-
tive PCR results. FISH also detected a CRLF2 rearrangement. NGS results showed NRAS
mutation. These results are consistent with BCR:ABLI-like B-lymphoblastic leukemia
{Ph-like B-ALL). CRLF2 rearrangement accounts for about half of the Ph-like B-ALL cases
and are associated with poor prognosis.
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FIG. 19.5.3 FISH for the AML panel showed a deletion of 20q12, a gain of AUNXT (21922}, and a gain of BCR (22011.2)
ISCH: nuc BhIDEST2 1,EGR 1 1x2{204/200], (CEPT, D75486)x2[ 200,200],(D8Z 22, DA0G108x1 }{ 187/ 200 (RUNX1T1x2,
RUNX 1 x2)[2/200], (ASLTx2, BCRIH 182/200], (KMT2A0:2)[2000200], (PML, RARA)xZ[200/200] (CAF Bx2)[200/200]

Future testing recommendations

Regular follow-ups and clinicopathologic correlation are recommended. Chromosome
analysis, FISH, and NGS can be ordered for disease monitoring and treatment efficacy
in the uture.

Case 19.6 T-lymphoblastic leukemia (T-ALL) with t(10;11)
(p12;q21)/PICALM::MLLTT0 fusion
Clinical indication

A 32-year-old man presented with complaints of fatigue, night sweats, headache, and
facial droop. According to bone marrow flow cytometry, 16% of dim CD45
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HG. 19.5.4 FisH for ALL panel was positive for a gain of RUNXT {21922) (5.0%), and a gain of BCR (22q11) (86.0%),
concordant with the results from the AML panel. FISH for Phelike ALL panel revealed CRLF rearrangemaents (31.5%],
FSEN for ALL panel: nuc ish(CEPA,CEP10,CER1T)x2[200v200].(ABL1x2, BECR=3){ 17 27200]), (KNMT2Ax2)[200/200] (ETVEE,

RUNX1x30[127200]; 1ISCN for Ph-like ALL panel: nue shiCRLEx 2)F'CALF2 sep S'CRLEZ x 1} 159200) (CRLF2x3I3CRLFZ
sep SCRLFZ x1)[24/200], (ABL2xZ)[200/200], (C5F 1Rx2)[200/200],(PDGFREX2)[200/200], (1AKZx2)[ 197,200 (ABL1xZ)

(15 200] (EPORx2)[199/200]
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FiG, 19.5.6 gPCR results showed the trend table and chart of p210 negative results.

T-lymphoblasts were positive for CD2 (dim partial), CD3 {(dim partial) CD5 (dim), CD7,
CIND, and CD34 (subset), and negative for CD13, CD19, CD20, CD33, and CD56, which
was most consistent with T-lymphaoblastic leukemia. According to cerebrospinal fluid flow
cytometry, there was an increased population (64%) of dim CD45 T-lymphoblasts that
were positive for eytoplasmic CD3, CD5, CDY, and TdT. A subset of the blasts were positive
for CD (dim), CD2, surface CD3, CD10, CD34, and CD38. The blasts were negative for the
myeloid and B-cell markers that were evaluated. This was most consistent with
T-lymphoblastic leukemia invalving the central nervous system (CMNS).

Test ordered

= Chromosome analysis of the bone marrow
- FISH: ALL panel; PDGFRA, PDGFRB, and FGFRI break-apart probes
- NGS Hematology Molecular Profile

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12.

Test results

Chromosome analysis was performed initially on bone marrow, Of the 20 metaphase
cells analyzed, 3 exhibited a structural abnormality involving chromosome 9, and a
translocation between chromosomes 10 and 11 with breakpoints ar band 10pl2 an
11g21 (Fig. 19.6.1). The remaining 17 cells were chromosomally normal. ‘
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FIG. 19.6.1 The karyotype showed a structural abnarmality Invelving chromosome 9 and a translocation between
10p12 and 11g21. ISCH: 46,XY, der(9109,90p12:a21),1030;1 1)(p12:q2 1)[31146,20¥[17]

Then FI15H was also performed on interphase nuclei using probes localized to the chro-
mosome 4, 10, and 17 centromeric regions, ABLI (9q34.12), BCR (22q11), KMT2A (11g23),
ETVE (12p13), RUNXI (21922.3), SCFD2/FIPILILNX1/PDGFRA (4q12), the 3’ and 5 ends
of the PDGFRE (5q33.1), and the 5’ and 3’ ends of the FGFRI (8p12.23-p11.22) gene regions
(supplied by Abbott Molecular, Inc.). Two hundred nuclei were examined for all probes,
and the results demonstrated a gain of ABLI in 7/200 (3.5%) of the cells scored. FISH
was negative for the rest of probes examined (Fig. 19.6.2 and Fig. 19.6.3).

Finally, NGS Hematology Molecular Profile was conducted on bone marrow, and the
results showed a PICALM::MLLT10 fusion (Fig. 19.6.4).

Results with interpretations

Chromosome analysis exhibited a translocation t(10;11)(p12;q21). NGS showed an MLLT10::
PICALM fusion, which was concordant with the cytogenetic finding. FISH was negative for
this because the specific probes are not available in our lab, The PICALMMLLTI0 fusion
(also called CALM::AF10 fusion) is found in 10% of T-lymphoblastic leukemia/lymphoma
(TALL/LBL) cases and is generally associated with an adverse prognosis [1,9,10]. Patients
with initial CNS involvement have a worse prognosis than patients without CNS disease,
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FIG. 19.6.4 NG5 showed a fusion of PICALAM=: MLLTIO, concardant with the cytagenetic finding.

Haowever, the introduction of early and effective CNS-directed therapy might no longer por-
tend a poor prognosis for CNS leukernia [11). Clinicopathologic correlation is advised.

Future testing and recommendations

Chromosome analysis and NGS on bone marrow can be ordered to monitor disease
progression and treatment efficacy in the future.

Case 19.7 T-lymphoblastic leukemia (T-ALL) with t(11;18)
(p15;912)NUPSS::SETBP1 fusion

Clinical indication

A 13-year-old male presented with circulating lymphoblasts with dim CD3 positivity. FISH
for PML:RARA was normal. The bone marrow biopsy showed a normocellular marrow
(95%) with sheets of lymphoblasts replacing most of the marrow parenchyma. Peripheral
blood smear showed normocytic normochromic anemia, neutropenia, monocylopenia,
and numerous circulating lymphoblasts (42%). A flow cytometry analysis was consistent
with T-lymphoblastic leukemia with 98% T-lymphoblasts. The immunophenotype was

suggestive of near-early T-cell precursor lymphoblastic leukemia.

Test ordered
- Chromosome analysis of the bone marrow

- FISH: AML panel
= FISH: ALL hyperdiploidy panel
= FISH: ETVE:RUNXI
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= FISH: TRA/D Gene Rearrangement

- MNGS Hematology Molecular Profile

- B-cell Gene rearrangement (send out)

- T-cell Receptor Gamma Gene Rearrangement (send out)

Laboratory test performed
Chromosome analysis, FISH, and NGS methods were described in Chapters 1 and 12,

Test results

Chromosome analysis was performed initially. Of the 22 cells examined, 16 exhibited a
balanced translocation involving the short atm of chromosome 11 and the long arm of
chromosome 18. t(11;18)(pl5;ql2) involves NUP28:5ETEPI fusion and is a recurrent
chromosome rearrangement seen in T-ALL (Fig. 19.7.1). The remaining six cells appear
to be chromosomally normal.

FISH for AML/ALL hyperploidy panels and ETVE:ZRUNX] rearrangement were per-
formed on interphase nuclei using probes localized to the centromeres of chromosomes
4, 10, and 17, D55721 (5p15.2), EGRI (5q31), D7Z1 (7cen), D75486 (7q31), D8E2 (8cen),
RUNXITI (Bg22), ABLI (3g34.12), KMT24 (11923), PML (15q24.1), CBFEB (16g22.1), RARA
(17g21.1), D20S108 (20q12), RUNXI (21q22.3), BCR (22q11), ETV6 (12p13), and RUNXI
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FIG. 19.7.1 The karyotype showed a balanced translocation of t{11;18). ISCN: 46, X¥.H11:18)(p15:q 1211646, XY (6]
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[21q22.3) gene regions. Two hundred nuclei were examined, and the results were within
normal limits for the laboratory’s established background rates (Fig, 19.7.2).

FIsH For TRA/D rearrangement was pq:rt’untu::l on jl'l“.:l'!‘.'hiiﬁﬂ nuclei using pr[JhES
localized to the 5 and 3" ends of the T-cell receptor n[]ji]u."dc“ﬂ [ TRAM |_."=|_'|] 1.2) BETE
region. Two hundred nuclei were examined, and the results were within normal limits
for the laboratory's established background rates (Fig. 19.7.3).

NG5S detected a NUP98:SETBPI Fusion (also seen in the karyotype) and FPHEB
PAC2OLSE 21) €. 6.58_60delGTinsTAAGAGTAGGCCCGCACCAGGGACC mutation (Fig. 19.7.4)

The B-cell gene rearrangement test failed due to an insufficient amount of DNAJRNA
from the specimen. T-cell receptor gamma gene rearrangement was positive by PCR
(these were external tests, data not shown).
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FIG. 18.7.2 FiSH for AMUALL hyperdiplody panels and ETWE::BUNXT rea rrangement probes revealed normal results
for all probes examined. 15CN: nuc iShiD55721, EGR 1 )2 200¢200], (CEPT, D7S486)x 2[ 2004200, (DAZ2, D205 108)x2
120002001 (RUNXTT T RUNX Ja2 [200/200] (ABLY, BCR e 20002000, (KM T 202 200/200] (PRAL R AR A)xE [2005200],
(CEFBx2 H200/200], (CEFL, CEP10,CEPIT12[ 2007200 ETVE, RN 1)x2 [200/200)
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FIG. 19.7.3 Fi5H for TRAS/D rearrangement showed normal results for all probes examined. 1ISON: nuc ishiTRADR2)
[2200]
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FIG. 19.7.4 NGS detected a fusion of NUPIESETEPR] and a frameshift mutation of PHFS. The fusion was also seen fram

the karnyotype
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Results with interpretations

Chromosome analysis detected a balanced translocation of t(11;18). t(11;18)(pl5:q12)
INUPS8::SETBPI] was a recurrent chromosome translocation seen in T-ALL [hﬂ'PSi:”
atlasgeneticsoncology.org/ haematological /1466/1(11;18)(p15;q12)) (12). All FISH testing in
this patient was negative.

NGS identified a NUP38::SETBP1 fusion, concordant with the cytogenetic finding. NG3
also revealed a frameshift mutation of PHES. The T-cell receptor gamma gene rearrangement
was diagnosed as positive by PCR, concordant with the diagnosis of T-ALL for this patient.

Future testing recommendations

Chromosome analysis, NGS, and PCR for T-cell receptor gamma gene rearrangement should
be ordered for follow-up appointments. Clinicopathologic correlation is recommended.

Case 19.8 T-lymphoblastic leukemia (T-ALL) with t(1;14)
(p32;q11.2)/TRA::TAL1 fusion

Clinical indication

A 22-year-old male presented with a large mediastinal mass, The patient denied Ffever,
chills, diarrhea, constipation, mouth lesions, dysuria, chest pain, and dyspnea. Cytometric
and morphologic analysis of peripheral blood revealed an abnormal population of T cells.
T-cell lymphoblastic leukemia was suspected,

Test ordered

- Chromosome analysis of the bone marrow

- FI5H: ALL panel

- FISH: TRA/D rearrangement

- NGS Hematology Molecular Profile Complete (send our)
- T-Cell MRD (send out)

Laboratory test performed
Chromeosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Chromosome analysis was performed initially, OF the 20 cells analyzed, 6 exhibited a
translocation between the short arm of chromosome 1 and the long arm of chromosome
14. The remaining 14 cells were chromosomally normal (Fig. 19.8.1).

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABLI (9g34.12), BCR (22q11), KMT24
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FIG. 19.8.1 Chromosome analysis identified a balanced transtocation invalving 1p and 14, ISC: 46,XY,0(1:14)
{p32;q711.2)[6)M6, X[ 14]

(11g23), ETVE (12p13), and RUNX] (21g22.3) gene regions. Two hundred nuclei were
examined, and the results were within normal limits for the laboratory’s established
background rates (Fig. 19.8.2).

FISH was also performed on interphase nuclei using probes localized to the 5 and 3
ends of the T-cell receptor alpha/delta (TRA/D; 14q11.2) gene region. Two hundred nuclei
were examined, and the results were positive for a rearrangement involving TRA/D in
98/200 (49.0%) of the cells scored (Fig. 19.8.3).

MNGS and T-cell TCRG MRD results from other labs came back negative (data not shown).

Results with interpretations

This translocation t{1;14) identified by chromosome analysis appeared to involve the 1p32
and 14ql1.2 regions, which resulted in a fusion between the TRA (14q11.2) and TALI
(1p32) genes. The translocation t(1;14)(p32;q11.2) TRA:TALI has been reported in
T-cell ALL [13-15]. FISH with TRA/D probes was positive for TRA/ D rearrangement, con-
cordant with the cytogenetic findings.

Future testing and recommendations

Chromosome analysis and FISH for TRA/D should be tested during the regular follow-ups
to monitor the disease progression. Clinicopathologic correlation is recommended.
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Case 19.10 Ph-like B-lymphoblastic leukemia (Ph-like ALL)
with CRLF2 rearrangement and t(2;8)(p12;q24)/IGK::MYC
fusion

Clinical indication

A 27-year-old male presented with pancytopenia, and macrocytic anemia. He had a med-
ical history of Down syndrome. Flow cytometry showed 76% blasts that are CD34(=),
CD20(=), CD19(+), CD10(+), and TDT(+). B-ALL or Ph-like ALL was suspected.

Test ordered

- Chromosome analysis of the bone marrow
= FISH: ALL panel

= FI5H: Ph-like ALL panel

= FISH: MYC Gene Rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Chromosome analysis was performed initially. Of the 21 cells examined, all had trisomy
21, which was consistent with the patient's known history of Down syndrome. Eight of
these also had other abnormalities, and clonal evolution was evident. Clone 1 with five
cells revealed t(2;8), del(12p), del{16q), and trisomy 21 (Fig. 19.10.1). Clone 2 with three
cells had add{18q) and trisomy 21 (Fig. 19.10.2). Clone 3 with 13 cells exhibited only tri-
somy 21 (Fig. 19.10.3).

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABLI (9q34.12); BCR (22ql1); KMT24
(11g23); ETVS (12pl3); RUNXI (21922.3) gene regions. Two hundred nuclei were exam-
ined, and the results were positive for a gain of RUNXI in 200/200 (100.0%) of the cells
scored, which is consistent with the patient’s known history of Down syndrome and a loss
of one copy of ETVE in 166/200 (83.0%) of the cells scored (Fig. 19.10.4).

FISH for Ph-like ALL panel was performed on interphase nuclei using probes localized
to the CRLE2 (Xp22.33/Ypl1.32), ABL2 (1g25.2), CSFIR (5q32), PDGFRE (5q33.2), JAKZ
(9p24.1), ABLI (9g34.13), and EFOR (19p13.2) gene regions. Two hundred nuclei were
examined, and the results demonstrated a CRLFZ rearrangement in 177/200 (88.5%) of
the cells scored (Fig. 19.10.4).

FISH for MYC rearrangement was performed on interphase nuclei using probes local-
ized to the 5 and 3’ ends of the MYC (Bg24) gene region. Two hundred nuclei were exam-
ined, the results were positive for a rearrangement involving MYC in 186/200 (93.0%) of
the cells scored (Fig. 19.10.5).
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FIG. 19.9.1 Chromosome analysis revealed an abnermal kanyotype with 1(11;14){p13:91 1.2 MO2: TRD fusion and an
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Case 19.10 Ph-like B-lymphoblastic leukemia (Ph-like ALL)
with CRLF2 rearrangement and t(2;8)(p12;q24)/IGK::MYC
fusion

Clinical indication

# 27-year-old male presented with pancytopenia, and macrocytic anemia. He had a med-
ical history of Down syndrome. Flow cytometry showed 76% blasts that are CD34(-),
CD20(-), CD19(+), CD10(+), and TDT(+). B-ALL or Ph-like ALL was suspected.

Test ordered

= Chromosome analysis of the bone marrow
- FISH: ALL panel

- FISH: Ph-like ALL panel

- FISH: MYC Gene Rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12,

Test results

Chromosome analysis was performed initially, Of the 21 cells examined, all had trisomy
21, which was consistent with the patient’s known history of Down syndrome. Eight of
these also had other abnormalities, and clonal evolution was evident. Clone 1 with five
cells revealed t(2;8), del(12p), del(16q), and trisomy 21 (Fig. 19.10.1). Clone 2 with three
cells had add(18q) and trisomy 21 (Fig. 19.10.2). Clone 3 with 13 cells exhibited only tri-
somy 21 (Fig. 19.10.3).

FISH for ALL panel was performed on interphase nuclei using probes localized 1o the
chromosome 4, 10, and 17 centromeric regions; ABLI (9q34.12); BCR (22q11); KMT24
(11q23); ETVE (12pl3); RUNXT (21922.3) gene regions. Two hundred nuclei were exam-
ined, and the results were positive for a gain of RUNXI in 200/200 (100.0%) of the cells
scored, which is consistent with the patient’s known history of Down syndrome and a loss
of one copy of ETVS in 166/200 (83.0%) of the cells scored (Fig. 19.10.4),

FISH for Ph-like ALL panel was performed on interphase nuclei using probes localized
to the CRLEZ (Xp22.33/Ypl1.32), ABL2 (1g25.2), CSF1R (5q32), PDGFRE (5933.2), JAK2
(9p24.1), ABLI (9g34.13), and EPOR (19p13.2) gene regions. Two hundred nuclei were
examined, and the results demonstrated a CRLF2 rearrangement in 177/200 (88.5%) of
the cells scored (Fig. 19.10.4).

FISH for MYC rearrangement was performed on interphase nuclei using probes local-
ized to the 5’ and 3' ends of the MYC (8g24) gene region. Two hundred nuclei were exam-
ined, the results were positive for a rearrangement involving MYC in 186/200 (93.0%) of
the cells scored (Fig. 19.10.5).
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FiG. 19.10.1 Chromosome analysis exhibited an abnormal clone 1 with t{2:8), del{12p), del{16g) and trisamy 21. I5CH:
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FliE. 19.10.2 Chromosome analyiis exhibited an abnormal done 2 with #dd{18g) and trisomy 21 in addition to the
abnormalities seen in clone 1.
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FIG. 19.10.3 Chromosome analysis exhibited an abnormal cdlone 3 with trisomy 21,

Results with interpretations

Chromosome analysis revealed trisomy 21 in all cells examined. Additional abnormalities
were also observed including t(2;8), del(12p), del(16q) and add(18q). del(12p), the gain of
21q, and MYC rearrangement were also seen from the concurrent FISH testing, del(12p)
has been seen in B-ALL.

MYC rearrangement has been described both in B-cell acute lymphoblastic leukemia
{ALL) and in non-Hodgkin lymphomas (MHL), especially in Burkitt lymphoma, and
double-hit diffuse large B-cell lymphomas (DLBCL) (hitps:/ fatlasgeneticsoncology.org).
MYC rearrangement without other recurrent genetic abnormalities is rare in lymphoblas-
tic leukemia/lymphoma (B-ALL/LBL), with most cases reported in pediatric patients.
Three adult cases were reported in B-ALL with IGH:MYC fusion [18]. Since this patient
had a CRLFZ2 rearrangement, the diagnosis for Ph-like ALL is more accurate, although
the treatment is very similar to those of B-ALL [19].

Future testing recommendations

Chromosome analysis and FISH for MYC rearrangement should be ordered during
regular follow-ups to monitor disease progression. Clinicopathologic correlation is
recommended.
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Case 19.11 B-lymphaoblastic leukemia (B-ALL) with t(1;19)
(q23;p13.3¥TCF3::PBX1 fusion

Clinical indication

A 47-year-old female presented with a relapsed Philadelphia negative B-cell ALL. She was
undergoing re-induction chemaotherapy at the time and was admitted for fever and sepsis.
Her hospital course was complicated by severe hyperbilirubinemia and transaminitis.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALL panel

Laboratory test performed
Chromosome analysis and FISH assays were described previously (see Chapter 1 and 12},

Test results

Eleven of the 20 metaphase cells analyzed showed a complex karyotype with t(1;19)
(g23;p13.3)/ TCE3:PEX1, a deletion of 6g, an apparently balanced translocation between
7q and 12p, and an isochromosome 9q resulting in a gain of 9q and a loss of 9p
(Fig. 19.11.1). The remaining nine cells appear to be chromosomally normal.

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABLI (9q34.12), BCR (22q11), KMT24
(11g23), ETVE (12pl3), and RUNXI (21g922.3) gene regions. Two hundred nuclei were
examined, the results demonstrated previous reported gain of ABLI (9g34) in 180/200
[(90.0%) of the cells scored. This abnormality was associated with an isochromosome 9
involving two long arms of chromosome 9 and consistent with persistent
B-lymphoblastic leukemia (Fig. 19.11.2).

Results with interpretations

The chromosome analysis revealed a complex karyotype and was consistent with persis-
tent B-lymphoblastic leukemia (B-ALL) with t(1;19)(q23;p13.3). A gain of 9q was also dem-
onstrated by the FISH ALL panel testing, concordant with the ¢ytogenetic findings of
iso(9q). The t(1;19)(g23;pl3.3)/ TCF3:PBX] is a recurrent chromosomal abnormality in
B-ALL and is typically associated with CD10 positive, CD34 negative B-lymphoblasts.
Some studies suggest that chromosomal abnormalities involving 9p may have a signifi-
cant negative impact on survival in adult B-precursor acute lymphoblastic leukemia
[20]. Therefore, the combination of del(3p) and t(1;19) indicates an adverse prognosis.
Clinicopathologic correlation is advised.
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Case 19.11 B-lymphoblastic leukemia (B-ALL) with t(1;19)
(q23;p13.3)/TCF3::PBX1 fusion

Clinical indication

A 47-year-old female presented with a relapsed Philadelphia negative B-cell ALL. She was
undergoing re-induction chemotherapy at the time and was admitted for fever and sepsis.
Her hospital course was complicated by severe hyperbilirubinemia and transaminitis.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALL panel

Laboratory test performed
Chromosome analysis and FISH assays were described previously [see Chapter 1 and 12).

Test results

Eleven of the 20 metaphase cells analyzed showed a complex karyotype with t{1;19)
(g23;p13.3)/ TCF3::PBX], a deletion of Bg, an apparently balanced translocation between
7q and 12p, and an isochromosome 9q resulting in a gain of 9q and a loss of 9p
[Fig. 19.11.1). The remaining nine cells appear to be chromosomally normal.

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABLI (3q34.12), BCR (22ql1), KMT2A
(11g23), ETVE (12p13), and RUNXI (21g22.3) gene regions. Two hundred nuclei were
examined, the results demonstrated previous reported gain of ABLI (9g34) in 1807200
(90L0%) of the cells scored, This abnormality was associated with an isochromosome 9
involving two long arms of chromosome 9 and consistent with persistent
B-lymphoblastic leukemia (Fig. 19.11.2).

Results with interpretations

The chromosome analysis revealed a complex karyotype and was consistent with persis-
tent B-lymphoblastic leukemia (B-ALL) with t{1;19) (q23;p13.3). A gain of 9q was also dem-
onstrated by the FISH ALL panel testing, concordant with the cytogenetic findings of
iso(9q). The t(1;19)(q23;pl3.3)/ TCF3:PBX] is a recurrent chromosomal abnormality in
B-ALL and is typically associated with CD10 positive, CD34 negative B-lymphoblasts,
Some studies suggest that chromosomal abnormalities involving 9p may have a signifi-
cant negative impact on survival in adult B-precursor acute lymphoblastic leukemia
[20]. Therefore, the combination of del(9p) and t{1;19) indicates an adverse prognosis.
Clinicopathologic correlation is advised.



328 Cases in Laboratory Genetics and Genomics {LGG) Practice

I'i?'i: ]

ST mm A= a8 Ag

1 F 3 4 5
— 3 © h i - "
&% SE& Ew 23 2y f= a8

] 7 8 9 10 11 12
e S pmpa x® 2E 2a

13 14 15 16 17 18
‘-!.".E" i &9 L %3

15 0 n i 4 ¥

FiG. 19.11.7 Chromosome analysis sthawed an abraormal done with deligq, t(7;12)g22:p13), ilog), and der(12)1:13)
{q23;p13). I5CN: 45,50 del(Blig 152372022 p 130 HING 10 der(19)01;19)(q23;p1 301 1)7 46, Xx[5]

Future testing and recommendations

Chromosome analysis and FISH can be ordered to monitor disease progression and
treatment efficacy in the furure.

Case 19.12 B-lymphoblastic leukemia (B-ALL) with iAMP21

Clinical indication

An 11-year-old male presented with body pain/weakness, paleness, fatigue, decreased
oral intake, and a low-grade fever. Examination of the bone marrow showed extensive
involvement by B-lymphoblastic leukemia/lymphoma (B-ALL). The B-lymphoid blasts
were estimated to represent roughly 90% of the marrow elements (confirmed by
immunohistochemistry).

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALL panel, PDGFRE, ABL1, ABL2, and CRLEZ2 rearrangements, and TP53 deletion
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Laboratory test performed

Chromaosome analysis aned FISH assays were described previously (see Chapters 1 and 12).
Test results

Of the 23 cells examined, 15 were abnormal, and clonal evolution was evident. All abnor-
mal cells exhibited a ring chromosome 21 with an insertion of unknown material and
amplification of RUNXT on the ring chromosome 21 (Fig. 19.12.1); seven of these also
had a balanced translocation involving Xp and 13q (Fig. 19.12.2); four of these showed
add(3p), add{6p), add(6g), and a whole-arm translocation involving 8¢ and 17q in addi-
tion to the ring chromosome 21 (Fig. 19.12.3). The remaining eight cells appear to be chro-
mosomally normal.

FISH for ALL panel, break-apart probes with ABLI, ARLZ, and CRLF2, PDGERB,
and probes for TP53 was performed on interphase nuclei using probes localized to the
chromosome 4, 10, and 17 centromeric regions; ABL! {8q34.12), BCR (22q11), KMT24
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FIG. 19.92.1 Chromaosome analysis shewed abnormal chone 1 including a ring chromosome 21 with an insertion of
unknown material and amplification of RUNXT, confirmed by FISH, ISCH: 46,7 der(21)ins{21; a2 2: Ar(21)pi3022)
ish der(21J(RUNXT amp){a) 36, idem, 1001 30p22. 3:03107)/ 45.idem_add(3Hp25), addB) p23), add{6Hq2 ), der(8:17)
(@ 100g 100140 46,3 [8)

(11g23), ETV6 (12p13), RUNXI (21q22.3), and probes localized to the 5 and 3’ ends of the
ABLI [9934.12), ABL2 (1g25.2), CRLF2 (Xp22.33/Yp11.32), PDGFRB (5q33), as well as
probes localized to Tp53 (17p13.1) and CEPI7 (17cen) gene regions. Two hundred nuclei
were examined, and the results demonstrated RUNXI amplification in 191/200 (95.5%) of
the the cells scored, and TP53 deletion in 36/200 (18%) of the the cells scored (Fig. 19.12.4).
Metaphase FISH confirmed iAMP21 (Fig. 19.12.5). This combination of abnormalities is
associated with a poor prognosis in B-cell ALL.

Results with interpretations

Chromosome analysis revealed a complex karyotype with elonal evolution observed. FISH
testing confirmed IAMP21 and Tp53 deletion. Intrachromosomal amplification of chro-
mosome 21 (IAMP21) is a rare high-risk chromosomal abnormality reparted in approxi-
mately 2%-5% of pediatric patients with B-cell precursor ALL (BCP-ALL) [21,22]. This
abnormality has been associated with a poor prognosis in patients treated by a standard
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FIG. 19.12.2 Chromosome analysis showed abnormal cone 2 with 1% 13) and ring chromosome 21.
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FIG. 19.12.3 Chromosome analysis showed abnormal clone 3 with add{3p), add{6p), add{6q), and a whole-arm
translocation involving 8g and 174 in addition to the ring chromosome 21,
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FIG. 19.12.4 Fi5H for the ALL panel plus beeak-apart probes with PRGFRE. ABLT, ABLZ, and CRLFZ, and probesfor TPS3
revealed RUNXT amplification in 191/200 {95.50%) of the the cells scored and TAS2 deletion in 36/200 {18%) of the the
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protocol [23.24]. In conclusion, the degree of karyotypic complexity along with iAMP21
observed indicates a more aggressive disease process. Clinicopathologic correlation is
advised,

Future testing and recommendations

Chromosome analysis and FISH can be ordered ro monitor disease progression and treat-
ment efficacy in the future.
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FiG. 19.12.5 Metaphase FISH confirmed RUNIT amphification.

Case 19.13 Ph-like B-cell lymphoblastic leukemia (Ph-like ALL)
with IGH and CRLFZ rearrangements
Clinical indication

4 20-year-old male presented with dyspnea, generalized weakness, night sweats, and
weight loss. He was being investigated for acute leukemia. His CBC showed marked leu-
kocytosis with circulating blasts. Bone marrow report showed a new diagnosis of B-cell
ALL with high risk for tumor lysis syndrome.

Test ardered

Chromosome analysis of the bone marrow
= FISH: ALL panel

FISH: Ph-like ALL panel

FISH: IGH Gene Rearrangement

Laboratory test performed

Chromosome analysis and FISH assays were described previously (see Chapters 1 and 12).



334 Cases in Laboratory Genetics and Genomics (LGG) Practice

LEY) e xsE
3 4 5

me 2% AR AN el aE 28
7 a8 1] 11

10 12

R dew M& Ty ENE BH
13 14 14 16 i7 18

e - 4 PEwm % v @
15 20 21 22 X L

FIG. 19.13.1 Chromosome analysk revealed a hyperdiploid karyotypewith gains of chromosomes X, 3, 5,8, 10, 17, and
22 in all 20 cells examingd, ISCN: 53,5Y,+X,+3,+5,#8,+10,+17,+22[ 20]

Test results

Of the 20 cells examined, all exhibited a hyperdiploid karyotype with gains of the
X chromosome, and chromosomes 3, 5, 8, 10, 17, and 22 (Fig. 19.13.1).

FISH for ALL panel was performed on interphase nuclei using probes localized to the
chromaosome 4, 10, and 17 centromeric regions; ABL] (9g34.12), BCR (22q11), KMT24
(11q23), ETVE (12p13), and RUNXI (21q22.3) gene regions. Two hundred nuclei were
examined, and the results demonstrated trisomy 10 and 17 in 196/200 (98.0%) of the
cells scored and an extra copy of BCR (22q11.2) in 194/200 (97.0%) of the cells scored
(Fig. 19.13.2).

FISH for Ph-like ALL was performed on interphase nuclei using probes localized to the
CRLF2 (Xp22.33/Yp11.32), ABL2 (1925.2), CSFIR (5q32), PDGFRB (5q33.2), JAKZ (9p24.1),
ABLI 19q34.13), and EPOR (19p13.2) gene regions. Two hundred nuclei were examined,
and the results demonstrated a CRLF2 rearrangement in 196/200 (98.0%) of the cells
scored and a gain of 5q (CSFIR, PDGFRB) in 194/200 (97.0%) of the cells scored
(Fig. 19.13.3).

When analyzing the results, we noticed that the patient is of Hispanic descent. Accord-
ing to published swudies, it is likely that this patient has an IGH-CRLF2 rearrangement
based on FISH results with CRLF2 probe |25-27]. Therefore, a FISH for /GH rearrangement
was performed on interphase nuclei using probes localized to the 5° and 3 ends of the IGH
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IGH dual color break-apart
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(14g32.33) gene region. Two hundred nuclei were examined, and the results demonstrated
an IGH rearrangement, including an additional 5'1GH signal, in 196/200 (98.0%) of the the
cells scored (Fig. 19.13.4).

in order to support the presence of an IGH:CRLF? rearrangement, metaphase FISH
with [GH and CRLE? dual-color break-apart probes on two separate slides were per-
formed. The results demonstrated the expected fusion. For metaphase FISH with the
CRLEZ break-apart probes, the 5-CRLFZ sigmals (red) were on the two derivative
X chromosomes, the 3'- CRLFZ signal (green) was on the derivative 14, and the CRLEintact
signal (yellow) was on the Y chromosome (Fig. 19.13.5). For the metaphase FISH with the
IGH break-apart probes, the 5'-IGH signals (green) were on the two derivative
X chromosomes, the 3'-1GH signal (red) was on the derivative chromosome 14; the intact
IGH signal (yellow) was on the normal chromosome 14 (Fig. 19.13.6).

Results with interpretations

Chromosome analysis revealed a hyperdiploid karvotype with gains of multiple chromo-
somes, FISH identified CRLF2 and IGH rearrangement. This finding is diagnostic of
B-lymphoblastic leukemia with BCH:ABLI-like features and is associated with high-risk
clinical features. Clinicopathologic correlation is advised,
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Future testing and recommendations

Chromosome analysis and FISH can be ordered to monitor disease progression and treat-
ment efficacy in the future.

Summary of the key learning points

= B-ALL is commonly seen in children under the age of 6. The associated diseases are
usually aggressive.

= There are over 10 subtypes of precursor lymphoid neoplasms in B-ALL, and most of
them have gene rearrangements or amplifications.

* Genetic testing including karyotyping, FISH, RT-PCR, or NGS is crucial to patients
when seeking treatment options, predicative prognosis, and risk stratification.

* Regular follow-ups to monitor disease progression are important for patients due to
the risk of relapse in disease.
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Background

Mature B-cell neoplasms comprise over 90% of lymphoid neoplasms worldwide, and
there are 4% of new cases each year. They are more common in developing countries.
In this group of disorders, there are over 50 different types according to the fifth edition
of the WHO Classification of Hematolymphoid Tumors [1]. The most common types are
follicular lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL), which make up
50% of non-Hodgkin's lymphomas. The other common types include B-cell chronic lym-
phoeytic leukemia/small lymphoeytic lymphoma (CLL/SLL) and mantle cell lymphoma
(MCL). The specific B-cell neoplasm frequency varies in different parts of the world. FL is
more common in the United States and Western Europe, while Burkitt's lymphoma is
endemic to Africa (https://wiki.clinicalflow.com). Treatment options are available for
many of the disorders [2]. Phosphoinositide 3-kinase (PI3K) inhibitors are used to treat
FL and other relapsed or refractory indolent non-Hodgkin lymphomas (iNHL) (3]. Bru-
ton's tyrosine kinase (BTK) inhibitors are used to treat SLL, Waldenstrom macroglobuline-
mia (WM}, and marginal zone lymphoma (MZL) (4,5).

Biomarker testing is becoming a more important tool in the diagnosis and prognosis of
mature B-cell lymphoma, in addition to the pathology evaluation of tissue. For example,
karyoryping, FISH, CMA, and MNGS can identify del(6q), del(13q), del(11q) (ATM), del(17p)
(TP53), and trisomy 12 in CLL/SLL. These abnormalities provide valuable prognostic
information [6). T(14;18) is commonly seen in FL and DLBCL [7-9], and t(11;14)(g23;
q32) is a hallmark of MCL [10,11]. C-MYC, BCL2, and BCLS rearrangements were used
to distinguish double or triple-hit lymphomas [12]. However, BCLE was no longer used
as a criterion for triple-hit lymphoma [1). There are numerous mutations in mature
B-cell lymphomas identified by next-generation sequencing (NGS) or whole-genome
sequencing (WGS) such as CCND3, E2A/ID3, SF3BI, NOTCHI, MYD88, ATM, MLL2,
EZH2, CREBBP BRAFE TP53, and BrRC3 [13]. With the high number of mutations found
in mature B-cell neoplasms, the opportunity exists for personalized therapy. In this chap-
ter, a few cases will be described to illustrate the importance of genetic testing for the iden-
tification of mutations and translocations to help physicians with diagnesis, prognosis,
and treatment options.
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Case 20.1 Atypical B-cell chronic lymphocytic leukemia (CLL)
Clinical indication

A 45-year-old male presented with hyperleukocytosis, bilateral palpable lymphadenopa-
thy, and shortness of breath, He was initially treated with a short course of steroids, but
then developed anemia, thrombocytopenia, and pseudo-hyperkalemia.

Test ordered

= Chromosome analysis of the bone marrow
= FISH: low-grade lymphoma, CLL panel and MYC gene rearrangement
- NGS (send-our)

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Chromosome analysis showed a complex karyotype with two rearrangements involving
chromosome 14 (IGH) [1(2;14) and 1(14;19)] and trisomy 12 (Fig. 20.1.1). NGS was per-
formed in another lab, and the results were negative for DNA mutations and RNA fusions
idata not shown).

FISH for low-grade lymphoma panel was performed on interphase nuclei using
probes localized to IGH (14q32.3) and CCNDI (11g13.3), plus the 5' and 3’ ends of
BCLE (3q27). IGH (14932.3), BCL2 (18q21.3), and MALTI (18921.3) gene regions. Two
hundred nuclei were examined, and the results demonstrated multiple abnormalities
(Fig. 20.1.2).

Gain of BCLE6 was observed in 26/200 (13.0%) of the cells scored.

Gain of CCNDI was observed in 15/200 (7.5%) of the cells scored.

Gain of /GH was observed in 18/200 {9.0%) of the cells scored.

IGH rearrangement was observed in 166/200 (83.0%) of the cells scored.

BCL2 rearrangements was observed in 5/200 (2.5%) of the cells scored.

Gain of MALTT was observed in 17/200 (8.5%) of the cells scored.

FIsH was also performed on interphase nuclei using probes localized 1o the DI12Z23 (12
CENY. 13g14.3. 13g34. IGH:BCL2 dual-color dual-fusion probes, and probes localized 1o
the 5 and 3 ends of the MYC (8924), ATM (11g922.3), and TP53 (17p13.1) gene regions, Two
hundred nuclei were examined for each probe, and the results demonsrrated multple
abronmaliries (Fig. 20.1.2).

Gain of chromosome 12 was observed in 164/200 (82.0%) of the cells scored.

Gain of chromosome 13 wag observed in 200200 (10%) of the cells scored.

Gain of JGH was observed in 1737200 (86.59) of the cellz scored.
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FIG, 20.1,1 Chromosome analysis of the bone marrow showed one abnormal clone from a complex karyorype with
t(2;14), 2{14;19), and trisomy 12, ISCN: 47,XY, 02 14Hp13:932),+1 2,t004;1900032;,912.3){cpT /46, X¥] 14]

Gain of BCL2 was observed in 30/200 (15%) of the cells scored.

Gain of MY was observed in 31/200 (15.5%) of the cells scored.

Gains of ATM and 17p13.1 were observed in 30/200 (15.0%) of the cells scored.

Mo rearrangement of JGH:CCNDI and IGH::BCL2 was observed. No MYC reammange-
ment was detected.

Results with interpretations

Of the 21 cells examined, 7 exhibited balanced translocations involving 2p&14q and
14q&19q, and trisomy 12. The remaining 14 cells appear to be chromosomally normal.

FISH with probes for low-grade lymphoma, C-MYC, chromosomes 12, 13, ATM
(11g23), TP53 (17pl3.1), IGH:CCND1, and IGH::BCL2 was performed, and the results
showed rearrangements of BCL2 and IGH and gains of many chromosomes. However,
the fusion partner of IGH was not CCNDJ or BCL2. Trisomy 12 and IGH rearrangements
were seen from the FISH testing, concordant with the results of karyotyping. t(2;14) and
1(14;19) were reported in atypical CLL. The degree of karyotypic complexity along with
multiple abnormalities from FISH indicates a more aggressive disease process,
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Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.2 Mantle cell lymphoma (MCL)
Clinical indication

A 75-year-old male presented with pancytopenia, abdominal pain, and bruising. A CT scan
of his abdomen showed splenomegaly and possible infarct. His bone marrow biopsy was
consistent with mantle cell lymphoma with blastoid features.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: CLL panel

- NGS (send-our)

= B-cell MRD (send-out)

Laboratory test performed

Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.
NGS was performed externally.

Test results

Of the 20 cells examined, 16 were abnormal and clonal evolution was evident. The stem-
line with three cells exhibited balanced translocations invelving 11q&14q and Xp&22p,
and add(7q) (Fig. 20.2.1); The sideline 1 with eight cells showed a balanced translocation
involving 2p&8q, an unbalanced translocation involving 7q&22p with an unknown mate-
rial inserted to 721 in addition to the abnormalities in the stemline (Fig. 20.2.2); The side-
line 2 with five cells revealed an unbalanced three-way translocation among 1g&14q&11q,
and an unbalanced translocation invelving 7q&22p with an unknown materlal inserted to
7921 in addition to the abnormalities in the stemline (Fig. 20.2.3). The remaining four cells
appear to be chromosomally normal.

FISH for CLL panel was performed on interphase nuclei using probes localized to the
CCNDI (11g13), ATM (11g22.3), DI2Z3 (12cen), DIZ5319 (13q14.2), LAMPI (13g34), IGH
(14q32.3), and TP53 (17pl3.1) gene regions. Two hundred nuclei were examined, and the
results demonstrated an JGH:CCND] rearrangement in 178/200 (89.0%) of the cells
scored. This abnormality is associated with mantle cell lymphoma (Fig. 20.2.4).

Results from NGS and B-cell MRD were all negative {data not shown).
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Results with interpretations

The IGH::CCNDI rearrangement was seen from both the karyotyping and the concurrent
FISH testing. These results are consistent with a diagnosis of mantle cell lymphoma. The
degree of karyotypic complexity indicates a more aggressive disease process.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the funure.

Case 20.3 Small B-cell lymphoma/follicular lymphoma
Clinical indication

A 72-year-old male presented with atrial fibrillation, shallow breathing, difficulty swallow-

ing, dry cough, face erythema with throat and head swelling, excessive postnasal drip, and
slight weight loss. B-cell lymphoma was suspected,

Test ordered

- Chromosome analysis of the bone marrow
- FI5H: High-grade lymphoma panel

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Of the 20 cells examined, 10 exhibited balanced translocations involving 2q&3q, 14q&18q,
and trisomy 8. 1{14;18)(g32;921) resulted in fusion of IGH:-BCL? (Fig. 20.3.1). The remain-
ing 10 cells appear to be chromosomally normal.

F15H was performed on interphase nuclei using probes localized to IGH (14q32.3) and
CCNDI (11g13.3), plus the 5 and 3" ends of BCLE (3q27), IGH (14q32.3), BCL2 (18q21.3),
and MALTT (18g21.3) gene regions. Two hundred nuclei were examined, and the results
demonstrated multiple abnormalities (Fig. 20.3.2),

A BCLE rearrangement was observed in 166/200 (B3.0%) of the cells scored.

An IGH rearrangement was observed in 150/200 (75.0%) of the cells scored.

A BCL2 rearrangement was observed in 150/200 (75.0%) of the cells scored.

FISH was negative for IGH:CCNDI rearrangement; however, three copies of IGH
observed in 165/200 (82.5%) represent an /GH rearrangement not involving CCNDGI but
BCLz.
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FiG, 30.3.1 Chromosame analysis of the bone marrow showed a complex karyotype with ©{2;3), trisomy 8, and
TV 18] ISCN: 47, XY, 12:3Hg22:q2 7). +8,0(14: 18)(q2 1;:q32){ 10146, X[ 10]

Results with interpretations
Chromosome analysis revealed balanced translocations involving 2q&3q, 14q&18q, and
trisomy 8, BCL2, BCLS, and JGH rearrangements were also seen from the concurrent FISH
testing.

These results are consistent with a diagnosis of B-cell lymphoma. t(14;18)/ IGH::BCL2
was commonly seen in follicular lymphoma. The degree of karyotypic complexity indi-
cates a more aggressive disease process.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.4 Double-hit lymphoma
Clinical indication

A 73-year-old gentleman with a known history of diffuse large B-cell lymphoma was
admitted for planned chemotherapy. He had hypertension, osteoarthritis, Gl bleeding,
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p!’:[‘.':ic ulcer disease, and acute renal failure requiring hemodialysis, but was no longer
dialysis-dependent.

Test ordered

- Chromosome analysis of the bone marrow

- FIsH: High-grade lymphoma panel and IGH:CCND ] rearrangement

Laboratory test performed

Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Of the 22 cells examined, 15 exhibited |:|':itu):|'r'|:.; 5, balanced translocations 'rn\'uh'ing
Bg&22q and 14q&18q, and trisomy 12 (Fig. 20.4.1). The remaining seven cells appear to
be chromosomally normal.
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FIG. 20.6.1 Chromosome analysis of the bone marrow showed a complex karyotype with trisomy 5 and 12, 1(8;22) and
14 18). ISCH: 48, XY, +5,1(B:22)(q24. 19112, + 12,0014 18Mg32;q921)[ 15046, XY 7]

FISH for high-grade lymphoma was performed on interphase nuclei using probes
localized to the 5' and 3’ ends of BCLS (3q27), MYC (Bg24.21), CCNDI(11q13), and /GH(14-
g32.33), and BCLZ (18921.3) gene regions. Two hundred nuclei were examined, and the
results demonstrated MYC rearrangements in 102/200 (51.0%) of the cells scored, BCL2
rearrangements in 78/200 (39.0%) of the cells scored, and three copies of /GH in 88/200
(44.0%) of the cells scored (Fig. 20.4.2).

Results with interpretations

Chromosome analysis identified balanced translocations involving MYC:IGL [t(8;22)] and
BCL2:1GH [t(14;18)]; these results were also confirmed by the concurrent FISH testing.

FISH for IGH::CCND] was negative for rearrangement. Three [GH signals are concor-
dant with BCL2::IGH rearrangement. These results are consistent with a diagnosis of
double-hit lymphoma. The degree of karyotypic complexity indicates a more aggressive
disease process.
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copies of IGH were seen due to BCLE-IGH reamangement. ISCN: nuc ish (BCLE2)[19901 00 (M4YCe2HE MY o0
3'WAYCx 1 1021 100]), (CCHD 12, IGHX IBR200LIBCL22)IBOL2 wep STBCL21 ) 7RI 00]

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome and
FISH can be ordered for menitoring disease progression and treatment efficacy in the
funure,

Case 20.5 Double-hit lymphoma with BCL6 rearrangement
Clinical indication

The patient is a 70-year-old woman with a history of diabetes mellitus type 2, hyperten-
sion, and double-hit lvmphoma who was recently treated with chemotherapy with post-
DA-R-EPOCH cycle 1 chemotherapy. She had right pleural effusion and uncontrolled
hyperglycemia.
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Test ordered

- Chromosome analysis of the bone marrow

- FISH: High-grade lymphoma panel

Laboratory test performed

Chromosome analysis and FISH methods were described previously in Chapters 1 and 12,

Test results

Of the 20 cells examined, 19 exhibited multiple numerical and structural chromosome
abnormalities, including t(3;8), gains of 2 copies of the derivative chromosome 8,
add(9p), t(14;18), trisomy 19, del(20g), and a marker chromosome (Fig. 20.5.1). The
remaining cell appears to be chromosomally normal.
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FIG. 20.5.1 Chromoseme analysis of the bone marrow showed a complex karyotype with r{2.8), trisomy & 12, and 19,
add(2p), t014;18), and del{20q). ISCN: 51, XX 1(3.8)(g27,024),+8,+der()t(3:8),add(9) (p24), +12.201418)(q32:q21).+19,
del(20(g11.2q13.1),+marcpi9)a6,XX[1]
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FISH was performed on interphase nuclei using probes localized to the 5 and 3' ends of
BCLG (3g27), MYC (8q24.21), and BCL2 (18g21.3) gene regions. Two hundred nuclei were
examined, and the results demonstrated multiple abnormalities (Fig. 20.5.2).

MYC rearrangements were observed in 169/200 (84 5%) of the cells scored.

BCL2 rearrangements were observed in 157/200 [78.5%) of the cells scored.

BCLE rearrangements were observed in 170/200 (85.0%) of the cells scored.

Results with interpretations

Chromosome analysis revealed a complex karyotype including ©(3:8)/ BCLGMYC,
14:18) M IGH::BCL2, and j.::'!'in!: of chromosomes & 12 and 19, ;1[][](5]”]_ and del{20qg).
A marker chromosome was also present.

Rearrangements involving BCL2, BCLS, and MYC were also seen from the concurrent
FIsH testng. These resulis are consistent with a diutgnn_@ig of double-hit i‘_.'||‘|.;:i'|l‘;l=l'l1':l.
."'I.C'L"Ul'd.f'lig to the fifth edition of the WHO classification of h[_-yﬂ;“n]!,-|'|'|ph:_:rid umors—
I!.'1I1|'lt1|!]ilf1 T1L‘U|J|ﬂ51'i'|:$_ BCLE is no |_|,'_||'|E_1g::| considered part of |:|g-|i5 category {1 |_ The Li{_‘i-_"rl.:l.'
of karyotypic complexity indicates a more aggressive disease process.

BCL2 Dusl Color BAP BCLE Dual Color BAP
18g21 (¥ centromeric) 3927 (3 centromeric)

1911= Abnormal ig1f= Abnarmal

MY'C Dual Color BAP

Bq24 (¥ telomaric)
g2t = Abnormal

AIG. 20,52 FISH for a high.grade lymphoma panel was performed, and the resslts showed fearman gements invalhving
BCL2, BCLE, and MYC. 15CN: nuc ksh (3'BCLED, 5 BCLExIMI"BCLE con S ECLEX 1)1 70/200], {5 MY CxE, I MY Cxal{5 MYC
con MY Cu2)[ 169200 (BOLZx2){(3BCL2 sep S'BCLZx1)[157/200]
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Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.6 Plasma cell neoplasm
Clinical indication

A 46-year-old fernale presented with normocytic normochromic anemia. lmaging studies
(CT and MRI) showed diffuse bony lesions suspicious of malignancy. The bone marrow
biopsy was performed to assess the monoclonal gammopathy. The presence of kappa-
restricted plasma cells was in keeping with the diagnosis of plasma cell neoplasm. Plasma
cells were at 42% and atypical.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: Plasma cell neoplasm panel

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Of the 21 cells examined, 1 exhibited multiple numerical and structural chromosome
abnormalities, including losses of the X chromosome and chromosome 17, gains of chro-
mosomes 3, 5,9, 11, 13, 15, 19, and 21, a whole arm translocation involving 1q and 13q,
add(6q), add(9p), and add(18p) (Fig. 20.6.1). The remaining 20 cells appear to be chromo-
somally normal.

FISH for plasma cell neoplasm panel was performed on interphase nuclel using probes
localized to the COENZC (1p32.3), CESIE (1921.2), IGH (14q32.33), 135319 (13q14.3),
LAMPI (13q34), CEF17 (D17Z1), and TP53 (17p13.1) gene regions. One hundred nuclei
were examined, and the results were positive for deletion of 1p32.3 in 100/100 (100.0%)
and trisomy 13 in 100/100 (100.0%) of the cells scored (Fig. 20.6.2).

Results with interpretations

Chromosome analysis identified gains of many chromosomes and other structural abnor-
malities, including a whole-arm translocation involving 1q&13q, add(6q), add(9p), and
add(18p). del(1p) and trisomy 13 were also seen from the concurrent FISH testing. Gains
of the odd number of chromosomes are usually associated with a favorable prognosis in
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FIG. 20.6.1 Chromosome analysis of the bone marrow showed a com plex karyotype with gains of many cdd numbers
of chroemeosomes and other structural chromose me abnormalities. ISCN: 52,5 -3 der(1:123)(q10:q 100, +3,+5,.add(E)
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FIG. 20.6.2 FISH for plasma cell neoplasm panel was performed, and the results showed a deletion of 1p and trizomy
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plasma cell neoplasm; however, the degree of karyotypic complexity may indicate a more
aggressive disease process.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.7 ALK-positive large B-cell lymphoma
Clinical indication

A B60-year-old male presented with a diagnosis of diffuse large B-cell lymphoma. He was
treated with a CHOP regimen and was in remission. CHOP regimen is a type of chemo-
therapy combination that is used to treat non-Hodgkin lymphoma and is being studied
in the treatment of other types of cancer. It includes the drugs cyclophosphamide, doxo-
rubicin hydrochloride (hydroxydaunorubicin), vincristine sulfate (Oncovin), and predni-
sone, He presented due to a new onset of anemia and suspicion of relapse. He complained
of some night sweats, fatigue, and tiredness. A bone marrow biopsy was collected.

Test ordered

- Chromosome analysis of the bone marrow
- FISH: ALK pene rearrangement
- NGS Hematology Molecular Profile

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12,

Test results

Firstly, chromosome analysis was performed. Of the 20 cells examined, 5 exhibired a very
complex karyorype with multiple numerical and structural chromosome abnormalities
including t(2;17)(p23;923) in a tetraploid background, Additional abnormalities include
losses of the Y chromosome and chromosomes 1, 10, 11, 12, 13, 17, and 18, a gain of chro-
mosome 22, a whole-arm translocation involving Xq&7q; add(lq), add{4p), add{4q),
add(6q), add(Tp), add(9p), add(10p), add{14q), dup(2p), del(2q), del(8p), der(2)t(2;17), a
pseudo dicentric chromosome involving the short arms of two copies of the chromosome
3, dup(5q), an isochromosome 5 for the short arm, unbalanced translocations involving
1g&l4q, Tp&l5q, 1g&18q, 8q&18p, a balanced translocation invelving 19gq&21p, and a
marker chromosome (Fig. 20.7.1). The remaining 15 cells appear to be chromosomally
normal.
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FIG. 20.7.7 Chromasome analysis of the bone marrow showed a complex karyetype with 1(2:17) and many additional
numerical and structural chromassme abnormalities. ISCN: 77--B0<dN > XY,-Y,der(6 7) (g 10;q 10),- 1, add(1}q2 1}.dup
(2){p23p21).delf2)iq31), 1 7Hp23:023),derl2n(2:17).pu dic(3;3)(p26:p12), addi4)p 1 1), acd{4)(q2 1), dup(s)
(03393515 p10).add (B} g 12), add(FHp12), delB)(p 12}, add{SHp21},-10,- 10,add(10) (p11.1).-11,-12,-13add(14Mg32),
der(14h(1;14)ig.29;q22), der{1 50071 5)p12,g22), -17.-17.-18,der| 1ER(1; 182502 1), der VBB 18){g1 1.2p1 130T
(19:21)g13.2;,p13).+22, smarfcps Va6, XY[15]

FISH was performed on interphase nuclei using probes localized to the 5° and 3' ends of
the ALK (2p23) gene region. Two hundred nuclei were examined, and the results were pos-
itive for a rearrangement involving ALK in 25/200 (12.5%) of the cells scored (Fig. 20.7.2).

NGS was performed, and the results were negative for DNA mutations and RNA fusions
(data now shown).

Results with interpretations

Chromosome analysis revealed a highly complex karyotype with t(2;17). Along with the
concurrent FISH results showing positive rearrangement for ALK break-apart probe, this
is consistent with a diagnosis of a relapsed anaplastic lymphoma kinase-positive large
B-cell lymphoma (ALK+ LBCL). ALK+ LBCL is a rare hematopoietic neoplasm that
accounts for less than 1% of diffuse large B-cell lymphomas (DLECL). The majority of
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FIG. 20.7.2 FISH for ALK broak-apart probe wad performed, and the results showed ALK rearrangement in 12.5% of
the colls soored. 1ISCN: nuc ish{ALK=4)(5 ALK sep ALKx3)[25200]

ALK+ LBCL harbor the t{2;17)(p23;q23) with a fusion of the clathrin gene (CLTC) on chro-
mosome 1723 with the ALK gene on chromosome 2p23 [14]. The degree of karyotypic
complexity indicates a more aggressive disease process,

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.8 Burkitt lymphoma (BL)

Clinical indication

A 3-yvear-old boy presented with a mild cough, low-grade fever, and cervical lymphade-
nopathy; his appetite decreased, and he appeared tired. CBC showed leukocytosis, mild
anemia, and abnormal circulating cells. Peripheral blood flow cytometry revealed a pop-
ulation of lambda light-chain-restricted CD10+ B-cells. The patient has undergone a cer-
vical lymph node in addition to bone marrow sampling,

Test ordered

-  Chromosome analysis of the bone marrow
- FISH: MYC, BCI2, BCLG, ABL!, ABLZ, and PDGERE gene rearrangement
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= FISH: IGH:MYC rearrangement
= FISH: ALL panel

Laboratory test performed

Chromosome analysis, FISH, and NGS methods were described previously in Chapters 1
and 12.

Test results

Chromosome analysis was performed and identified a com plex karyotype. Of the 21 cells
examined, 17 were abnormal and clonal evolution was evident. In clone 1 (four cells), all
abnormal cells exhibited del(3q) and a balanced translocation involving Bq&14q (Fig.
20.8.1). Clone 2 to clone 5 had additional abnormalities besides those seen in clone L,

and these ﬂbnﬂrmﬂliﬁeﬁ are aSEDCia[Ed with jumpi_ng translocations inmlu‘ing Chl'ﬂl'l'l.ﬂ‘
some 1q except for clone 3.

In derail, these additional changes are listed below:

Clone 2 with five cells showed a dup(1q) (Fig. 20.8.2).
Clone 2 with three cells had trisomy 1 with add(1p) (Fig. 20.8.3).
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analys's of the bone marrow showed clane 1 with 1B.14) and del(3q). ISCH: 46,27.del(3)
r:;g:; _F::Imqw. 4} 26 idem. dup{1Ma21532) (50 47, idem. +acd1)(p1 33V 46.idem der(Ei1:6)q21:q27)
(3} 46, sdem,der(13)%(1;130a21:q34)(2) $6.XV(4]
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FIG. 20.8.2 Chromosome analysls of the bone marrow showed clone 2 with t(8:14), del(3g), and dup{lg).
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FIG. 20.6.3 Chromasome analysis of the bone marrow showed clone 3 with tf8:14), del(2a), and gain of chramasome 1
with add{1p).
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FIG. 20.8.4 Chromosome analysis of the bone marrow showed clone 4 with t8;14), del{2g), and an unbalanced
translocation invohang 1q&6q.

Clene 4 with three cells revealed an unbalanced translocation involving 1q&6q (Fig.
20.8.4).

Clone 5 with two cells had an unbalanced translocation involving 1g&13q (Fig. 20.8.5).
The remaining four cells appear to be chromosomally normal.

FISH was performed on interphase nuclei using probes localized to the 5' and 3’ ends of
the MYC (8q24), BCL2 (18q21.3), BCLE (3q27), ABLI (9934.12), and PDGFRR (5933.1) gene
region. Two hundred nuclei were examined, and the results were positive for a rearrange-
ment involving MYC in 181/200 (90.5%) of the cells scored (Fig. 20.8.6).

FISH was also performed on interphase nuclei using probes localized to the IGH
(14g32.33), MYC (8g24), and D82 (8cen) gene regions. Two hundred nuclei were exam-
ined, and the results were positive for JGH::MYC rearrangement in 191/200 (95.5%) of the
cells scored (Fig. 20.8.7).

Finally, FISH for ALL panel was performed on interphase nuclei using probes localized
to the chromosome 4, 10, and 17 centromeric regions; ABLI (9q34.12), ABL2 (1q25), BCR
(22q11), KMT2A (11q23), ETVE (12p13), and RUNXI (21q22.3) gene regions. Two hundred
nuclei were examined, and the results were positive for a gain of ABL2 in 131/200 (65.5%)
of the cells scored (Fig. 20.8.8).
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FiG. 30.8.5 Chromosome analbysis of the bone marrow showed clone 5 with t(B;14), del{3g), and an unbalanced

tramslocation invalving 19&13q.

FIG. 20.8.6 FISH with MYC break-apart prabe showed MYC rearrangement in 1817200 (30.5%) of the cells scored,
ISCH: nuc ksh (MY Co5'MYC sep 3 MY Cx1)[181/200)

Results with interpretations

Chromosome analysis revealed a complex karyotype with clonal evolution observed.
MYC:IGH rearrangement was also seen from the concurrent FISH testing. These results
are consistent with a diagnosis of Burkitt lymphoma. The degree of karyotypic complexity

indicates a more aggressive disease process,
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Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.

Case 20.9 High-grade B-cell lymphoma with t(8;22)(q24;q11)/
IGL::MYC fusion and JAKZ2 rearrangement

Clinical indication

A T0-year-old male presented with acute renal failure with a serum creatinine of 2.08. The
hospital course has been complicated by progressive thrombocytopenia for which hema-
tology was consulted. Bone marrow biopsy results showed aggressive B-cell lymphoma.

Test ordered

= Chromosome analysis of the bone marrow

- FISH: High-grade lymphoma panel including MYC, BCL2, and BCLE rearrangements
- FISH: IGH:MYC rearrangement

- FISH: JARZ rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were described previously in Chapters 1 and 12.

Test results

Of the 20 cells examined, 18 were abnormal, and clonal evolution was evident.

Clone 1 (stemline) with three cells showed XXY and 1(8;9)(p22;p24)/ PCM1::JAK2 (Fig.
20.9.1); additional abnormalities seen in the following clones,

Clone 2 (sideline 1) with two cells exhibited t(8;9) and t(8;22) (Fig. 20.9.2).

Clone 3 (sideline 2) with eight cells revealed dup(lq), and der(9)t(8;9)(Fig. 20.9.3).

Clone 4 (sideline 3) with three cells showed trisomy 1 and an isochromosome 1 for the
long arm (Fig. 20.9.4).

Clone 5 (sideline 4) with two cells had losses of multiple chromosomes and a double
clone of sideline 1 (Fig. 20.9.5).

The remaining two cells appear to be 47,200 (Fig. 20.9.6).

All cells analyzed showed XY, It is unclear whether this is an acquired or constitutional
abnormality. A peripheral blood sample for constitutional chromosome analysis is recom-
mended to clarify this finding.

FISH was performed on interphase nuclei using probes localized to the 5' and 3' ends of
BCLE (3q27), MYC (8q24.21), BCL2 (1Bq21.3), and JAKZ (9p24) gene regions. Two hundred
nuclei were examined, and the results demonstrated an MYC rearrangement in 54/200
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FIG. 20.9.1 Chromosome analysis revealed a com)
chromesome complement. ISCH;
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FIG. 20.8.2 Chromosome analysis revealed a comples karyotype with abnormal clone 2 with der(8)t(8:22) in addition

to the abnormalities seen in clone 1,
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FIG. 20.9.3 Chromosome analysis revealed a complex karyotype with abnormal clone 3 including dup{1g), and der(3)
in addition to the abnormalities seen in clone 2.
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FIG. 20.9.4 Chromosome analysis showed a complex karyotype with abnormal dlone 4 including trisomy 1, an
isochromosome 1g in addition to the abnormalities seen in clone 2.
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FIG. 20.9.5 Chromosome analysis revealed a complex karyotype with abnormal clone 5, which was a double clone of
clene 2 with losses of multiple chromosomes.
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FiG, 20.9.6 Chromosome analysis revealed a complex karpotype with abnarmal clone 6 including XX tex
chiomosame complement.
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ECL6 Dual Color BAP  MYC Dual Color BAP BCL2 Dual Color BAP
3927 (3" centromeric) 18921 (3 centromeric)
Bqg24 (3" telomeric)

CEM B
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FIG. 20.9.7 FISH for high-grade lymphoma detected MYC rearrangement in 27% of the cells scored., IGHIMYC probes
showed negative results for rearrangement with gains of DBZ2 (aqual, MYC (srangel, and (GH fgreen) detected. ISCH
for high-arade lymphoma: nuc ish (BCLEX2I[ 200/200] (MY Cx2HE MY C sep MY Cx ) AR 200N CaI) (S BT C sep
MY Cx2)] 1 2200 BCL2x2)[ 200/200]; 1SCN for IGHMYC translocation: nuc ish (DBZ2x2,MYCx3, MGHx{42/200)
(DBZ2x3, MY xS, 1GHxI) [ 16/200]

[27.0%) of the the cells scored and JAKZ rearrangement in 120/200 (60%) of the the cells
scored (Fig. 2009.7).

FISH was also performed on interphase nuclei using probes localized to the IGH
(14g32.33), MYC (Bg24), and D822 (Bcen) gene regions (Abbott, Vysis probes). Two hun-
dred nuclei were examined, and the results demonstrated copy number gains of multiple
gene regions with no evidence for an IGH:MYC rearrangement. Three copies of MYC were
detected in 42/200 (21.0%) of the the cells scored. Five copies of MYCand three copies of
IGH and D822 were detected in 16/200 (8.0%) of the the cells scored (Fig. 20.9.7).

Results with interpretations

Chromosome analysis detected a very complex karyotype with six related abnormal
clones. t(8:22)(q24:q11) IGL:MYC is commonly seen in B-cell lymphoma including
B-ALL, Burkitt lymphoma, and double-hit diffuse large B-cell lymphoma. This fusion
results in the constitutive expression of MYC and induces proliferation even in the absence
of growth factors (hitps:/ fatlasgeneticsoncology.org/chromosome-explorer/82
cookies=1]. In this case, MYC rearrangement was also seen from the concurrent FISH test-
ing. These results are consistent with a diagnosis of high-grade B-cell lymphoma.
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Interestingly. t(8;9) involving PCMI::JAK2 was confirmed by FISH, indicating that the
patient also has myeloid neoplasms with eosinophilia [15]. These eosinophilia cells were
observed in this case. JAK2 fusion detected exhibits a more aggressive course and variable
sensitivity to current TK inhibitors, and in most cases, long-term disease-free survival may
only be achievable with allogeneic hematopoietic stem cell transplantation {15]. Overall,
the dE'gTE\E L'lrkﬂl'}'ﬂh"pic cumpleﬁt}r indicates a more EEETESS'W'E disease process. Clinico-
pathologic correlation is advised.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment
efficacy in the future,

Summary of key learning points

* Mature B-cell neoplasms have many different subtypes of diseases.

* Classification of the disorder is complex. Genetic testing and pathology evaluations
from tissue, bone marrow, and blood are both important aspects of an accurate
classification,

* FISH, karyotyping, and NGS can identify mutations, gain/loss of chromosomes, and
gene fusions that will assist physicians in obtaining valuable information on diagnosis
and prognosis.
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Background

Marure T-lymphomas are one of a group of aggressive (fast-growing) non-Hodgkin lym-
phomas that begin in mature T-lymphocytes (T cells that have mawred in the thymus
gland and moved to other lymphatic sites in the body, including lymph nodes, bone mar-
row, and spleen). These lymphomas are also called peripheral T-cell lymphomas (cancer.
orgl. T-cell lymphoproliferative disorders are a diverse group of lymphoid neoplasms that
are a clonal expansion of the mature T-lymphocytes in bone marrow, blood, or other tis-
sues. Because natural killer cells (NK) are closely related and share some phenotypic fea-
tures, these are categorized together (wiki.clinicalworkflow.com). Tand NK neoplasms are
less common, and they make up approximately 12% of the lymphoproliferative group.
Incidence varies by geography and is more prevalent in Asia. This may be related to
the HTLV-1 virus, which is endemic in Japan.

According to the WHO classification, mature T-cell lymphoma and NK neoplasms can
be divided into four categories: 1. Leukemic or disseminated type includes T-cell prolym-
phocytic leukemia (T-PLL), T-cell granular lymphocytic leukemia (T-LGLL), aggressive NK
leukemia (ANKL), and adult T-cell lymphoma/leukemia (ATLL), Sezary syndrome (55); 2.
Extranodal type includes extranodal NK/T cell lymphoma (nasal type), Enteropathy-type
T-cell lymphoma, Hepatosplenic T-cell lymphoma (HTCL), and subcutaneous
panniculitis-like T-cell lymphoma; 3. Cutaneous type contains blastic NK lymphoma,
mycosis fungoides/Sezary syndrome, and primary cutaneous anaplastic large cell lym-
phoma; 4. Nodal rype includes peripheral T-cell lymphoma, unspecified, angioimmuno-
blastic T-cell lymphoma (AITL), and anaplastic large cell lymphoma [1-4].

In recent years, genetic testing has played an important role in the diagnosis and prog-
nosis of mature T-cell lymphoma [5]. One study from 51 cases of T-PLL by cytogenetic and
maolecular genetic characterization revealed TRA/ D rearrangements (86%); deletions were
detected for ATM (69%) and TP53 (31%], whereas i(8q10) was observed in 61%, and muta-
tions in ATM, TP53, JAKI, and JAKS were also observed [6]. Many mature T-cell neoplasms
have T-cell receptor (TCR) gene rearrangements including TRA/D (14ql1), TCRB (7q34),
and TCRG (7pl4) [7]. Anaplastic large cell lymphoma (ALCL) such as anaplastic lym-
phoma kinase (ALK)-positive (ALE+ ALCL) is an aggressive CD30-positive T-cell lym-
phoma that exhibits a chromosomal translocation involving the ALK gene and the
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expression of ALK protein [8,9). FISH, karyotyping, and NGS are the best technologies 10
identify chromosome translocations involving ALK. The prognosis of ALK+ ALCL is
remarkably better than other T-cell lymphomas [9]. In this chapter, a few cases will be
shown to illustrate the benefit of genetic testing for patients with mature T-cell neoplasms.

Case 21.1 T-cell prolymphocytic leukemia (T-PLL)
Clinical indication

A 71-year-old female presented with a history of T-PLL. She had mild lymphocytosis anda
rapid rise in her lymphocyte count, as well as worsening lymphadenopathy and transa-
minitis. A punch biopsy demonstrated a population of atypical lymphoid cells positive
for CD3, CDE, CD7, CDS5, and CD43 compatible with involvement by T-PLL. PCR con-
firmed a monoclonal pattern for two sets of T-cell receptor genes.

Test ordered

- Chromosome analysis of the bone marrow
- FISH for TRA/D gene rearrangement

Laboratory test performed
Chromosome analysis and FISH methods were deseribed previously in Chapters 1 and 12.

Test results

Of the 20 cells examined, 12 were abnormal, and clonal evolution was evident. All abnor-
mal cells exhibited t(X;14) and trisomy 8 (Fig. 21.1.1); seven cells also showed del(lp),
t(1;17), add(5p), and add(17q) (Fig. 21.1.2); three cells showed additional aberrations
including add(1q)., add{3q), del(11p), del{11q), and add{17p). Monosomy 21 was not a
clonal change (Fig. 21.1.3). The remaining eight cells appear to be chromosomally normal.

FISH was performed on interphase nuclei using probes localized to the 5' and 3' ends of
the T-cell receptor alpha/delta (TRA/D; 14g11.2) gene region. Two hundred nuclei were
examined, and results demonstrated a rearrangement involving TRA/D in 75/200
(37.5%) of the cells scored (Fig. 21.1.4). A PCR send-out test confirmed a monoclonal pat-
tern for two sets of T-cell receptor genes.

Results with interpretations

These results are consistent with a diagnosis of T-cell prolymphocytic leukemnia (T-PLL).
T-PLL is a rare and aggressive postthymic lymphoid neoplasm characterized by recurrent
chromosome rearrangements that lead to activation of the TCLIA (14g32.1) or the MTCFI
(Xq28) genes. In this case, chromosome analysis identified t(X;14)(q28:q11.2), which is



Chapeter 21 » Mature T-cell neoplasms 375

“.L"-‘;’"’
-#
oy
J:;JJ
{pﬂ;
L )
0
oy
T

£ - g
) A* ad Br £X 55
13 14 15 16 17 iE
"
&
ry i -y aa
19 20 21 22 X ¥

FIG. 21.1.1 Chromosome analysis of the bone marrow showed clone 1 from a complex kargotype with t(3;14) and
trizomy 8. 15CH: 46, X103 14)(g28;q11.2),+8[2) 46.idem, der(1)del{1){p32p36.1)t(1;:1 7)(q23q23),add{SHp14L.add(1 7}
(g2 3[7V 46, idem, addi1}q32),add(3Hq27).der{11)del{11){p13p15)del(V 1) (g2 1923),add(17)(p11.2}(3)F 46,XX (8]

found to occur in approximately 20% of T-PLL cases and leads to overexpression of the
MTCPI gene by relocation to the T-cell receptor alpha/delta (TRA/D) located at
14ql1.2 locus. Approximately 80% of T-PLL cases, however, are characterized by the
inv(14)(g11.2q32.1) and variants, which lead to the activation of the TCLIA (14g32.1) gene
by relocation to the TRA/D or TRE gene loci. The additional abnormalities in cases with
MTCPI or TCLIA-related abnormalities are similar and include a gain of 8q usually in the
form of i(8q), as well as deletions 6g, 9p, 11q, and 13q (https://atlasgeneticsoncology.
orgf) [10].

Rearrangement with TRA/D was also seen from the concurrent FISH testing. These
results confirmed the diagnosis of T-PLL. The degree of karyorypic complexity indicates
a more aggressive disease process.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis and FISH can be ordered for monitoring disease progression and treatment effi-
cacy in the future.
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FIG. 21.1.2 Chremosome analysis of the bene marrow showed clone 2 from a complex karyatype with tx; 14), trisomy
8, and many other numerical and structural chromoeseme abnormalities including an abnormal chremasome 1 with
(117}, add(Sp), and add{17g).

Case 21.2 Mycosis fungoides/Sezary syndrome (MF/SS)

Clinical indication

A 75-year-old with a history of T-cell lymphoma on chemo, mycosis fungoides, suspected
sleep apnea, and hyperlipidemia presented with symptoms of shortmess of breath and
fatigue for the last 4 days. Associated symptoms include dry cough, chills, decreased appe-
tite, decreased activity, and bilateral lower extremity swelling.

Test ordered

- Chromosome analysis of the bone marrow

Laboratory test performed
The chromosome analysis method was described previously in Chapter 1.

Test results

From chromosome analysis, two related complex clones were detected in 10 of 20 meta-
phase cells analyzed. Clone 1 with six cells showed multiple numerical and structural
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FIG. 21.1.3 Chromosome analysis of the bone marrow showed dlone 3 from a complex kanpotype with 10X 14), trisamy
B, and many other numerical and structural chromosome abnormalities add{iq), add(2ql, del{11p), del{iig),

sdd[17p)

TRA/D

FIG. 21.1.4 FiSH for TRAID gene rearrangement shonaed positive results in 37.5% af cells seored. I5CH: nuc ith
(TRADx2)(S TRAD sep 3 TRAS Dx1}[757200]
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FIG, 21.2.1 Chromosome analysis of the bone marrew showed clone 1 from a complex karyotype with t(14;14)g11.%
qILINTRA-D:TCLIA and many ather chromosome abnormalities. ISCN: $6--47, 507, der(1}del{1){p36. 1)add{1Hq21},
der{Thadd(1)(p26.1) inw(1)p35q2 1), del(2)(q24q37), inv(3)(p25q25),de r4)n(4;13) (q35:q1 1), del{Tq2 102 1B 10,
+10.dei12)(p12),-12,add(13)} (q32).8014:14) (g1 1. 532 1),add(17)(q11. 20,101 7Hq 10L + 22 [cpBl 46~-47, idern,-der( 1)+ der
(1addit{p13)add (Va2 1)der{11) add(1 1) pr4)ine(11)(p1ag1 2) [cpd)dE, XY [10]

aberrations including rearrangements of 1p, 1q, 13q, and 17q, deletions of 2g, 7g, and 12p,
a pericentric inversion of chromosome 3, an unbalanced translocation between 4q and
13q, isochromosomes #q and 17q leading to a net gain of 8q and 17q and a net loss of
8p and 17p (TP53), respectively. Clone 1 also exhibited a gain of chromosomes 10 and
22, monosomy 13, and a balanced t(14;14)(q11.2;q32.1)/ TRA-D:TCLIA (Fig. 21.2.1). Clone
2 with four cells had similar aberrations as seen in clone 1 except for a minor variation of
the aberration involving chromosome 1 and a new complex rearrangement invelving
chromosome 11 (Fig. 21.2.2).

Results with interpretations

The chromosome findings support the diagnosis of Mycosis fungoides/Sezary syndrome
(MF/S5) in the context of the flow cytometry report. Although the t(14;14)/ TRA-D:TCLIA
is frequently seen in T-cell prolymphocytic leukemia, it has occasionally been reported in
MF/55. Furthermore, the complexity of the karyotype together with rearrangements of the
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FIG. 21.2.2 Chromosome analysis of the bone marrow showed cdone 2 from a complex karyotype with t{14:14)(qi11.2;
q32 1NTRA-D5TCLLA and many other chromosome abnormalities that were related to clone 1.

short arm of chromosome 1 invelving the critical regions 1p32~p36, and abnormalities
involving chromosomes 3, 10, 11, 12, and 17p/TP53 as seen here, has been reported in
MF/S5.

Future testing and recommendations

Regular follow up and clinicopathologic correlation are recommended. Chromosome
analysis can be ordered for monitoring disease progression and treatment efficacy in
the future.

Case 21.3 T-cell leukemia/lymphoma with TRB rearrangement
Clinical indication

A G8-year-old male with a clinical history of metastatic renal cell carcinoma and T-cell
lymphoma. A complete blood count revealed leukocytosis (white blood cells
19.4 x 10e3/uL). Previous flow cytometric findings revealed an aberrant mature
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T lineage process in peripheral blood. Bone marrow aspirate was sent for the following
laboratory tests.

Test ordered

- Immunophenotypic analysis of the bone marrow aspirate by flow cytometry
- T-cell beta (TRB) gene rearrangement PCR Analysis

= T-cell gamma (TRG) gene rearrangement PCR Analysis

- FISH: T-cell lymphoma panel

- Chromosome analysis of the bone marrow

Laboratory test performed

Flow cytometry analysis on bone marrow aspirate was performed at first. T-cell gene rear-
rangement assays by PCR were performed for the T-cell receptor beta and gamma chain
loci. Each T-cell has a single productive T-cell receptor gene rearrangement that is unigue
in both length and sequence. Polymerase chain reaction (PCR) assays with specific
primers for the T-cell receptor beta and the T-cell receptor gamma were used. DNA from
a normal or polyclonal T-cell population produces a bell-shaped curve of amplicon prod-
ucts (Gaussian distribution). Clonal rearrangements are identified as prominent, single-
sized products by capillary electrophoresis and GeneScanning. FISH study with T-cell
lymphoma panel including probes for the following loci: ALK at 2p23, MYB at 6923,
TRE (T-cell receptor beta locus) at 7q34, and TRA/TRD (T-cell receptor alpha locus includ-
ing nested T cell receptor delta locus) at 14q11.2. Chromosome analysis on bone marrow
aspirate was performed using the culture condition optimized for T cell growth.

Test results

The flow cytometric analysis revealed an aberrant T-cell population at 32% of nonery-
throid cells, Monoclonal amplicons were detected for both the T-cell receptor beta chain
locus and the T-cell receptor gamma chain locus (Fig, 21.3.1A and B). The FISH analysis
detected rearrangements of TRE at 7934 but not TRA/TRD at 14q11.2 (Fig. 21.3.1C). Meta-
phase cells were obtained from the culture optimized for T-cell growth. The cytogenetic
chromosome analysis on the metaphase cells revealed a complex abnormal karyotype
including a pericentric inversion of chromosome 7 [inv(7)(p15g34)] along with a second-
ary translocation involving 7q and 10q, a complex rearrangement involving chromosome
3. and loss of the ¥ chromosome (Fig. 21.3.1D).

Results with interpretations

The flow cytometric findings are consistent with T-cell leukemia/lymphoma, but addi-
tional information is needed for classification.

Rearrangements between 7pl5 and 7q34 are rare but have been reported in the med-
ical literature, primarily in cases of T-cell lymphoblastic leukemias (T-ALL) [11]. The
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neoplastic T cells in the current specimen had the rearrangement and expressed dim
CD10 (which may be present in T-ALL), but the CD45 intensity is higher than usually seen
in immature T cells (T lymphoblasts). The neoplastic T cells lacked the traditional markers
of immaturity (CD1a, CD34, and TdT) in the prior analysis of blood, and TdT should be
expressed by more than 90% of T-ALL [12]. Given this information, the possibility of a rare
variant of T-ALL seems unlikely but is difficult to exclude completely based on this data. The
obvious question is whether the neoplastic cells look like small mature lymphocytes or lym-
phoblasts by light microscopy. Also, patients with T-ALL may have a mediastinal mass,

For mature T-cell leukemias and lymphomas, the differential diagnosis includes T-cell
prolymphocytic leukemia (T-PLL), mycosis fungoides/Sezary syndrome, large granular
lymphocytic leukemia, hepatosplenic T-cell lymphoma, circulating lymphoma cells of a
marure T-cell ymphoma, ete. [13). The lack of CD25 essentially excludes adult T-cell leu-
kemia/lymphoma. Mycosis fungoides/Sezary syndrome would have a cutaneous rash,
and the neoplastic cells would have the morphologic features of Sezary cells. The neoplas-
tic cells in large granular lymphocytic leukemia would express CD57 (which was dimly
expressed in the prior analysis of blood) and would have cytoplasmic granules by light
microscopy. Hepatosplenic T-cell lymphoma is associated with prominent splenomegaly
although that finding is not specific. Lymphocytosis from circulating lymphoma cells
would be unusual in mature T-cell lymphomas although CD10 is often expressed by
the lymphoma cells of angicimmunoblastic T-cell lymphoma. Among the mature T-cell
leukemias/lymphomas, those maost often associated with complex karyotypes include
T-PLL, mycosis fungoides/Sezary syndrome, and mature T-cell lymphomas [13]. This
may represent T-PLL, but this case has a few features that would be unusual for thart diag-
nosis: the white blood cell count is lower than usually seen in T-PLL, and 90% of T-FLL
have a rearrangement of TRA/TRD, which was absent in this case. Carrelation with clinical
and morphologic findings is required for final classification.

Future testing and recommendations

The monoclonality profiles by PCR assays for the TRE and TRG as well as FISH testing
using the TRE break-apart probe can be used for future comparison and confirmation pur-
poses. Flow cytometric immunophenotype and monoclonal profile analysis for T-cell
receptor loci can be used to define the monoclonal T-cell population. FISH test and cyto-
genetic karyotype can detect recurrent chromosomal rearrangement involving T-cell
receptor regions, which may support the establishment of an association with certain
T-cell leukemia or lymphoma.

Case 21.4 Peripheral T-cell lymphoma with TRA/TRD
rearrangement

Clinical indication

A 76-year-old female presented with a differential diagnosis including peripheral T-cell
lymphoma. A complete blood count revealed leukocytosis (white blood cells
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150.7 = 10e3/pL) and lymphocytosis (130.9 x 10e3/uL). Bone marrow aspirate was sent for
the following laboratory tests.

Test ordered

= T-cell gamma (TRG) gene rearrangement by PCR Analysis
= FISH: Chronic Lymphocytic Leukemia (CLL) panel
- Chromosome analysis of the bone marrow

Laboratory test performed

T-cell gene rearrangement assays by PCR were performed for the T-cell receptor beta and
gamma chain loci (see the Method in Case 21.3). The FISH study was performed with a
CLL panel including the probe sets for 13q (13ql4.3/13g34), IGH/ICCNDI
(14932/11q13) rearrangement, MYB (6q23), ATM/TP53 (11q22.3/17p13.1), and the probe
for the centromere of chromosome 12. Chromeosome analysis was performed on the meta-
phase cells harvested from a culture with conditions optimized for T-cell growth. FISH
study with the TRA/TRD break-apart probe was performed as a reflex assay based on
the finding of chromosomal rearrangements at 14q11.2,

Test results

Distinct monoclonal amplicons were detected for the TRG locus by PCR analysis (Fig.
21.4.1A). The FISH study revealed a mono-allelic 13q14 deletion, loss of 5 MYB, and gain
of IGH (14q32) as demonstrated by distinet FISH signal patterns: one red and two green sig-
nals for the 13q probe set, one green and two red signals for the MYB probe set, and two red
and three green signals for the IGH:CCNDI1 probe set (Fig. 21.4.1B). Cytogenetic analysis
revealed a complex abnormal female karyotype including a rearrangement involving
Xq28 and 14gq11.2, an isochromosome i(7)(q10), trisomy 8, del(13q), t(6;13) and an unbal-
anced translocation involving 6q and 14¢ in 13 out of 20 cells examined (Fig. 21.4.1C). The
remaining seven cells were chromosomally normal. A reflex FISH test confirmed the rear-
rangement of TRA/TRD involving the translocation t(x;14) (Fig. 21.4.1D).

Results with interpretations

Detection of monoclonal amplicons for the TRG locus is consistent with the presence of a
monoclonal T-cell population. The cytogenetic findings are consistent with T-cell lym-
phoma. It was noticed that all the abnormal cells were found in a culture under conditions
optimized for T-cell growth, but not in another culture without stimulation for T-cell
growth. The FISH findings are concordant with the complex karyotype. Reflex FISH fur-
ther verified rearrangement of TRA/TRD resulted from the chromosome translocation
t(X;14)(g28;q11.2), which has been mostly reported in T-prolymphocytic leukemia
[14-16). The presence of i(7)(ql0) and trisomy & has been reported in hepatosplenic
T-cell lymphoma [17-19]. Clinical and hematopathology correlation is required for a
definitive diagnosis.
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Future testing and recommendations

The monoclonal profile for the TRG locus can be used for future comparison and confir-
mation purposes. FISH testing using the TRA/TRD break-apart probe can be used for
furure monitoring as well, -

PCR analysis can be used to assess the monoclonal profile of T-cell receptor loci, which
can define the presence of monoclonal T-cell populations. The cytogenetic analysis can
assess recurrent chromosomal abnormalities associated with certain T-cell leukemia/
lymphoma. Chromosome aberrations involving the chromosome regions such as 7q34
and 14q11.2 should raise the need for a follow-up with further FISH studies to assess
T-cell receptor gene rearrangements. The setup of multiple in vitro cultures with distinct
conditions optimized to stimulate specific cell lineage proliferation is a common pracrice
in the cytogenetics study process. The distribution of abnormal cell clones amaong differ-
ent cultures can provide supportive information to define the cell lineage of abnormal
cytogenetic clones. Correlation to flow-cytometric immunophenotypes, histology find-
ings, and other histopathological findings is required for comprehensive interpretation.

Summary of key learning points

+  Mature T-cell neoplasms have many different subtypes of diseases, and most have a
poor prognosis compared with their B-cell counterparts.

* Classification of the disorder is complex. Both genetic testing and pathology evaluation
from tissue, bone marrow, and blood are important.

* FISH, karyotyping, and NGS can identify mutations, gain/loss of chromosomes, and
gene fusions thar will help physicians to obtain valuable information on diagnosis and

prognosis.
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Background

Lung cancer is one of the most diagnosed cancers and the leading cause of cancer-related
death worldwide. It is estimated that there are 2.2 million new cases and 1.79 million
deaths each year [1] (http:/ fwww.cancer.org). With the advanced molecular and sequenc-
ing technologies, the adoption of clinical research, improvement of biomarker testing, and
refinements of treatment have led to remarkable progress to bring a better outcome for
lung cancer patients [2].

Lung cancer can occur in both smokers and nonsmokers. Public health efforts to
reduce smoking rates have contributed to the reduction of the incidence of lung cancer
in many countries, especially high-income countries [3-5|. The most effective ways to
improve the outcome for lung cancer patients include screening, diagnosis, and treatment
of non small cell lung eancer (NSCLC) and small cell lung cancer (SCLC).

Lung cancer is a heterogeneous disease with broad-ranging clinicopathologic features
[6,7). Among lung cancers, about 85% are MSCLC, and 15% are SCLC. The main subtypes
of NSCLC are adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, These
subtypes, which start from different types of lung cells, are grouped as NSCLC because
their treatments and prognoses (outlook) are often similar, In a person with small cell can-
cer, the cancerous cells appear small and round under a microscope. The cells of NSCLC
are larger. Smoking is a major risk factor for both types. Of those who receive a diagnosis of
SCLC, 95% have a history of smoking.

In this chapter, we would like to focus on the diagnosis of lung cancer, which will guide
targeted therapy. So far, many biomarkers are used to guide targeted therapy and immu-
notherapy. In NSCLC, the biomarkers being observed include but are not limited to
NTRK1/2!13 (<1%), ROSI (1%), RET(~2%), ALK (~3%), ERBB (~4%), MET (~4%), BRAF
(5%), EGFR (17%), KRAS G12C (12%), and KRAS Non-G12C (17%) [1]. For molecular test-
ing, guidelines including the National Comprehensive Cancer Network (NCCN), College
of American Pathologists (CAP), the International Association for the Study of Lung Can-
cer (LASLC), and the Association for Molecular Pathology (AMP) have recommended that
MNGS is the preferred method to test the driver genes including EGFR, ALK, KRAS, ROSI,
BRAF, ERBB2, NTRK1/2]3, MET exon 14 skipping, and RET for guiding targeted therapy.
For patients with resistance to EFGR inhibitors, EGFR T790M mutation analysis is indi-
cated [8-10). PDLI] expression is another important biomarker being assessed along with
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the genes listed above for all patients with newly diagnosed advanced NSCLC because it
informs the use of immune checkpoint inhibitors (1CIs) and identifies patients eligible for
chemoimmunotherapy. Tumor mutational burden (TMB) is used to predict the response
to ICIs, although prospective validation is still insufficient [1). Tumor samples are usually
obtained and tested upon diagnosis. During the disease progression and monitoring, lig-
uid biopsy can be collected to see if new mutations are present in cell-free circulating
tumor DNA (ctDNA) in plasma [11-13). EGFR mutation-positive tumors respond well
to tyrosine kinase inhibitors (TKls). Most patients eventually develop resistance, 50%-
B0% due to secondary EGFR mutation T790M. Other mutations and transformations
account for another 20%-25%; 15%-20% are unexplained [14). More mutations including
C7975 for resistance to Osimertinib were reported [15). In this chapter, six cases of lung
cancer will be illustrated to show how biomarker testing by NGS will guide targeted
therapy.

Case 22.1 Pulmonary adenocarcinoma with ALK::EML4 fusion
Clinical indication

A 73-year-old female was diagnosed with grade 11 pulmonary adenocarcinoma. Iniially,
she was treated by lung lobectomy. She had a recurrence in the next 2 years and was trea-
ted with carboplatin and pemerrexed. Molecular testing from other labs showed negative
results for EGFR, ALK::EMLA fusion, and KRAS mutations. She was in remission until the
second relapse 5years later.

Test ordered
- NGS Lung Molecular Profile

Hotspot: AKTI, ALK, BRAF, CDK4, DDR2, EGFR, ERBE2, FGFR1, FGFR2, FGFR3, HRAS,
JARZ, KRAS, MAP2KI, MET, MYC, NRAS, PDGFRA, RET, ROS1

Copy Number Variation (CNV): CCNDI, FGFRI, MET

Fusion: ALK, MET, NTRK1, NTRK2, NTRK3, RET, ROS1

Laboratory test performed

NGS Lung Molecular Profile assay was performed. This assay is designed to detect genetic
alterations present in tumor tissue specimens. The test is designed to detect single-
nucleotide variants (SNVs) and small insertions/deletions {In/Dels), copy number varia-
tions, and fusions using CHEF/S5 GeneStudio sequencing platforms. The 24 genes were
selected based on the actionability of mutations identified in those genes using currently
available evidence from national and international guidelines and literature. Actionability
is defined as information a clinician might find useful to aid in diagnosis, prognosis, and/
or treatment strategy for a patient. The results of the test should be correlated with clinical
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findings. This test was designed for the detection and annotation of somatic variants and
is not intended to be a germline test. When the allele frequency is approximately 50%, the
possibility of these being germline mutations cannot be excluded.

Test results

NGS Lung Molecular Profile was performed and detected ALKLCEMLA translocation
(Fig. 22.1.1).

Results with interpretations

MNGS detected ALK:EML4 fusion from this patient. There are several FDA-recommended
medications for targeted therapy for lung cancer. In addition, Immunchistochemistry
showed that she had low PD-L1 {1%-4%). Therefore, she was treated with alectinib
E00mg twice daily (b.i.d.).

Alectinib (ALECENSA) is a kinase inhibitor indicated for the treatment of patients
with anaplastic lymphoma kinase (ALK)-positive, metastatic NSCLC who have pro-
gressed on or are intolerant to crizotinib. This indication is approved under accelerated
approval based on tumor response rate and duration of response. Continued approval
for this indication may be contingent upon verification and description of clinical
benefit in confirmatory trials (https:/ fwww.accessdata fda gov/drugsatida_docs/label/
2016/ 20843450011bl.pdf).

NCCN Guidelines recommended that sensitizing EGFR TKI therapy is not effective in
patients with KRAS mutations, ALK gene rearrangements, or ROSI rearrangements. Pri-
mary resistance to TKI therapy is associated with KRAS mutations and ALK or ROSI gene
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FIG, 22.1.1 NGS detected ALK:EMLY fusion. The FDA-approved drugs are marked in green. The contraindicated
drugs, e.g., EGFR tyrosine kinase inhibiter are marked in red.
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rearrangements |8]. Therefore, EGFR TKI should not be used for the treatment of patients

with ALK::EMLA rearrangement. She was checked by a CT thorax and had stable disease
afterward.

Future testing and recommendations

Regular checkups with an oncologist were recommended. If any clinical exam suggests

relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Case 22.2 Pulmonary adenocarcinoma with EGFR p.(L858R)
mutation

Clinical indication

A 65-year-old male presented with shortness of breath. A right pleural effusion and right
middle mass were discovered, and both were positive for adenocarcinoma. The biopsy tis-
sue was submitted for molecular analysis. He was found to have EGFR p.(L858R) mutation.
He was treated and had no new disease for 3years. In the 4th year, bilateral lung nodules
were discovered, the largest nodule was 1.5cm in the right lower lobe. Biopsy and repeat
molecular analysis (NGS Lung Molecular Profile) were performed.

Test ordered
- NGS Lung Molecular Profile

Laboratory test performed
NGS Lung Molecular Profile assay was performed as described (see Case 22.1).

Test results

MNGS Lung Molecular Profile detected two EGFR mutations: EGFR p.(L858R) c.2573T>G
and EGFR p.(T790M) ¢.2369C>T (Fig. 22.2.1).

Results with interpretations

At initial diagnosis, the patient had EGFR L858R exon 21 mutations identified from the
lung biopsy. At that moment, ALK rearrangement was negative. Following the results,
he began single-agent adjuvant therapy with erlotinib (Tarceva). When the bilateral lung
nodules were discovered, a biopsy was collected, and repeat NGS testing was performed.
The results showed EGFR LES8R and T790M mutations, EGFR T790M is conferring resis-
tance to erlotinib, afatinib, or gefitinib therapy. Options for additional treatment are osi-
mertinib (third-generation EGFR TKI) or afatinib plus cetuximab. He was in remission
after the new treatment.
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Relevant Biomarkers
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Future testing and recommendations

Regular checkups with an oncologist were recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have

emerged.

Case 22.3 Squamous cell carcinoma with MET exon
14 skipping mutation
Clinical indication

A 70-year-old female was admitted with a persistent cough for more than 6months. CT
chest revealed a right upper lobe (RUL) cavitary lesion with encasement of the right main-
stem bronchus and thoracic lymphadenopathy.
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Test ordered
- NGS5 Lung Molecular Profile

Laboratory test performed
NGS Lung Molecular Profile assay was performed as described (see Case 22.1).

Test results
NGS Lung Molecular Profile detected MET exon 14 skipping mutation (Fig. 22.3.1).

Results with interpretations

NGS identified MET exon 14 skipping and a splice variant p.(D1028H). According to FDA,
NCCHN, and European Society for Medical Oncology (ESMO) recommendations, targeted
therapies for this genetic alteration include capmatinib, tepotinib, or crizotinib.

Future testing and recommendations

Regular checkups with an oncologist were recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Relevant Biomarkers
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FIG. 22.3.1 NG5 detected MET exon 14 skipping mutation. The FDA-approved drugs are shown. The splice site variant
MET p.(D1028H) was also identified, which confirmed the finding of MET exon 14 skipping.
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Case 22.4 Pulmonary adenocarcinoma with KRAS p.(G12C)
mutation
Clinical indication

A 78-year-old male presented with shortness of breath and cough. The diagnostic imaging
of the lung showed abnormal findings, and metastatic lung adenocarcinoma was con-

firmed by the pathology report.

Test ordered
- NGS5 Lung Molecular Profile

Laboratory test performed
MGS Lung Molecular Profile assay was performed as described (see Case 22.1).

Test results
MGS Lung Molecular Frofile detected KRAS p.(G12C) ¢.34G>T mutation (Fig. 22.4.1).

Results with interpretations
NGS identified KRAS p.(G12C) c.34CG>T mutation. The recommended FDA drug is
LUMAKRAS (sotorasib). This is an inhibitor of the RAS GTPase family indicated for the

treatment of adult patients with KRAS Gl12C-mutated locally advanced or metastatic
non small cell lung cancer (NSCLC), as determined by an FDA-approved test, for those

who have received at least one prior systemic therapy.

Relevant Biomarkers
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FIG. 22.4.1 NG5 detected KRAS p.(G120) ¢.24G>T mutation. The FDA-approved drug is shawn.
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Future testing and recommendations

Regular checkups with an oncologist were recommended, If any clinical exam suggests

relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Case 22.5 Pulmonary adenocarcinoma with ERBB2 exon
20 insertion

Clinical indication

A 72-year-old female who is a never-smoker presented with a lung mass. The diagnostic
imaging of the lung showed abnormal findings with enlarged mediastinal nodes. Non
small cell carcinoma was diagnosed by a pathology report.

Test ordered
= MNGS Lung Molecular Profile

Laboratory test performed
NGS Lung Molecular Profile assay was performed as described (see Case 22.1).

Test results
NGS Lung Molecular Profile detected an ERBB2{HER2) exon 20 insertion (Fig. 22.5.1).

Relevant Blomarkers
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FIG. 22.5.1 NG5 detected ERBBEZ p.(GT7E_P780dup), £2331_2339dup mutation. The NCCN recommendation for
therapy is shown.
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Results with interpretations

NGS Lung Molecular Profile detected an ERBBZ (HERZ2) exon 20 insertion. NCCN-
recornmended therapy includes ado-trastuzumab emtansine and trastuzumab deruxte-
can. Both are used for the treatment of metastatic NSCLC. The FDA has granted break-
through designation for the HER2-directed antibody-drug conjugate, Enhertu
(trastuzumab deruxtecan), for the treatment of HER2 mutated metastatic NSCLC with dis-
ease progression on or after platinum-based therapy (hitps://www.astrazeneca.com/
media-centre/ press-releases/2020/enhertu-granted-breakthrough-therapy-designation-
in-the-us-for-her2-mutant- metastatic-non-small-cell-lung-cancer.himl#), The FDA has
also granted fast track designation to BDTX-188 for solid tumors harboring a HER2 muta-
tion or an EGFR or HER2 exon 20 insertion after progression on prior therapy (hitps://
investors.blackdiamondtherapeutics.com/news-releases/news-release-details/black-
diamond-therapeutics-granted-fasttrack-designation-fda).

Future testing and recommendations

Regular checkups with an oncologist were recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have

emerged,

Case 22.6 Pulmonary adenocarcinoma with TPM3::NTRK1
fusion
Clinical indication

A 62-year-old male smoker presented with chest pain and shortness of breath. He had a
fast-growing nodule in the left lower lobe that was negative for the Coccidiodes serology
test. The fine needle aspirate report from the left lower lobe nodule of the lung revealed
rare tumor cells, consistent with adenocarcinoma that was compatible with lung primary.
PD-L1 (22C3) test showed a tumor proportion score (TPS) with 100% (High PD-L1
expression).

Test ordered
- NGS Lung Molecular Profile

Laboratory test performed
MNGS Lung Molecular Profile assay was performed as described (see Case 22.1).

Test results
NGS Lung Malecular Profile detected TPM3:NTRK] fusion (Fig. 22.6.1).
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Relevant Biomarkers
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FIG. 22.6.1 NGS detected & TPMISNTRET fusion.

Results with interpretations

The NTRK gene fusion TPM3:NTRK1 was initially discovered in colorectal cancer in 1986
[16]. The NTRK gene fusions were discovered as oncogenic drivers from various adult
and pediatric tumors. Up until now, multiple NTRK fusion partners have been reported
in lung cancer. The most common fusions include MPRIP:NTRKI and CD74:NTRKI,
which result in constitutive TRKA kinase activity and are oncogenic [17]. TPM3 was
the most common NTRKI fusion partner, and TPM3:NTRK] was reported as a resistance
mechanism to both first-generation and third-generation EGFR-TKls in NSCLC patients
[18,19]. Based on FDA and NCCN recommendations, lung cancer patients with NTRK
fusion can be treated with Entrectinib and Larotrectinib (https://www.accessdata.fda.
gov/drugsatfda_docs/label/2022/21272550061bl.pdf; hitps:/ /www.accessdata.fda.gov/
drugsa.tfda,_dncsﬂahlefzu'zlJZlﬂaﬁisDBEIb].pdf; NCCN Guidelines—NCOCN-Non-5mall
Cell Lung Cancer [Version 3.2022]).

Future testing and recommendations

Regular checkups with an oncologist were recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any murations/fusions have

emerged.

Summary of key learning points

+ Lung cancer is the leading cause of cancer-related death worldwide.

+ MNSCLC consists of 85% of lung cancer.

» Biomarkers for diagnosis and targeted therapy of lung cancer are introduced.

* NGS is preferred over individual gene testing for lung cancer patients.
Resistance mutations should be tested for patients not responding to EGFR TKls.
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Background

Colorectal cancer (CRC) is the third most common cancer diagnosed in the United States
(behind breast first and lung cancers second). The American Cancer Society estimated
that new cases of colon cancer in 2022 at 106,180, and cases of rectal cancer 44,850
(http:/ fwww.cancer.org). The death rate from colorectal cancer has been dropping in
the last several decades, with one of the most likely causes being colon screening tests.
These tests can identify polyps and have them removed before the polyps develop into
cancer; the second reason is that the treatment for colorectal cancer has improved signif-
icantly over the last few decades,

It is estimated that 30% of CRC cases are hereditary diseases with germline mutations
identified. These diseases include Lynch syndrome, familial adenomatous polyposis,
MUTYH-associated polyposis, and certain hamartomatous polyposis conditions. The
genes involved in hereditary CRC include but are not limited to APC, MLH!, PMS2, GTBR
MSHE, LKBI, STK11, PTEN, DPC4, MBPRIa, MYH, etc. [1-4]. The remaining cases are spo-
radic with either somatic mutations identified or unknown eticlogy. Sporadic CRC is a
somatic genetic disease in which pathogenesis is impacted by the local colonic environ-
ment and the patient’s genetic makeup. Next-generation sequencing (NGS) has allowed
the identification of genetic alterations in CRC and provides treatment guidance. The
most commion findings of CRC testing include the hypermutated group with defective
DNA mismatch repair for microsatellite instability (M51), POLE mutations, BRAFE KRAS,
and FIE3ICA mutations, and loss of heterozygosity of tumor suppressor genes such as
APCand TP53. These results are used as diagnostic, prognostic, and treatment biomarkers
[5-71.

For genetic testing of colon cancer, NCCN has recommended testing be performed on
formalin-fixed paraffin-embedded tissue (preferred) or blood-based assay. All patients
with metastatic eolorectal cancer should have their tumor genotyped for KRAS, NRAS,
and BRAF mutations individually or as part of an NGS5 panel. Universal DNA mismatch
repair (MMR) or M5 should be tested for all newly diagnosed patients with colon cancer
[8]. Patients with any known KRAS mutation (exon 2, 3, 4) or NRAS mutation (exon 2, 3, 4)
should not be treated with either cetuximab or panitumumab [9-12]. A BRAF VEO0OE
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mutation makes a response to panitumumab or cetuximab highly unlikely unless given
with a BRAF inhibitor [13-15].

On August 8, 2020, the FDA approved that BRAFTOVI (encorafenib) is indicated in
combination with cetuximab, for the treatment of adult patients with metastatic colorec-
tal cancer (CRC) with a BRAF VGO0OE mutation, as detected by an FDA-approved test, after
prior therapy.

The clinical utility of NGS has been demonstrated for the identification of the muta-
tions associated with CRC. In this chapter, we will illustrate several cases in which muta-

tions were detected by NGS to facilitate tailored adjuvant chemotherapy to mitigate the
risk of recurrence.

Case 23.1 Metastatic colon cancer with BRAF p.(V600E)
mutation

Clinical indication

A 75-vear-old male presented with a history of colon cancer with liver metastasis. The
pathology report showed metastatic adenocarcinoma, consistent with a colonic origin
in a colon biopsy.

Test ordered

— MNGS Colon Molecular Profile
- Hotspot: AKTI, BRAF, ERBB2, EGFR, KRAS, FIK3CA, NRAS

Laboratory test performed

MGS Colon Molecular Profile assay was performed. This assay is designed to detect genetic
alterations present in tumor tissue specimens. The test detects single-nucleotide variants
(SMNVs) and small insertions/deletions (In/Dels) and copy number variations using CHEF/
55 GeneStudio sequencing platforms. Seven genes were selected based on the actionabil-
ity of mutations identified in those genes using currently available evidence from national
and international guidelines and literature. Actionability is defined as information a cli-
nician might find useful 1o aid in the diagnosis, prognosis, and/or treatment strategy
for a patient. The results of the test should be correlated with clinical findings. This test
was designed for the detection and annotation of somatic variants and is not intended
1o be a germline test. When the allele frequency is approximately 50%, the possibility
of these being germline mutations cannot be excluded,

Test results

MNGS Colon Molecular Profile was performed on a biopsy from the right colon mass. The
results showed BRAF pVGO0DE) c.1799T=A mutation (Fig. 23.1.1).
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Relevant Biomarkers
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FiG. 23.1.1 NGS detected BRAF p.(VEODE)) ¢.1799T>A mutation. The FDA-approved drugs are indicated.

Results with interpretations

NGS detected a BRAFVG00E mutation in this patient. There are several FDA-recommended
medications for targeted therapy for colon cancer. BRAFTOVI (encorafenib) is a kinase
inhibitor indicated in combination with cetuximab, for the treatment of adult patients with
metastatic colorectal cancer (CRC) with a BRAF VGODE mutation, as detected by an
FDA-approved test, after prior therapy.

Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Case 23.2 Metastatic colon cancer with KRAS p.(G12D)
mutation

Clinical indication

A 57-year-old female presented with metastatic sigmoid colon adenocarcinoma with liver
metastasis. The pathology report showed metastatic adenocarcinoma, consistent with a
colonic origin in a colon biopsy.

Test ordered

- MNGS Colen Melecular Profile

Laboratory test performed
The NGS Colon Molecular Profile assay method was described in this chapter, Case 23.1.
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Test results

NGS Colon Molecular Profile was performed on a biopsy of the liver, The results showed
KRAS p.0G12D) €.35G>A mutation (Fig. 23.2.1).

Results with interpretations

NGS detected KRAS exon 2 p.(G12D) mutation from this patient. There are no FDA-
recommended treatments for this mutation, but an alert is shown. NCCN guidelines
stated that patients with any known KRAS mutation (exon 2, 3, 4) or NRAS mutation (exon
2, 3, 4) should not be treated with either cetuximab or panitumumab medications for tar-
geted therapy for colon cancer. However, the FDA has granted fast-track designation to the
Polo-like Kinase 1 (PLK1) inhibitor, onvansertib, in combination with FOLFIRI and bev-
acizumab, for KRAS mutations in metastatie colorectal cancer in the second line
{hitps:// cardiffoncology.investorroom.com /2020-05-28-Cardiff- Oncology-Announces-
Fast-Track-Designation-Granted-by-the-FDAto-Onvansertib-for-Second-Line-
Treatment-of-KRAS-Mutated-Colorectal-Cancer),

Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests

relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Relevant Biomarkers
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Summary of key learning points

* Colorectal cancer is the third most common cancer in the United States.

+  About 30% of colorectal cancers are hereditary, and the remaining 70% are sporadic or
with unknown etiology.

* There are several biomarkers used in the diagnosis and targeted therapy for colon
cancer,

* MNCCN guideline recommends that NGS is preferred over individual gene testing for
colon cancer patients.
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Background

Melanomas are malignant rumors that develop from pigmented cells called melanocytes,
the cells that are found in the skin, the eye, the mucosal epithelia, and many other loca-
tions of the body. Melanoma accounts for only about 1% of skin cancers but causes a large
majority of skin cancer deaths. In 2022, about 99,780 new melanomas were diagnosed,
and 7650 people are expected to die of melanoma (hop:/ fwww.cancer.org).

There are many types of melanomas depending on where the tumors originated from.
Ocular melanoma is a rare but potentially devastating malignancy arising from the mela-
nocytes of the uveal tract, conjunctiva, or orbit; it represents less than 5% of all melanoma
cases in the United States [1]. Cutaneous melanoma is a cancer that starts in the pigment-
making cells of the skin and is the most commeon type of melanoma worldwide with 68,000
new cases diagnosed each year in the US population, Cutaneous melanoma is usually
caused by too much exposure to ultraviolet rays from the sun and indoor tanning, and
it can spread to ather sites on the skin, such as the lymph nodes, lungs, brain, and soft
tissue. It is known that uveal melanoma spreads through the blood, while cutaneous mel-
anoma can spread through both the blood and the lymphatic system. The most common
site of metastasis of uveal melanoma with >50% of cases is the liver [2-4].

Cutaneous, uveal, and conjunctival melanomas have different molecular signatures
[5-8]. Whereas BRAE NRAS, KIT, and TERT promoter mutations are extremely rare in uveal
melanoma, they are more common in eonjunctival and cutaneous melanomas [6-9).
Malecular markers commonly seen in uveal melanomas with prognostic significance
alone include chromosomal abnormalities (particularly chromosomes 3 and 8) [10-12]
and mutations in GNAQ or GNALI (>80% of uveal cases) [13.,14], BAPI [15]. SF3E1 [16],
and EIFAX [16,17].

Multiple tumor molecular markers are associated with increased risk and/or shorter
time to development of distant metastases. Chromosomal changes including monosomy
3 and gain of 8q were among the first molecular markers to be found that are associated
with the risk of distant metastasis in patients with uveal melanoma. Other chromosome
abnormalities found were del(8p), del(1p), del{16q), and del(6q). A gain of 6q may be pro-
tective against metastasis, at least in the context of monosomy 3, and a gain of 8q (18],

According to NCCN guidelines of 2022, for diagnosis and prognostication of cutaneous
and uveal melanomas, BRAE NRAS, KIT mutations, and BRAF fusions should be included

Cauee Im Labs y Genetlos med G ILGG) Pracdee. htipeifdelorg/ 10,10 167 BSTE-0-328. 49433 8 0001 2-5 407
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in the molecular testing in stage IV patients. These mutations (BRAE KIT) may impact
treatment options for patients with metastatic melanoma, and some patients with activat-
ing BRAF mutarions are likely to respond to BRAF inhibitors. PD-L1 expression study can
also be used to help identify candidates for anti-PD-1 therapy [19,20].

Comparative genomic hybridization (CGH) or FISH may be helpful in the detection of
copy number changes in arypical Spitz tumors [21]. The gene expression profile has been
developed as well to evaluate the risk stratification of the melanoma patient [22,23].

MEKTOVI (binimetinib) is a kinase inhibitor indicated, in combination with BRAFTOVI
{encorafenib), for the treatment of patients with unresectable or metastatic melanoma
with a BRAF VGOOE or VB0OK mutation, as detected by an FDA-approved test. There are
also many other drugs including cobimetinib + vemurafenib, dabrafenib + trametinib,
etc., that can be used for patients with BRAF-positive murations. For patients with NRAS
mutations, anti-CTLA-4 + anti-PD-1 are used for the treatment of cutaneous melanoma
with stage 11l and IV unresectable umors [24,25],

The clinical utility of NGS has been shown in identifying the mutations associated with
melanoma. In this chapter, we will illustrate two cases in which somatic mutations were

detected by NGS to facilitate tailored adjuvant chemotherapy to mitigate the risk of
TeCUITence.

Case 24.1 Metastatic melanoma with BRAF p.(V600K)
mutation

Clinical indication

A 49-year-old female presented with a painful lump on her head, concerning osteoma or
tumor. She was previously treated with craniectomy and cranioplasty. After resection, the
underlying pigmented lesion was growing rapidly.

Test ordered

= MNGS Melanoma Molecular Profile

- Hotspot: AKTI, BRAE CCND1, CD4K, CTNNBI, ERBB4, GNALI, GNAQ, KIT, MAPZK,
NRAS.

Laboratory test performed

MGS Melanoma Molecular Profile assay was performed. This assay is designed to detect
genetic alterations present in tumor tissue specimens. The test detects single-nucleotide
variants (SNVs) and small insertions/deletions {In/Dels) and copy number variations
using CHEF/55 GeneSwdio sequencing platforms. Eleven genes were selected based on
the actionability of mutations identified in those genes using currently available evidence
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from national and international guidelines and literature. Actionability is defined as infor-
mation a clinician might find useful to aid in the diagnosis, prognosis, and/or treatment
strategy for a patient. The results of the test should be correlated with clinical findings.
This test was designed for the detection and annotation of somatic variants and is not
intended to be a germline test. When the allele frequency is approximately 50%, the pos-
sibility of these being germline mutations cannot be excluded.

Test results

NGS Melanoma Molecular Profile was performed on a biopsy from the lesion on the
patient’s head. The results showed BRAF p (VB0OOK) c.1798_1799delGTinsAA (Fig. 24.1.1).

Results with interpretations

NGS detected BRAF VG0OK mutation from this patient. There are several FDA-
recommended medications for targeted therapy of melanoma. MEKTOVI is a kinase
inhibitor indicated, in combination with encorafenib, for the trearment of patients with
unresectable or metastatic melanoma with a BRAF VG0OE or V00K mutation, as detected
by an FDA-approved test,

Relevant Biomarkers
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FIG. 24.1.1 NGS detected BRAF VE00K mutation. The FDA-approved drugs are indicated,
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Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Case 24.2 Metastatic melanoma with NRAS p.(Q61L)
mutation

Clinical indication

A 74-year-old male presented with a left axillary lymph node, concerning metastatic mel-
anoma with recurrence. He had a history of left scapula melanoma excised in 2018,

Test ordered

=  NGS Melanoma Molecular Profile

Laboratory test performed

The NGS Melanoma Molecular Profile assay method was described in this chapter, Case
24.1.

Test results

NGS Melanoma Malecular Profile was performed on a lymph node biopsy from this
patient. The results showed NRAS p.(Q81L) c.182A>T mutation (Fig. 24.2.1).

Relevant Biomarkers
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Results with interpretations

MGS detected NRAS Q61 K mutation from this patient. There are FDA-recommended med-
ications for targeted therapy of melanoma. Anti-CTLA-4 + anti-PD-1 is used for the
first-line therapy to treat cutaneous melanoma with stage 111 or IV, unresectable disease.
The NCCN has recommended binimetinib for the treatment of cutaneous, metastatic,
unresectable melanoma as a second-line therapy

Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged,

Summary of key learning points

* Melanoma causes a large majority of skin cancer deaths in the United States.

* There are many types of melanomas, of which cutaneous melanoma is the most
COMMOT.

* There are several biomarkers used in the diagnosis and targeted therapy for
melanomas.

+ MNCCN guidelines recommend that NG5 is preferred over individual gene testing for
melanoma patients.
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Background

Breast cancer is the most common form of tumor and is the leading cause of cancer-
related deaths in the female population worldwide [1). Breast cancer is diagnosed in
approximately 12% of women in the United States throughout their lifetimes [2]. On
the molecular level, breast cancer is a heterogeneous disease; molecular features include
activation of human epidermal growth factor receptor 2 (HERZ, encoded by ERBB2), acti-
vation of harmone receptors (HR, estrogen receptor/ER, and progesterone receptor/PR),
mutations of BRCA, PIK3CA, and some other genes [3]. The genes that are commonly
altered in hereditary breast and ovarian cancer are BRCA genes (BRCAT and BRCAZ). About
3% of breast cancers and 10% of ovarian cancers result from inherited mutations in the
BRCAI and BRCAZ genes [4]. Treatment strategies for breast cancer differ according to
molecular subtype. Management of breast cancer is multidisciplinary and includes locor-
egional (surgery and radiation therapies) and systemic therapy approaches. Systemic
therapies include endocrine therapy for hormone receptor-positive disease, chemother-
apy. trastuzumab-based treatments for HER2-positive disease, poly(ADP-ribose) poly-
merase inhibitors for BRCA mutation carriers, immunotherapy, and PI3K Inhibitors for
PIK3CA mutations in HR-positive/ HER2 negative advanced breast cancer [1,5].

HER2 is overexpressed and/or amplified in approximately 20% of breast cancers. This
somatically acquired genetic alteration is associated with shorter disease-free survival and
poorer overall survival in patients without the HER2-targeted therapy. Because HER2-
targeted therapies have significantly improved outcomes for patients with this alteration,
accurate assessment of this alteration is considered critically important [6]. To standardize
evaluations of HERZ status, the American Society of Clinical Oncology (ASCO) and the
College of American Pathologists (CAP) have convened committees to establish guidelines
for the assessment of HERZ2 status. These guidelines were published in 2007, 2013, and
2018. The interpretative approaches to the assessment of HER2 gene amplification by
FISH recommended by the ASCO/CAP guidelines have changed over the years, with cur-
rent guidelines designating five different groups according to HER2 FISH ratio and average
HERZ gene copy number per tumor cell (Table 25.1) [7-9].

HER2-low is a new classification of the HERZ subtype. It describes a new subtype of
breast cancer that has some HER2 proteins on the cell surface, but not enough to be clas-
sified as HERZ-positive. On Aug. 5, 2022, FDA approved Enhertu (fam-trastuzumab-
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Table 25.1 Algorithm for evaluation of HERZ gene amplification by an I5H assay using
the dual color probes.

HERZ:D17Z1 ratio

Ak LIk Reparting spproach per 2018 ASCO/CAP
category ::ben& HERZ copies per ket
roup HERZ:D17Z1 22.0 ]
.0 HER2/fcell >4.0 Positive
Group HERZ:DITZ =2, _
% H:R:;:lﬂ 2432 2 Reflex IHC; FISH reanalysis if 2+
Group HERZ:D1721 <2.0
¥ HER2/cell :6; Fieflex IHC; FISH reanalysis if 2+
HERZ:D17Z1 <2.0 ]
Group 4 :
it HERZ/ee 4.0 and <6.0 Reflex IHC; FISH reanalysis if 2+
HER2:| :
Growp 5 ERZ:D17Z1 <2.0 i

HERZfcell <40

deruxtecan-nxki), an IV infusion for the treatment of patients with unresectable (unable to
be removed) or metastatic (spread to other parts of the body) HER2-low breast cancer
(horpe/ fwww. FDA gov). In a clinical trial involving patients with HER2-low metastatic
breast cancer, trastuzumab deruxtecan resulted in significantly longer progression-free
survival and overall survival than the physicians choice of chemotherapy [10].

PIK3CA is the most frequently mutated gene in HR-positive (HR+)/HER2 negative
(HER2-) breast cancer; approximately 40% of patients living with HR+/ HER2- breast can-
cer have this mutation. PIK3CA mutations are associated with tumor growth, resistance 1o
endocrine trearment, and a poor overall prognosis [11]. Pigray (alpelisib) was the first ever
treatment approved by the FDA specifically for HR+/ HER2—- advanced breast cancer with
a PIK3CA mutation [5]. PIK3CA somatic mutations in breast cancer are highly heteroge-
neous. Compared with the PCR method, NGS allows coverage of more different variants
simultaneously, even from low input of DNA. It also provides information on the fraction
of alleles carrying the mutation [12]. This chapter uses a few clinical cases as examples to
demonstrate how the identification of HER2 amplification and PIK3CA murtation can
guide targeted therapy.

Case 25.1 Invasive ductal carcinoma of breast origin
with HER2 amplification

Clinical indication

A 55-year-old female presented to her primary care physician with a lump in her left
breast. She had a 4.6 cm left breast mass and 2 palpable axillary lymph nodes. Her ultra-
sound and mammogram confirmed these physical findings, She was referred to an oncol-
ogist and had a core needle biopsy, which returned a diagnosis of invasive ductal
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Test ordered

EISH: HERZ gene amplification
Hormone receptors (FRIER) by immunohistochemistry

Laboratory test performed

The HER2 DA probe (Dual-color HER2ICEPI7 DNA probe kit, spbe=e—1= Molecular. Inc Vis

designed 1o detect 1.1‘!4; amplification of the HER2/neu gene i inteze exphase nuclei from
formalin-fixed, paraffin-embedded breast tissue. The formalin fiyyic—o0e time was berween
G and 72 hours. The HERZ2/meu gene located on chromosome 17 alees b in nomal tiesue is
expressed as 2 copies/cell. Evaluation of patient amplification s .tis was achieved by
determining HER2/neu copy number relative to the number of cntr «m =0 neric chramosome
17 (CEP 17) derived signals present in each cell nucleus. Addior—mmaily, the number of
HER2/neu copy numbers per cell is caleulated. A minimum of 40 im0 erphase tmor cell
nuclei were studied. A replicate histology preparation of this umce_Cwas reviewed by a
consulting pathologist, and regions for the smudy were ir.lemiﬁll_-d . Y

Ihe status of hormone receptors (PR/ER) was evaluated via imm_suzchistochemistry in
the pathology lab

Test results _
HERZ (ERER2) is positive for amplification (Group 1) by FISH 2Nl =is (Fig. 23

HERB/NEU

= /cep17(6)

£ e Lan)(a0]
FG. 75.1.1 FISH was positive for HERS amplification. ISCH; nuUC ishiD1 7218~ N el
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Ratio of HER2 1o D17Z1: 4.1

Average HER2 copies/cell: 9.8

Average centromere 17 copies/cell: 2.3

Mumber of cells scored: 40

The status of hormone receptors (PR/ER) was evaluated, and the results showed
negative.

Results with interpretations

FISH was positive for HER2 amplification (Group 1). Both ER and PR were negative by
Immunchistochemistry. Therefore, the anti-HER2 antibody, trastuzumab, approved by
the FDA can be used for this patient.

Future testing and recommendations

Regular history/physical examinations are recommended every 4-6months for the first
Syears after primary therapy and then annually thereafter. Mammogram should be
performed annually. If any clinical exam suggests relapse in disease, molecular testing
is indicated to see if any mutations/fusions have emerged.

Case 25.2 Adenocarcinoma of breast origin
with PIK3CA p.(E545K) mutation

Clinical indication

A B7-year-old female was diagnosed with right invasive ductal carcinoma (1DC) and ini-
tially treated by lumpectomy, then radiation brachytherapy. Estrogen receptor (ER) and
progesterone receptor (PR) showed positive results, and HER2 was negative. She declined
chemotherapy and hormonal therapy (which she took for 1 week and discontinued due to
side effects). After 10years, she had pain in her ribs. A bone scan showed bilateral multi-
focal osseous metastatic disease. A subcarinal lymph node biopsy was performed. She did
not have a family history of breast cancer.

Test ordered

— FISH: HERZ gene amplification

= Hormone receptor (FR/ER) by immunohistochemistry

- NGS5 Solid Tumor Panel

- Hotspot: AKTI, ALK, AR, BRAE CDK4, CTNNBI1, DDR2, EGFR, EREB2, ERBB3, ERBBA,
ESRI, FGFR2, FGFR3, GNALI, GNAG, HRAS, IDH1, IDH2, JAK1, JAKZ, JAK3, KIT, KRAS,
MAP2KI, MAP2E2, MET, MTOR, NRAS, PDGFRA, PIK3CA, RAFI, RET, ROS1, SMO

-~ Copy number variation (CNV): ALK, AR, BRAE CCNDI, CDK4, CDK6, EGFR, ERBEZ,
FGFR1, FGFR2, FGFR3, FGFRd, KIT, KRAS, MET, MYC, MYCN, PDGFRA, PIK3CA

— Fusion: ABLI, AKT3, ALK, AXL, BRAE EGFR, ERBBZ, ERG, ETVI, ETV4, ETVS, FGFRI,
FGFR2, FGFR3, MET, NTRK1, NTRK2, NTRK3, PDGFRA, PPARG, RAFI, RET, ROS]
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Ratio of HERZ to D17£1: 4.]

Average HER2 copies/cell: 9.8

Average centromere 17 copies/cell: 2.3

Number of cells scored: 40

The status of hormone receptors (PR/ER) was evaluated, and the results showed
negative,

Results with interpretations

FISH was positive for HER2 amplification (Group 1). Both ER and PR were negative by
Immunohistochemistry. Therefore, the anti-HER2 antibody. trastuzumab, approved by
the FDA can be used for this patient.

Future testing and recommendations

Regular historyfphysical examinations are recommended every 4-6 months for the first
Syears after primary therapy and then annually thereafter. Mammogram should be
performed annually. If any elinical exam suggests relapse in disease, molecular testing
is indicated 1o see if any mutations/fusions have emerged.

Case 25.2 Adenocarcinoma of breast origin
with PIK3CA p.(E545K) mutation

Clinical indication

A 67-vear-old female was diagnosed with right invasive ductal carcinoma (IDC) and ini-
tially reated by lumpectomy, then radiation brachytherapy. Estrogen receptor (ER) and
progesterone receptor (PR) showed positive results, and HER2 was negative. She declined
chemotherapy and hormenal therapy (which she took for 1 week and discontinued due 1o
side effects). After 10yvears, she had pain in her ribs. A bone scan showed bilateral multi-
foeal osseous metastatic disease. A subearinal lymph node biopsy was performed. She did
not have a family history of breast cancer.

Test ordered

- FISH: HERZ gene amplification

—  Hormone recepror (PR/ER) by immunohistochemistry

~ NGS5 Solid Tumor Panel

- Hotspot: AKTI ALK, AR, BRAE CDE4, CTNNEBI, DDR2, EGFR, ERBE2, EREB3, ERBB4,
ESRI, FGFRZ, FGFR3, GNALL, GNAG), HRAS, IDHT, IDH2, JAKT, JAKZ, JAK3, KT, KRAS,
MAP2KT, MAP2ZE2, MET, MTOR, NRAS, PDGERA. PIK3CA, RAFI, RET, ROSI, SMO

~  Copy number variation (CNV): ALK, AR, BRAE CCNDI, CDK4, CDKG, EGFR, ERBB2,
FGERI, FGFR2, FGFR3, FGFR4, KIT, KRAS, MET, MYC, MYCN, PDGERA, PIK3CA
Fusion: ABLI, AKTS, ALK, AXL, BRAE FGFR, ERBEZ, ERG, ETVI, ETVY, ETV5, FGERI,
FGERZ, FGFR3, MET, NTRKI, NTREZ, NTRK3, PDGFRA, PPARG, RAF1, RET, ROSI
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Laboratory test performed

I'he HERZ FISH method was described in this chapter, Case 25.1.

The status of hormone receptors (PRIER) was evaluated via immunohistochemistry in
the pathology lab.

MGS Solid Tumor Molecular Profile assay was performed. This assay is designed to
detect genetic alterations present in tumor Hssue specimens. The test detects single-
nucleotide variants (SMNVs) and small insertions/deletions (In/Dels), copy number varia-
tions, and fusions using CHEF/55 GeneStudio sequencing platforms. The 52 genes were
selected based on the actionability of mutations identified in those genes using currently
available evidence from national and international guidelines and literature. Actionability
is defined as information a clinician might find useful to aid in the diagnosis, prognosis,
and/or treatment strategy for a patient. The results of the test should be correlated with
clinical findings. This test was designed for the detection and annotation of somatic var-
iants and is not intended to be a germline test. When the allele frequency is approximarely
0%, the possibility of these being germline mutations cannot be excluded.

Test results

HER2 (ERBBE2) was negative for amplification (Group 5) by FISH analysis (Fig. 25.2.1)

Ratio of HER2 to D17Z1: 1.0

Average HER2 copies/cell: 2.0

Average centromere 17 copies/cell: 1.9

MNumber of cells scored: 40

The status of hormone receptors (PR/ER) was evaluated in the pathology lab and the
results showed positive.

NGS Solid Tumor panel was conducted and detected PIK3CA p(E545K) ¢ 1633G>A

mutation (Fig. 25.2.2).

FIG. 25.2.1 FISH was negative for HERZ amplification, ISCN: nuc ish(DA7Z21, ERBE2)x2]40]
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Relevant Biomarkers
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FIG. 25.2.2 NGS detected PIKICA p.(ES45K) mutation. FDA-approved dregs and clinical trials are available.

Results with interpretations

FI5H was negative for HER2 amplification (Group 5). Both ER and PR were positive by Immu-
nohistochemistry. NGS detected PIKICA p.(E545K) mutation; therefore, FDA-approved orally
available a-selective PIK3CA inhibitor, alpelisib, along with a hormone drug can be used for
this patient (hrps:/ Mwww.fda.govimews-events/ press-announcements/ fda-ap proves-first-
pi3k-inhibitor-breast-cancer).

Future testing and recommendations

Regular history/physical examinations are recommended every 4-6months for the first
Syears after primary therapy and then annually thereafter. Mammogram should be per-
formed annually. If any clinical exam suggests relapse in disease, molecular testing is indi-
cated to see if any mutations/fusions have emerged.

Case 25.3 Adenocarcinoma of breast origin
with PIK3CA p.(E545K) mutation and FGFR1 amplification
Clinical indication

An 87-year-old female with a history of metastatic cancer to the bone presented with gen-
eralized pain, weakness, and decreased appetite since her last radiation treatment. The
diagnosis from pathology examination was metastatic poorly differentiated adenocarci-
noma, of breast origin. The tissue from the right acetabulum bone was sent for genetic
testing.

Test ordered
- NGS Solid Tumor Panel (see Case 25.2)
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Relevant Biomarkers
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FG. 25.3.1 NGS detected PIEKICA p (ES45K) mutation. Fast-track treatment and clinical trials are available.

Laboratory test performed
The NGS Solid Tumor assay method was described in this chapter, Case 25.2.

Test results
NGS Solid Tumor panel was performed and detected PIK3CA p.(E545K) c.1633G>A, and
FGFR1 amplification (Fig. 25.3.1).

Results with interpretations

MNGS detected PIK3CA p.(E545K) muration. Since hormone receptors (PR/ER) status was not
known, therefore, no FDA-approved orally available a-selective PIK3CA inhibitor, alpelisib,
can be used for this patient (hitps:/ f'www.fda.gov/news-events/press-announcements/ fda-
approves-first-pidk-inhibitor-breast-cancer).

In addition, the FDA has granted fast-track designation to the FGFR 1-3 inhibitor debio
1347 for FGFR1/2/3 alterations in unresectable or metastatic solid tumors (https:f e,
debiopharm.com/drug-development/press-releases/ fda-grants-fasi-track-designation-
to-debiopharm-internationalsdebio- 134 7-for-the-treatment-of-patients-with-
unresectable-or-metastatic-tumors-with-a-specific-fgfr-gene-alteration/).

Future testing and recommendations

Regular history/physical examinations are recommended every 4-6months for the first
Syears after primary therapy and then annually thereafter. Mammogram should be
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performed annually. If any clinical exam suggests relapse in disease, molecular testing is
indicated to see if any mutations/fusions have emerged.

Summary of key learning points

= Breast cancer is the most common form of tumor and is the leading cause of cancer-
related deaths in the female population worldwide.

* On the molecular level, breast cancer is a heterogeneous disease; molecular features
include activation of HER2, activation of hormone receptors, and mutations of BRCA,
PIK3CA, and some other genes.

» HER2 gene is amplified in approximately 20% of breast cancer and is associated with
shorter disease-free survival and poorer overall survival in breast cancers. HER2-
targeted therapies have significantly improved outcomes. Therefore, an accurate
assessment of HER2 status is critical.

*  PIK3CA mutations are highly represented in HR+/HER2— breast cancer and are of
clinical interest due to the availability of targeted therapy.
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Thyroid cancer
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Background

Thyroid cancer oceurs in the cells of the thyroid and can be classified into four types
according to the origin of cells and the rate of cancer cell division: papillary thyroid car-
cinoma (FTC), follicular thyroid cancer (FTC), medullary thyroid cancer (MTC), and ana-
plastic thyroid cancer (ATC).

PTC is the most common type of thyroid cancer and consists of 70%-80% of thyroid
cancer. FTC accounts for less than 15% of thyroid cancers. PTC and FTC, as well as the
less commeon Hirthle cell carcinoma (a variant of FTC), are classified as differentiated thy-
roid carcinoma (DTC) [1,2], which originated from follicular epithelial thyroid cells. Both
PTC and FTC are slow to progress and usually have a good prognosis, especially if diag-
nosed early. MTC accounts for about 3% of all thyroid cancers (3] and is developed by
C-cells or parafollicular cells that produce calcitonin, When calcitonin level is elevated,
it indicates cancer. MTC is more likely to run in the family [4]. ATC is rare thyroid cancer,
which accounts for less than 2% of all thyroid cancers. ATC originates from follicular cells
but does not have its original biological characteristics [5]. It is the most invasive type
amaong all thyreid cancers [6] and is not sensitive to conventional treatment [7]. The prog-
nosis is also the worst, with a 5-year survival rate of 5% [8]. Overall, thyroid cancers includ-
ing PTC, FTC, and ATC are more common in women than men except for MTC (in which
women and men are equally affected).

Most thyroid cancers are sporadic, and only 5% are familial. About 25% of MTC is
inherited as an autosomal trait [9]. Certain genetic syndromes increase the risk of thyroid
cancer, such as familial MTC and multiple endocrine neoplasms. Multiple endocrine
neoplasia type 1 (MEN1) is caused by murtations in the MENI gene and transmitted as
an autosomal dominant rait. MEN1 may cause tumors in the parathyroid gland, pitaitary
gland, and pancreas. Multiple endocrine neoplasia type 2 (MEN2) includes three types
(MENZ2A, MEN2E, and FMTC) and is caused by RET gene mutations. MEN2 may develop
tumors such ag MTC, pheochromocytomas, hyperparathyroidism, and other conditions [9].

Many genetic alterations play an important role in thyroid cancer development. Chro-
mosomal translocations were found in thyroid cancer, such as peroxisome proliferation-
activated receptor (PPAR gamma) translocations in about 30% of follicular thyroid cancer
cases [10]. The most common gene mutations reported are those from BRAF [11] and the
RAS family [3].
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According to NCCN guidelines of 2022, for diagnosis and prognostication of patients
with thyroid cancer, molecular testing should include BRAF NTRK, ALK, RET, MSI and
dMMR, etc. These mutations (e.g., BRAF) may impact treatment options for patients with
metastatic cancer, and some patients with activating BRAF mutations are likely to respond
to BRAF inhibitors. PD-L1 expression study can also be used to help identify candidates
for anti-PD-1 therapy [12].

The clinical utility of NGS has been shown for identifying the mutations associated
with thyroid cancer. In this chapter, we will illustrate two cases of thyroid cancer in which
somatic mutations were detected by NGS5 to facilitate tailored adjuvant chemotherapy 1o
mitigate the risk of recurrence.

Case 26.1 Anaplastic thyroid carcinoma with BRAF p.(VE00E)
mutation
Clinical indication

A 70-year-cld female presented with neck pain, fever, chills, and headache. Neck CT
showed thickened epiglottis. The left thyroid mass was biopsied. The surgical pathology
report stated that anaplastic thyroid carcinoma was the final diagnosis.

Test ordered
- NG5 solid tumor molecular profile

Laboratory test performed

NGS5 solid tumor molecular profile assay method was described previously in Chapter 25,
Case 25.1.

Test results

NGS solid tumor molecular profile was performed on a biopsy from the left thyroid. The
results showed BRAF p.(VE0DE) c.1799 T>A mutation (Fig. 26.1.1).

Results with interpretations

Immunohistochemical stains were performed, and the results showed strong cytoplasmic
expression of BRAF protein in most tumor cells, suggesting a BRAF mutation (results not
shown). Concordantly, NGS detected a BRAFVB00E mutation from this patient. There are
several FDA-recommended medications for targeted therapy of thyroid cancer. MEKI-
MIST (rrametinib) is indicated, in combination with dabrafenib, for the treatment of
patients with locally advanced or metastatic anaplastic thyroid cancer (ATC) with BRAF
VGOOE mutation and with no satisfactory locoregional treatment options.
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Relevant Biomarkers
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FIG. 25.1.1 NGS detected BRAF VEDOE mutation. The FDAmpprQd ﬁﬂngs are In:hcated,

Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests
relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Case 26.2 Malignant thyroid cancer with KRAS p.(G12V)
mutation

Clinical indication

4 71-year-old female presented with a thyroid mass. She complained of dysphagia and
shortness of breath. The surgical pathology report showed high-grade malignant neo-
plasm. Thyroid cancer was suspected.

Test ordered

- NGS solid tumor molecular profile

Laboratory test performed

NGS solid tumor molecular profile assay method was described previously in Chapter 25,
Case 25.1.
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Test results

NGS solid tumor molecular profile was performed on a biopsy from the thyroid isthmus,
The results showed KRAS p.(G12V) c.35G>T murtation (Fig. 26.2.1).

Results with interpretations

NG5 detected KRAS G12V mutation from this patient. Although ESMO clinical practice
guidelines have recommended treating thyroid gland medullary carcinoma with cabozan-
tinib for metastaric thyroid cancer patients, the diagnosis of this patient is undifferen-

tiated (anaplastic) thyroid carcinoma [13]. She had a tracheostomy and was followed
up with radiation therapy.

Future testing and recommendations

Regular checkups with an oncologist are recommended. If any clinical exam suggests

relapse in disease, molecular testing is indicated to see if any mutations/fusions have
emerged.

Summary of key learning points

= Thyroid cancers have four different types.

= PTC and FTC are slow to progress and have a good prognosis; ATC is the most
aggressive cancer; MTC mostly runs in families.

+ There are several biomarkers used in the diagnosis and targeted therapy for thyroid
CANCET.

= NCCN guidelines recommend that NGS is preferred over individual gene testing for
thyroid cancer patients.

Relevant Biomarkers
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Pediatric solid tumors

Mikako Warren
CHILDREN'S HOSPITAL LOS ANGELES, LOS ANGELES, CA, UNITED S5TATES

Background
Pediatric cancers

Among children (0-14 years) and adolescents (0-19years) in the United States, cancer is
the second most common cause of death, following injury-related deaths, and the leading
cause of death by disease [1-3]. The case distributions by International Classification of
Childhood Cancer {ICCC) cancer types are leukemias (28% and 13% in children and ado-
lescents, respectively), followed by central nervous system neoplasms (27%, 21%), lym-
phomas (12%, 19%), neuroblastoma and other peripheral nervous cell tumors (6%,
< 1%), nephroblastoma and other nonepithelial renal tumors (5%, <1%), malignant bone
tumors (4%, 5%), rhabdomyosarcoma (3%), germ cell and gonadal tumaors (3%), hepatic
tumors (2%, <1%), retinoblastoma (2%, <1%), thyroid carcinoma (2%, 11%), and malig-
nant melanoma (1%, 3%) 11-3). The overall cancer incidence in children and adolescents
has increased by 0.6%-0.7% per year. However, the mortality rates have decreased from 6.3
and 7.1/100,000 children and adoleseents in 1970 to 2.0 and 2.9/100,000 in 2018, respec-
tively, which are 68% and 59% reductions [1-3]. The survival rates have improved in many
cancers. However, it remains low for some umor types {e.g., diffuse intrinsic pontine gli-
oma), for some age groups (e.g., Wilms' tumors in older patients), tumors in higher stages
(metastasis), and tumors with unfavorable histology (e.g., neuroblastoma, Wilms mumor).

Pediatric extracranial solid tumors

Pediatric cancers are divided into three broad groups: hematologic, central nervous sys-
tem [CNS) tumors, and extracranial solid tumors (EST). Extracranial solid tumors account
for approximately 40% of all pediatric cancers [1,2]. Pediatric EST is roughly subdivided
into two groups: (1) mesenchymal-derived tumaors (sarcomas) in bone and soft tissue
and less commonly in other organs, and (2) embryonal to predominantly epithelial-type
tumors with morphologic features following the embryonic differentiation specific to the
organs; many of these tumeors are called “-blastomas.” Although there are challenging
cases, the typical histologic features of “-blastomas” are helpful for correct diagnosis.
In contrast, pediatric sarcomas often show monotonous “small round cell tumor” or
“spindle cell tumor” morphology resembling each other. The diagnosis, therefore, is very
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challenging solely from a histology point of view and usually requires ancillary testing,
such as immunchistochemical staining and molecular testing.

Roles of molecular testing in pediatric oncologic patient care

In recent decades, the roles of molecular testing in pediatric oncologic patient care have
become increasingly important. In the pediatric setting, molecular testing has been used:
(1) as it provides gene alterations specific for cancers (diagnostic utility); (2) for detecting
molecular markers that are targetable by chemotherapeutic drugs (therapeutic utility); (3)
for risk stratification by providing prognostic information associated with specific gene
alierations (prognostic utility); (4) for identifying gene alterations (germline mutations)
associated with cancer predisposition syndromes (Table 27.1).

In addition to FISH and chromosomal microarray (CMA), we designed the OncoKids
next-generation sequencing (NGS) testing to detect these gene alterations specific to
many pediatric rumors (Table 27.2).

Diagnostic utility (Cases 27.1, 27.2, 27.3, 27.5, 27.6, 27.7, and 27.8)

Cancer driver genes in pediatric cancers are unique. Only 45% of pediatric cancer driver
genes are shared with adult cancers [3-6]; therefore, unique therapeutic agents are
required for pediatric cancer. In adults, most solid tumors are carcinomas of epithelial
cells. The development of carcinoma typically follows the carcinogenesis steps: low-grade
dysplasia, high-grade dysplasia, and malignancy. Multiple harmful environmental events
and gene mutations ("hits") accelerate the process. In contrast, carcinoma is rare in the
pediatric population, and pediatric tumors tend to have fewer molecular alierations.
Many “small round blue cell” and “spindle cell” tumors have one of the driver gene fusions
or mutations that are diagnostic for the tumors.

Therapeutic utility (Cases 27.1, 27.4, and 27.9)
The development of NGS has played an essential role in detecting targetable molecular
markers in the era of personalized medicine (Table 27.3) [3-6].

Prognostic utility (Cases 27.3 and 27.9)

Oncologists establish a treatment regimen for each patient based on the risk group spe-
cific to the tumor rype. In recent decades, molecular and cytogenetic markers have been
incorporated into the risk strartifications [4-8].

Wilms® tumor (WT) is the most common renal malignancy in children, with approxi-
mately 500 new cases diagnosed in the Unirted States each year. Two-thirds of patients with
WT are diagnosed before 5 years of age. WTis likely caused by abnormal renal development,
resulting in the proliferation of the metanephric blastema without normal tubular and glo-
merular differentiation. W is associated with loss-of-function mutations of tumor sup-
pressor and transcription genes (e.g, WTI, CTNNBI, AMER! (WTX) p53, FWTI, and
FWT2 and genes at the 11p15.5 locus). Several prognostic factors are associated with an
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Table 27.2 Gene list included in Oncokids targeted next g@nera‘tign seq uenﬁng pal‘lel.

Full-lemgth High-level
Mutation hotspots (86) coding (44)  amplification (28) Oncokids fusion list driver genes (122
ABLT FGFRZ PDGFRA  APC  SOCS2 Apr2 ABLY  FGFRI MYALT RECK
ABLZ FLT?  PDGFRB ARIDIA  SUFU ALE ABLZ  FGFRZ  MYHIT RELA
ACVR]I  GATAZ RIKICA  ARIDIE 50212 BRAF AFF?  FGFRI  MYH3 RET
AKT]  GNATT  PKIRI  ATRX  TCF3 CoNDT ALK FinNA  NCDAZ  ROS
ALE GNAQ  PPMID CDEN2A  TET2 CDid ASXIT  FLTH NCORT  RALD2
ASXL]  HIF3A  PTANTT CDENZE  TPS3 COKG ATENP  FOSE  NOTCHI  RUNKT
ASXE2  MDACS  RAFI  CEBRA  TSC) EGFR BCLIIE FOXOI NOTCH2  SETER)
BRAF  MISTIM3B  RET CHO?  T5C2 ERBEZ BCLZ FUS  NOTCH4 5518
CALR  HRAS  RHDA  CRLF1  WHSC) ERBEZ BOLAHTT  GLI Newal S58F2
ChL IDHT  SETBPT  DDX3IX  WTI FGFR] BCOR  GLIS?  NR4AZ  STAGE
CONDI IDH2  SETD2  DICERT  Xi4P FGFRZ BCR GPSZ NSO STATE
CONDZ  R7R SH2B3  EBRY FGFR3 BRAF  GTF2I NED2 TAF15
WHSCT)

CCRS  JAKT  SHZDIA  EED FGFRA CAMTAT HMGA2  NTRET raL
Coxd  jax2 MO Fas GL CEFE  LaK2 NTREZ  TBLIXRI
cc JAK3  STATR  GATA) &L CONDI  KATEA  NTREZ  TCFI2
CREBEP KDM4C STATSE GATA3 IGFIR CIC KMT2A  NUP2I4  TCRR
CRLF2 KDR TERT  GNA413 raKy COLIAT KMT2E  NUPSE TrER
C5FIR KT TPAT 103 aKz CREBEE EMT2C  NUTAMID  THRAFY
C5FIR  KRAS  USP?T 2RI JAKS CRLFZ  KMT2D  NUTMZE  TPSR
CTNNET  MAPZET ZMYMI  KDMGA KT CSFIR  LMO2  PAXT TPed
Do pARN2 EMT2D KRAS CTNEY  LZTRT PAXS TP
DNMTIA  MET MYODT MON2 CLLT  MACFT PAX7  TSPAMd
EGFR KPL NF1 MDA DACHT MAMLE  PDGFB UBTF
EP300  MSHE NE2 MET DAZAPT MANZR] POGFRA  USPE
EREEZ  MTOR FHFE MYC DDX3X MECOM POGFRE  WTI
ERBEZ  MYC PRPST MYCN DUSP22  MEF2D  PLAGT YAFT
ERBB4  MYEN FEMBS PDGFRA EGFR MET  PREARTA  ZMYMG
ESRl  NCOR2 PFTCHY PIKICA EP300  MELT PSIP) ZMYNDIT
EZH2?  NOTCHY PTEN ETVE  MLLTIO  RAFT ZNEIS4
FASLG  NPMT REI EWSR]  MNT  RANBPIZ

FRXW?  NRAS RUNX T EATT MYE RARA

FGFR1  NTSCZ SMARCAS

FGFRZ  PAXS SMARCET

increased risk of tumor recurrence ordeath, includin gunfavorable tumor histology, higher
tumor stage, molecular and genetic alterations (e.g., loss of heterozygosity at chromosome
16q, 1p, and 11p15 and 1q gain), and age >2 years. Therefare, these prognostic factors are
considered when determining the initial treatment regimen (Children's Oncology Group).

Rhabdomyosarcoma (RMS, Case 27.3) is the most common soft tissue sarcoma in
childhood. It is important to identify the alveolar RMS subtype for therapeutic manage-
ment because it has a worse prognosis. Sclerosing and spindle cell RMS recently emerged
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Table 27.3 Selected targeted treatment for pediatric solid tumors.

Target

Genomic alteration structure Medication Example

ALK mutationfusion ALK Crizotmb, cernib, entrectinib Mewroblastoma, inflammatory
myafibroblastic wemor, anaplastic large
cell lymphoma

MYCH amplification ALURKA Aligertib Heurcblastoma

BRAF mutation/fusson BRAF Dabrafenib, vemurafendb LCH, melancma

FGFR1L213 mutationd FGFR Dowetenib, panatimib Rhabdomyosarcoma, Evang sarcoma

fusion/amphification

MCRAS mutaton MEK Trametinib btelanoma

BRCA1SZ mutation PARP Clapank Osteosarcoma

EWSR1FLIT fusion Rucaparily Ewang sarcoma

FTEN boss. P13/ mTOR  Everolimus SaArComas

FIK3CA mutation P13/mTOR  Sirolimusftensirohmus Vascular malformation

VEGF Multkinases  Pazopanib Sarcomas

NTRE NTRE Larotrectinib, entrectinib bultiple, primarily sarcomas, ghomas

ROST ROST Cnzotine, enterctamb Inflammatory myolibroblastic tumor,

MenngIoma, ghomas

as a separate pathologic entity, in which two subtypes are molecularly defined, an infantile
subset with VGLL2, TEADI, and SRF fusion and a subset with an MYOD! gene mutation.
The presence of MYOD! alteration is associated with poor outcomes.

For example, neuroblastoma (Case 27.9) is risk-stratified by most significant prognos-
tic factors, including the child's age ar diagnosis, tumor stage, tumor histology, DNA
ploidy, MYCN amplification status, and the presence of specific chromosomal aberrations,
such as loss of heterozygosity (LOH) of 1p, 14q, and 11q and gain of 17q.

Identification of cancer predisposition syndrome (Cases 27.7 and 27.8)

Cancer predisposition syndrome (CPS, also called hereditary cancer syndrome, familial
cancer syndrome, etc.) terms a disorder with a germline genetic alteration that increases
the risk of developing specific cancer(s), which can be multiple in sites and types. Up to
10% of all cancers show one of the germline mutations that are diagnostic for CPS. More
than 100 genes have been reported to cause CPS (Table 27.1) [9,10].

The onsets of hereditary cancers are typically earlier than the same tumors without
germline mutation. Many occur in childhood, but carcinomas are rare in children, even
if they are associated with CPS. For example, carcinomas with germline BRCAI/BRACAZ
mutations in hereditary breast-ovarian cancer syndrome and DNA mismatch repair genes
(MLH1, MSH2, MSHE, PMS1, and PMS52) in hereditary nonpolyposis colorectal cancer
syndrome (Lynch syndrome) commaonly oceur in adulthood.

The characteristics of CPS currently used for its screening are (1) Family history with
{a) >2 malignancies that occurred in family members before 12 years; (b) parent or sibling
with a history of cancer before 45 years of age; (c) =2 first or second-degree relatives in the
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same parental lineage with cancer before the age of 45years; (d) the parents of the child
with cancer who are consanguineous; (2) cancer type and features known to be associated
with CPS: (3) a child with =2 malignancies (secondary, bilateral, multifocal, and/or meta-
chronous); (4) a child with cancer and congenital or other anomalies; (5) a child with
excessive reatment toxicity; (6) multiple types of eancer occurring in a single person;
(7) genetic tumor analysis that reveals defects suggesting a germline predisposition.

ldentification of CPS is crucial because it can change the approach to treating the
patient. For example, intensive radiologic and chemotherapeutic treatments should not
be used for patients with Li-Fraumeni syndrome because these treatments may increase
the risk of developing secondary cancers. All patients with CPS and their family members
should be monitored closely for bilateral, multifocal, and metachronous malignancies.
MNGS, which can detect numerous gene alterations simultanecusly, has dramatically
improved the efficacy of screening children for CPS.

Case 27.1 Ewing sarcoma (ES)
Clinical indication

The patient was a 10-year-old male who presented with right knee pain and a soft tissue
lesion of the right distal femur. It was initially thought to be osteomyelitis with soft tissue
abscess and treated with antibiotics.

Radiology

There was a heterogeneous T2 hyper signal intensity area involving the distal femur, with
rim enhancement. This was associated with subperiosteal soft tissue enhancement
(0.6 x 4.2cm). Adjacent to this area, there was also a heterogeneous collection with septa-
tion and thick wall im enhancement measuring at least 4.5 x 2.0 » 3.1 cm. The findings
mimicked intraosseous abscess and osteomyelitis involving the distal femur with soft tis-
sue and subperiosteal abscesses (Fig. 27.1.1A),

Histology

The hematoxylin and eosin (H&E)-stained histologic slides demonstrated fragments of
trabecular bone and bone marrow contents. In the bone marrow space, there were mul-
tiple, small cohesive clusters of "small round blue cells,” characterized by monotonous
hyperchromatic nuclel with inconspicuous nucleoli and scant cytoplasm (Fig. 27.1.1B).

Immunohistochemical staining

The immunchistochemical (IHC) staining demonstrated diffuse strong membranous
staining for CD99 (Fig. 27.1.1C1) and diffuse strong nuclear staining for NKX22
(Fig. 27.1.1C2), and negative staining for musele markers (myogenin, desmin, and MyoD1)
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same parental lineage with cancer before the age of 45 years; (d) the parents of the child
with caneer who are consanguineous; (2) cancer type and features known to be associated
with CPS; (3) a child with =2 malignancies (secondary, bilateral, multifocal, and/or meta-
chronous): (4) a child with eancer and congenital or other anomalies; (5) a child with
excessive treatment toxicity; (6) multiple types of cancer occurring in a single person;
(7} genetic tumor analysis that reveals defects suggesting a germline predisposition.

Identification of CPS is crucial because it can change the approach to treating the
patient. For example, intensive radiologic and chemotherapeutic treatments should not
be used for patients with Li-Fraumeni syndrome because these treatments may increase
the risk of developing secondary cancers. All patients with CPS and their family members
should be monitored closely for bilateral, multifocal, and metachronous malignancies.
NGS, which can detect numerous gene alterations simultaneously, has dramatically
improved the efficacy of screening children for CPS,

Case 27.1 Ewing sarcoma (ES)
Clinical indication

The patient was a 10-year-old male who presented with right knee pain and a soft fissue
lesion of the right distal fermur. It was initially thought to be osteomyelitis with soft tissue
abscess and treated with antibiotics.

Radiology

There was a heterogeneous T2 hyper signal intensity area involving the distal femur, with
rnm enhancement. This was associated with subperiosteal soft tissue enhancement
(0.6 = 4.2 cm). Adjacent to this area, there was also a heterogeneous collection with septa-
tion and thick wall rim enhancement measuring at least 4.5 x 2.0 = 3.1 cm. The findings
mimicked intraosseous abscess and osteomyelitis involving the distal femur with soft tis-
sue and subperiosteal abscesses (Fig. 27.1.14A).

Histology

The hematoxylin and eosin (H&E)-stained histologic slides demonstrated fragments of
trabecular bone and bone marrow contents, In the bone marrow space, there were mul-
tiple, small cohesive clusters of “small round blue cells,” characterized by monotonous
hyperchmmatjc nuclei with inconspicuous nucleoli and scant cytoplasm (Fig. 27.1.1B).

Immunohistochemical staining

The immunohistochemical (IHC] staining demonstrated diffuse sirong membranous
staining for CD99 (Fig. 27.1.1C1) and diffuse strong nuclear staining for NEX2.2
(Fig. 27.1.1C2), and negative staining for muscle markers (myogenin, desmin, and MyoD1)
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FiG. 27.1.1 MRIand microphatograph of the patient. (A) MRIof right fermur., A heterogenecus T2 hyper signal intensity
area involving the right distal femur mimicked intraosseous abscess and osteamyelitis. (B) Microphotograph of the
right fermur lesion (H&E, 400X). In the bone manrow space, there were multiple, small cobesive clusters of *small roand
blue eells, ® characterized by monotonows hyperchromatic nudle with infonspicivous nudleall and icant cytoplasm.
(C)Microphotograph of the right femur lesion immunchistoche mical staining (THC), €1 CD55, 4000, C2: NKX2.2, 4000,
The IHC staining demonstrated diffuse strong membranous staining for CD99 (€1} and diffuse strong nuclear staining
for BKX2.2 {C2), and negative staining for muscle markers {myogenin, desmin, and MyoD 1) and hematopoietic cell
markers (03, COM0, €034, (D4, and TdT). The staining pattern was highly suggestive of Ewing sarcoma

and hematopoietic cell markers (CD3, CD20, CD34, CD43, and TdT. The staining pattern
was highly suggestive of Ewing sarcoma.

Test ordered

FISH: EWSRI break-apart probe
Chromosome microarray (CMA)
Targeted NGS

Laboratory test performed

FISH with a break-apart probe for EWSR1 was used for testing, When red and green signals
are separated, it indicates a rearrangement of EWSRI. Chromosome microarray methods
were described previously in Chapters 1 and 12.

The OncoKids panel is an amplification-based NGS assay designed to detect various
molecular aberrations across the spectrum of pediatric malignancies, including leuke-
mias, brain tumaors, and extracranial solid tumors. Targeted aberrations include single-
nucleotide variants (SNV), multinucleotide wvariants (MNV), insertions/deletions
(InDels), amplification (=8 estimated copies), and RMA-based gene fusions. This panel
uses low-input amounts of DNA (20ng) and RNA (20ng) and is compatible with
formalin-fixed, paraffin-embedded (FFPE) and frozen tissue, bone marrow, and
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peripheral blood. The DNA assay of this panel covers the full coding regions of 44 cancer
predisposition loci, tumor suppressor genes, and oncogenes; hotspots for mutations in
82 genes; and amplification events In 24 genes. The RMNA assay includes 1421 targeted gene
fusions [Table 27.2).

Test results

FISH studies on a touch-preparation slide, using the EWSR1 dual-color break-apart |:un::|'.:-|3_.
showed an abnormal signal pattern consisting of one fused signal and one split (red and
green) signal in 9 [154F200] of analyzed cells. This finding indicates a rearrangement of
the EWSRI (22q12) locus in tumor cells (Fig. 27.1.2).

Using CMA analysis, focal deletions were detected in the 11g24.3 and 22¢12.2 regions
encompassing portions of the FL1 and EWSR] genes, respectively, These deletions occurred
at the breakpoinis of a chromosomal rearrangement resulting in an EWSRIZFLI fusion
(Fig, 27.1.3).

An EWSRI:FLID gene fusion was identified by the targeted NGS panel (data not
shown).

Results with interpretations

The diagnosis of this case is Ewing sarcoma (ES). ES has similar histologic to 1HC features
and shares specific, nonrandom translocations. ES can arise in any bone or soft tissue site,
but it is mainly seen in the pelvis, axial skeleton, and femur.

22q12 EWSR1 [TELNG)

FIG. 27.1.2 EWSRT dual-color break-apart FISH. It indicated a rearrangemant of the EWSRT (22012) bocus in
tumar cells.
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On H&E-stained sections, “typical” ES are sheets of “small round blue cells (SRBC)" with
hyperchromatic nuclei and scant clear cytoplasm containing abundant glycogen. Muclear
pleomorphism (difference in size and shape) is typically minimal. "Atypical ES” represents
a histologic variant of ES and ES-like sarcoma, demonstrating SRBC often with additional
“arypical” histologic features (e.g., larger-sized cells, a greater degree of cellular pleomorphism,
a higher mitotic rate, and unusual organoid, lobular, and alveolar architectural pattems).

IHC staining has been widely used for distinguishing ES from other undifferentiated
SRBC rumors, such as thabdomyosarcoma, neuroblastoma, a small-cell variant of osteosar-
coma, mesenchymal chondrosarcoma, and hematopoietic malignancies. Most ES expresses
a cell surface glycoprotein, CD93/MIC2. Therefore, the membranous CD9% expression can
be a sensitive marker for ES, but its specificity is low. Thus far, the most sensitive and
specific IHC marker is NKX2 2, the protein product of the NA(Z 2 gene.

EWSR1, along with FOXO! (13gl4) and 5518 (18g11), is one of the most common
translocation gene partners identified in pediatric tumors (Fig. 27.1.4). Most ES expresses
one of the reciprocal translocations between EWSRI (located at 22ql2) and either
FLIT (11q24) or ERG (21q22) as a partner gene (Fig. 27.1.5). However, EWSRI may be
replaced by FUS (16p11) in a small population of ES, and EWSRI FISH cannot detect these
fusions.

Recently, EWSR1-negative SRBC tumors, which often show “atypical ES" histology,
have been further characterized by novel translocation, including SRBC tumors with
CIC:DUX4 fusion and BCOR fusions. Therefore, these “atypical” ES should be identified
as Ewing-like sarcoma, an entity different from ES (Fig. 27.1.4).

EWSR1 FISH has been widely used but may not detect ES with a FUS gene fusion and
Ewing-like sarcoma that are not associated with EWSRI fusion. Therefore, targeted NGS is
the most specific form of testing in this case. Advances in treatment, including surgery,
radiotherapy, and multidrug chemotherapy, have improved the 5-year overall survival
(O5) rate of patients with localized ES to approximately 75%. However, the 5-year 05 of
metastasis patients remains low (20%-45%). Prompt and accurate diagnosis is critical
[11-14],

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g. exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and breadth of treatment options.

Case 27.2 CIC-DUX fusion-associated sarcoma
Clinical indication

The patient was a 5-year-old male who presented with a subcutaneous mass on the
abdominal wall, measuring 1.8 x 1.2 x 1.0cm. He underwent a resection of the mass.
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On H&E-stained sections, “typical” ES are sheets of “small round blue cells (SREC)" with
hyperchromatic nuclei and scant clear cytoplasm containing abundant glvcogen. Muclear
pleomorphism (difference in size and shape) is rypieally minimal. “Atypical ES” represents
a histologic variant of ES and ES-like sarcoma, demonstrating SRBC often with additional
“atypical” histologic features (e.g., larger-sized cells, a greater degree of cellular pleomorphism,
a higher mitotic rate, and unusual organoid, lobular, and alveolar architectural pattems).

IHC staining has been widely used for distinguishing ES from other undifferentiated
SRBC rumors, such as rhabdomyosarcoma, neuroblastoma, a small-cell variant of osteosar-
coma, mesenchymal chondrosarcoma, and hematopoietic malignancies. Most ES expresses
a cell surface glycoprotein, CD99/MICZ. Therefore, the membranous CD99 expression can
be a sensitive marker for ES, but its specificity is low. Thus far, the most sensitive and
specific IHC marker is NKX2.2, the protein product of the NEX2.2 gene,

EWSRI, along with FOXOI (13q14) and 5518 (18q11), is one of the most common
translocation gene partners identified in pediatric tumors (Fig. 27.1.4). Most ES expresses
one of the reciprocal translocations between FWSRI (located at 22q12) and either
FLIT {11924) or ERG (21q22) as a partner gene (Fig. 27.1.5). However, EWSR1 may be
replaced by FUS (16p11) in a small population of ES, and EWSRI FISH cannot derect these
fusions.

Recently, EWSR1-negative SRBC tumors, which often show “"atypical ES" histology.
have been further characterized by novel translocation, including SREC tumors with
CIC:DUX4 fusion and BCOR fusions. Therefore, these “atypical” ES should be identified
as Bwing-like sarcoma, an entity different from ES (Fig. 27.1.4).

EWSRI FISH has been widely used but may not detect ES with a FUS gene fusion and
Ewing-like sarcoma that are not associated with EWSRI fusion. Therefore, targeted NGS s
the most specific form of testing in this case. Advances in treatment, including surgery,
radiotherapy, and multidrug chemotherapy, have improved the 5-year overall survival
(05) rate of patients with localized ES 1o approximately 75%. However, the 5-year 05 of
meltastasis patients remains low (20%-45%). Prompt and accurate diagnosis is critical
[11-14].

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
Bene coverage (e.g, exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and breadth of treatment options.

Case 27.2 CIC-DUX fusion-associated sarcoma
Clinical indication

The patient was a 5-year-old male who presented with a subcutaneous mass on the
abdominal wall, measuring 1.6 1.2 « 1.0cm. He underwent a resection of the mass.



“sapmpad L) SIOUINY UGN S IHSAAT-U0U UIRIN ¥LET DI




438 Cases in Laboratory Genetics and Genomics (LGG) Practice

Ewing Sarcomas at CHLA (2018-2020)
Morphology/IHC — NGS correlation: 100% (n=20)

FiG, 27.1.5 Ewing sarcomas at Children’s Hospital Los Angeles (2018-20).

Histology

The hematoxylin and eosin (H&E)-stained histologic slides demonstrated sheets of "small
round blue cell tumor (SRBCT)" with an infiltrating border (Fig. 27.2.1A). The tumor cells
showed an "atypical” ES histology. The nuclei were slightly larger and more vesicular than
those seen in “rypical ES." The tumor cells had occasional 1-2 conspicuous nucleoli and
scant cytoplasm. There were brisk mitoses, up to 40 per 10 high-power fields, and areas of
tumor necrosis (Fig, 27.2.1B).

Immunohistochemical (IHC) staining

The tumor demonstrated patchy membranous staining for CD99 (Fig. 27.2.2A) and neg-
ative staining for Phox2B and synaptophysin (markers for neuroblastoma), myogenin,
desmin (Fig. 27.2.28), and MyoD1 (muscle markers), and pan-cytokeratin.

Test ordered

~ FISH: EW5RI break-apart probe

~ Targeted NGS

Laboratory test performed

FISH and targeted NGS methods were described previously (see Case 27.1).
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FIG. 27.2.1 Micrephotegraph of the abdeminal soft tissue lesion (HEE, A 40X; B: 400X). The tumor demanstrated
sheets of “SRECT® with an infiltrating berder (4). The tumar colls show an “atypical® ES histolegy. The nuclei were

slightly larger and more vesicular than those seen in “typical ES” (B).

FIG.27.2.2 Micraphatograph of the abdominal soft tisue lesion immunchistochemical staining {IHE). Az CDO9, A00x;
B: desmin, 400%. The tumer demonstrated patchy membraneus staining for COT9 (A) and negative staining for
Phox28 and synaptophysin {a marker for newrcblastoma), myogenin, desmin (B), and MyoD1 {muscle markers), and
pan-cytokeratin,
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Test results

FISH is negative for EWSRI rearrangement. A CIC::DUX4 gene fusion was identified by the
targeted NGS.

Results with interpretations

The diagnosis is CIC:DUX4-associated sarcoma. CIC:DUX4-associated sarcoma is the
most common EWSRI-negative small round blue cell tumor (SRBCT). A study including
115 patients with CIC:DUX4 fusion-associated sarcoma showed a mean age of 32years
and a slight male predominance, and that most tumors arose in the soft tissue (86%), pre-
dominantly in the trunk and extremiry, followed by visceral locations (12%), and rarely in
the bone (3%). The study also demonstrated that the 5-year survival rate of CIC:DUX4-
associated sarcoma was significantly lower than that of ES [15].

On H&E-stained sections, CIC::DUX4 fusion-associated sarcoma shows SRBCT with an
“arypical” ES histology. The nuclei are slightly larger and more vesicular (with a more open
chromatin pattern) than those in "typical” ES. Mitoses and necrosis are commonly present
(Fig. 27.2.1A and B). IHC staining is often nonspecific, CD99 shows variable cytoplasmic
and membranous expression, often in a patchy distribution (Fig, 27.2.24). Although stain-
ing was not performed on this case, most cases were reported to be diffusely nuclear pos-
itive for C- and N-terminus WT1 and ETV4 [16,17].

CIC:DUX4 fusion involves CIC, a transcriptional repressor (located at 19q13.1), and
DUX4, a double homeobox transcription factor (gither chromosome 435 or 10q26.3).
Some tumeors harbor FOXO4 (Xq13.1), LEUTX (19q13.2), NUTMI(15q14), or NUTM2A
(10g23) genes instead of DUX4 as a partner gene [18-21]. In this case, EWSRI FISH was
negative. CICFISH is not available at many laboratories. Thus far, targeted NGS is the most
specific testing for diagnosing SRBCT.

Future testing and recommendations

The current NG5 panel testing included a limited number of genes. Testing with broader

gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.

Case 27.3 Rhabdomyosarcoma
Clinical indication

The patient was a 9-year-old female who presented with abdominal pain and hernatemesis.

Radiclogy

There was a thoracoabdominal mass involving the middle/posterior mediastinum to the
superior retroperitoneum, measuring 10.4 x 9.4 = 6.0cm (red circle), and left pleural effu-
sion (red arrow, Fig. 27.3.1).
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FIG. 27.3.1 MRI of the media<tsnal mass lesion, There was 3 thoracoabdominal mass imvalving the middie/posterior
mediastinum to the superior retroperitoneum, measuring 1004 < 9.4 « 6.0cm (red circle) and left pleural effusion (red
circlel

Histology

The H&E slides demonstrated sheets of SRBCT infiltrating into fibro adipose and skeletal
muscle tissue, The tumor cells showed monotonous, oval to slightly angulated nuclei with
finely granular chromatin, and occasional prominent nucleoli and scant cytoplasm. There
were frequent mitoses (20-30 per 10 high-power fields) and karyorthexis debris. Areas of
tumor necrosis were present (Fig. 27.3.2A).

Immunohistochemical (IHC) staining

The ITHC staining demonstrated diffuse strong cytoplasmic, nuclear, and nuclear staining
for desmin (Fig. 27.3.2B1), MyoD1, and myogenin (Fig. 27.3.2B2), respectively. In addition,
the tumor cells were negative for HMGA2, CD99, pan-cytokeratin, WT'1, Phox2b, and
hematopoietic cell markers (CD45 and TdT).

Test ordered

FISH: FOXO! and 5518 break-apart probes
Chromosome microarray (CMA)
Targeted NGS

Laboratory test performed

FISH, CMA, and NGS methods were described previously (see Case 27.1).
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Alveolar RMS (ERMS)

phategraph of the mediastinal mass lesion (HEE,
G00X). The HAE stides demonsirated sheets of SRECT, The tumor cells showed monotanaus, oval to slghtly angulated
nuclei with finely granular chromatin, and cccasional prominent nucleoli and scant oytoplasm. (B) Microphotegraph
of the mediattinal mass lesion [immunochistachemical staining (1HC), B1: desmin, 400X: B2: myogenin, A00K], The iHC
staining demonstrated ditfuse strong cytoplasmic, nuclear, and nuclear staining for Desmin (81, MyaD1, and
myogenin (B2), respectively.

Test results

Fluorescence in situ hybridization (FISH)

FISH studies on interphase tissue cells using the FOXO1 (13q14) dual-color break-apan
probe showed an abnormal signal pattern consisting of two copies of the FOXOI fused
signal, two copies of the telomeric FOXOI signal, and two copies of the centromeric
FOXO1 signal (signal pattern: 2F2R2G) in 78/200 (39%) of the cells examined. The
observed signal pattern indieates the presence of an abnormal clone with a rearrangement
involving the FOXO! gene in tetraploid (4N) cells (Fig. 27.3.3A). FISH studies on inter-
phase tissue cells using the SS18 (18q11.2) dual-color break-apart probe showed four cop-
ies of the 5518 signal (signal pattern: 4F) in 174/200 (87%) of the cells examined: this
pattern indicates the presence of tetraploid (4N) cells, with no evidence of a rearrange-
ment involving the $518 gene (Fig, 27.3.38).

Chromosomal microarray (CMA)

This tumor demaonstrated amplification of the CDK4 and GLI genes in chromosome 12, a
commoen alteration in malignant sarcomas, including ARMS. There was no evidence of a
deletion involving TP53. The t(2;13) that results in a PAX3:FOXO] fusion is not detected by
this assay in the balanced state (Fig. 27.3.3C).
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FIG. 27.3.3 F15H and CAA results frem the patient. (A FOXOT dual-color break-apart FISH. FOXOT (1314} dual-color
break-apart probe showed an abnormal signal pattern consisting of two copies of the FOXOT fused signal, two coples
of the telameric FOXOT signal, and two coples of the centromeric FOXOT signal. The observed signal pattern indicates
a rearrangemant invalving the FOXO1 gene in tetraploid (4N) cells. FOXOT 3'FISH probe is in green; FOXOT 5'FISH
probe is in orange. (B) 5518 dual-celor break-apart FISH. FISH studies on interphase tissue cells tsing the 5518(18gq11.2)
dual-color break-spart prokee shewed four copies of the S518 signal (signal pattern: 4F); this pattern indicates the
presence of tetraploid (AN} cells, with no evidence of a rearrangement invalving the 3518 gene (8). 5518 I'FISH probe
it in green; 5518 5FISH probe Is in orange. (C) Chromosomal microarmay (ChA) This tumor demonstrated
amelification of the COK4 and GLIT genes in chromosome 12, & comman alteration in malignant sarcomas, including
ARBAS. There was no evidence af a deletion involving TP53, The 1(2:13) that results in a PAXILFOXO! fusion is not
detected by this assay in the balanced state.

Targeted next-generation sequencing (NG5}

The PAX3:FOXO! gene fusion and amplification of GLII and CDRd were identified by
NGS, concordant with the findings from FISH and CMA (data not shown). GLII and
CDK4 amplification have been reported in ARMS. Approximately 25% of PAX3:FOXOI(+)
alveolar rhabdomyosarcomas demonstrate CDKY amplification, COK4 amplification may
be associated with a more aggressive disease course in alveolar rhabdomyosarcoma
[22-25].
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Results with interpretations

The diagnosis of this case is thabdomyosarcoma (RMS), alveolar type. RMS is the most
common pediatric soft tissue sarcoma, accounting for 3% of childhood tumors and
50% of pediatric sarcoma with slight male predominance [23]. At diagnosis, RMS is usually
larger than 5cm and shows poorly circumseribed, infiltrative masses.

Pediatric RMS is divided into three histologic subtypes with necessary treatment and
prognostic implications, embryonal, alveolar, and spindle cell/sclerosing RMS. Another
subrype listed in the WHO Classification of Tumaors (5th Ed.) along with these three sub-
types is pleomorphic RMS, mainly seen in adults [26].

The hallmark of alveolar RMS (ARMS) is a FOXO! rearrangement. t(1:13) (BAX3:
FOXO1) or 1(2:13) (PAX7:FOXOD), ARMS accounts for 25%-40% of RMS, It is often found
in adolescents and commonly occurs in the extremities. Morphologically, ARMS is char-
acterized by undifferentiated “small round blue” cells (Fig. 27.3.2). The morphology often
makes it difficult ro distinguish this entity from the other SRECT of bone and soft tissue in
childhood, such as Ewing sarcoma, Ewing-like sarcoma, lymphoma, a small cell variant of
osteosarcoma, and mesenchymal chondrosarcoma.

Embryonal RMS (ERMS) is the most common RMS that accounts for up to 60% of all
RMS. One-third of ERMS occurs in children younger than 5 years, but it can affect older
children and adulis. ERMS arises most commonly in the orbital, head, and neck regions
and genitourinary system, and less commaonly in the trunk, biliary tract, retroperitoneurn,
and abdomen. Mcrrphulogicnlly, ERMS shows varable cellularity and differentiation of
rhabdomyoblastic tumor cells. The thabdomyoblastic differentiation ranges from undif-
ferentiated “small round blue” to differentiating/ differentiated cells with an expanded or
elongated eosinophilic cytoplasm, sometimes with cross-striations (e.g., “strap cells”
“tadpole cells,” Fig. 27.3.4A). Scattered anaplastic cells (with markedly enlarged nuclei
and atypical mitotic figures) can be seen. ERMS is negative for FOX0! rearrangement [26].

Spindle cell/sclerosing RMS (SC/5RMS) is characterized by “spindle cell” morphology
with elongated nuclei and long cellular fascicles with or without intervening stroma with
hyalinization/sclerosis (Fig. 27.3.4B). There are two distinct groups with recurrent molec-
ular genetic abnormalities in pediatric SC/SRMS. The presence of an MYODI mutation
characterizes the first group. It is the most common SC/SRMS that occurs mainly in ado-
lescents and young adults. The second group is SC/SRMS associated with gene fusions,
including the VGLL2, TEADI, SRE and NCOAZ2 genes, such as TEADI-NCOA2, VGLLE-
NCOAZ, and VIGLIZ-CITED2, SC/SRMS in this group occurs almost exclusively in young
children =2 years [26-29].

IHC staining is a useful tool to distinguish RMS from other sarcomas. RMS cells are
typically positive for muscle markers, such as myogenin, desmin, and Myo[D1; however,
the intensity and distribution of the staining vary among the histologic subtypes. ARMS
usually shows diffuse, strong positivity for myogenin, desmin, and MyoD1. ERMS is pos-
itive for muscle markers, but the staining intensity is often variable, and the distribution is
patchy or focal. An IHC pattern with diffuse strong MyoD 1 positivity and negative myo-
genin and desmin is a good clue for MYODI! mutated SC/SRMS (Fig. 27.3.4B). Recently
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Embryunal RMS {ERMB] Spindle celll‘&clemsing RMS {ECISRMSI

FIG, 37.3.4 Hatology of embryonal (4) and spindle cellisclerasing (B) rhabdomyosarcoma (RMS).

(A} Microphotograph of an embryonal RMS (HEE, B00X). Morphologically, ERMS shows variable celiularity and
fhabdomyoblastic differentiation. The rhabdomyoblastic differentiation ranges from unditerentiated “small round
blue® to differentiatingsdifferentiated cells with an expanded or elongated eosinophilic cptoplasm, semetimes with
cros-itriations {e.q., “strap cells,” “tadpale cells,” black and white arrowheads, respectively). Scattered anaplastic
cells (with markedly enlarged nucle and atypical mitotic figures) can be seen. (B) Microphotegraph of a spindle cellf
sclerosing RS [HEE, 400X immunohistochemical staining (IHC), B1: MyoD1, 200X: B2: desmin, 200X B3: myogenin,
J00X]. Spindle cellfsclerosing RMS (SCSRMS) is characterized by “spindle cell® marphology with elangated nucle: and
long cellular fascicles with or without intervening strama with hyalinizationfsclerosis (81), An HC pattern with diffuse
strong MyoD1 pasitivity and negative myogenin and desmin is fypical for MYODT mutated SCSRMS (B2-84).

useful markers distinguishing fusion-negative RMS (ERMS) and fusion-negative RMS
(ARMS) have been introduced (Fig. 27.3.5) [30].

All children with RMS are treated with surgery, chemotherapy, and/or radiation. The
intensity and duration of the chemotherapy depend on the Risk Group Assignment. Each
patient is categorized into either the low-, intermediate-, or high-risk group, which is
decided by the stage (according to the initial clinicopathologic review of tumor; site, size,
degree of wimor extension, and lymph node and distant metastatic status), the group
[depending on completeness or extent of initial surgical resection after pathologic review
of the tumor specimens), and the histology subtype (ERMS vs AEMS). Therefore, the
presence or absence of FOXO!I gene fusion is essential to determine the treatment option
[31,32].

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.
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[ Alveolar (fusion +) RMS vs. Embryonal (fusion -) RMS
HE&E Myogenin Desmin APZbeta HMGAZ
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FIG. 27.2.5 Immunchistachemical staining (IHC) pattern of alveolar and embryonal RMS. IHC is 2 useful tool 12
distinguish RMS from other sarcomas. RMS cells are typically pesitive for muscle markers, such as myogenin, detmin,
and MyoD; however, the intensity and distribution of the staining vary among the histologic subtypes. Alveolar RMS
(ARNMS) usually shows diffuse, strong positivity for myogenin, desmin, and MyaD1. Embrganal RMS (ERMS) i positive
for musche markers, but the staining intensity is often variable, and the distribution i patchy or focal. APbeta and
HWGAZ THC staining patterns are typically “positive and negative” and “negative and positive” in ARMS and ERMS,
respectively.

Case 27.4 NTRK1-associated sarcoma
Clinical indication

The patient was an 11-year-old male who presented with a persistent cough.

Radiology

The chest X-ray demonstrated a round, well-circumscribed mass measuring approximately
8.0cm in diameter at the posterior medial left lower lung (Fig. 27.4.1A). The chest CT also
detected a 5.9 < 7.4 % 6.9cm left lower lobe mass posteromedially abutting the left posterior
hilum (Fig. 27.4.1B).

Histology

The H&E slides of the core biopsy demonstrated sheets of monotonous spindle cells. The
tumor cells showed spindle cells with monotonous spindle nuclei with a fine chromatin
pattern and inconspicuous nucleoli and eytoplasm with elongated eosinophilic fascicles.
Only mild pleomorphism (size difference) was seen in the nuclei. There were occasional
mitoses (up to 3 per 10 high-power fields). Small areas of umor necrosis were present
(Fig. 27.4.2A1 and A2).



FiG. 27.4,17 Chest X-ray results, Chest-X ray (4) and CT (B) of the chest wall mass lesion. The chest X-ray demonstrated a
round, well-circumscribed mass IMUEASATENG approximately B.0cm in diameter at the posterior medial left lower lung
(). The chest CT also detected a 5.9 % 7.4 = 6.9cm left lower lobe mass posteromedially abutting the left posterior
hilum {8}.
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FIG. 27.4.2 Microphotographic results. (A) Microphotograph of the pesterior chest wall mass lesion (HEE, A: 200 B:
4000}, The HAE slides of the core biopsy demanstrated sheets of monotonous spindle cells (A1). The tumor cells
showed spindle cells with relatively monotonous spindle nuclel with a fine chrematin pattern and inconsplcucus
nucleali and elongated sosinophilic fascicles (A2). Only mild pleomorphism (size difference) was seen in the nuclel
There were occasional mitoses (up to 3 per 10 high-power fields), Small areas of tumor necrosis were present,

(B) Microphotograph of the postersor chest wall mass lesion [immunchistochemical staining (IHC), B1: panTRE, 400X;
B2: CD34, 400%: B3: $100, 400X]. The IHC staining demonstrated diffuse strang cytoplasmic staining for panTRE (A},
CD34 (B), and 5100 {€). Desmin and SkiA showed focal, weak grtoplasmic positivity. Beta-catenin was negative for
nuclear staining. Pan-cytokeratin, desmin, myogenin, SMA, TLE, and hematopoietic markers (CD20, €021, €023,
C043, and myeloperoxidase) were negative.
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FIG. 27.4.3 Chromosomal microarray (CMA). [A) The 302kb deletion in the 16231 région with a breakpeint within
the NTRKT gene and the 3Mb deletion in the 1925.3931.1 region with a breakpoint within the TPR gene were
consistent with the TAR:NTRET fushon. () Overlapping deletions observed in the p21.3 region of chromoiome 9
result in s lows of both coples (bi-allelic less) of the COXN2A and COKNZB tumor suppresior genes. (C) The 2.6 Mb copy
number gain in the pi3.33p12.32 region of chromosome 12 involves the COND2 gene.
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Histologically, NTRKI-associated sarcoma is characterized by spindle cells with long
fascicles in a myxoid 1o the fibrous background, It often shows brisk mitoses (3-4 high
power fields, with some cases up to 10-15 per 10 high power fields) and CD34/5100 pos-
itivity by immunchistochemical staining (IHC). In addition to S100 positivity, the tumors
can have areas with admixed mature adipose tissue; therefore, they were initially called
lipofibromatosis-like neural tumors [33,35]. NTRK] -associated sarcoma may demonstrate
overlapping clinical and histologic features with other spindle cell sarcomas, such as
infantile fibrosarcoma (IFS) or dermatofibrosarcoma protuberans (DFSP) and which
manifests a diagnostic difficulty. IFS is the most common soft-tissue sarcoma in infants,
characterized by hypercellular spindle cell lesions with an infiltrative border, harboring an
ETVE:NTRES fusion in approximately 85% of tumors. DESP is also a hypercellular spindle
cell neoplasm with an infiltrative border caused by PDGFB rearrangements. In such diag-
nostically challenging cases, screening with panTRK (or NTRK1/2) IHC may guide subse-
quent molecular testing to identify TRK fusions [33).

NGS is a critical diagnostic adjunct in which a multiplex sequencing panel can detect
TRK fusions and other potentially targetable molecular alterations. Current first-line ther-
apy for pediatric patients with advanced solid tumors includes cytotoxic chemotherapy,
radiation therapy, and sometimes disfiguring surgeries. Larotrectinib is a TRK inhibitor
with durable response rates and a favorable toxicity profile [34,38-41].

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment opticns.

Case 27.5 Aneurysmal bone cyst
Clinical indication

Patient 1 was an 18-year-old female who presented with back pain, She was found to havea
sacral expansile, lytic lesion, which locally recurred 5 months following the initial procedure.

Patient 2 was a 13-year-old male who presented with bone pain in the right knee and
was found to have an expansile lytic lesion in the posterior mid-shaft of the right femur.

Radioclogy

Patient 1: The MRI demonstrated an expansile lytic lesion in the posterior left neural arch
at the level of 53, measuring 5.7 = 3.4 cm, containing multiple fluid levels, and extending
into the sacral spinal canal with compression of 53 nerve roots (Fig. 27.5.1A).

Patient 2: Radiographs demonstrated an eccentric (cortical based) lytic lesion extend-
ing in the proximal to mid femoral diaphysis with soft tissue involvement. There was
increased periosteal bone formartion with Codman triangles (Fig. 27.5.1B),
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FIG. 27.5.2 Micraphotograph of the bone lesions (H&E, A, B1, and B2: 2000 B3: 4D0X). {4) Patient 1: The sections
demonstrated characteristic histologic features of ABC with thin fibrous septa of the multilocular eysts. The septa
consisted of a fibrous stroma with spindled cells, numerous osteoclastic giant cells, lymphohistiocytic inflammatory
cells, extravasated red blood cefls, and scattered hemosiderin depesits. Reactive bane formation and dystrophic
calcification were occasionally seen. (B) Patient 2: The secticns from the bone and soft tisue compaonents showed
cystic areas with fibrous septa-like patient 1 (81), admixed with focal, solid expamsion (B2), The solid areas contained
spindle cells, osteoclastic giant cells, and inflammatary cells (B3). Mo atypical pleomorphic cells, ostecid farmatian, or
necrosks were ientified. Occasional reactive bone formation was seen,

Laboratory test performed

NGS, RT-PCR, FISH, and CMA methods were described previously in this chaprer, Case
27.1. Sanger sequencing methods were described in Chapter 5, Case 5.4.

Test results

Targeted next-generation sequencing (NGS)
NGS identified novel USPG fusions, PAFAMIRL;USPS from patient 1 (Fig. 27.5.34), and
RUNXZ2::USP6 fusion from patient 2 (Fig. 27.5.4A).
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J. Fusion Breakpoint B |
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FiG. 27.5.4 Melecular testing results of patient 2. (A) NGS showed a novel USPS fusion, RUNXZ: USRS fusion. (B) FISH
using dual-colos, dual-fusion probes (RP3-427113 for RUNX2 on 6p21.1, and RP11-0638 for USFS on 17p13.2). The
Interphase FISH results showed two yelfow fusion signals, ene red, and one green, which refer to one normal RUNXZ
and one normal UWSPG signal.

Confirmation of the novel fusions

Patient 1: To confirm the PAFAH1B1::USPS fusion, we performed RT-PCR by using the for-
ward primer from PAFAHIE] and the reverse primer from USPS, because both genes are
located on the short arm of chromosome 17 and are 2.5 Mb apart. A 148bp single band of
fusion transcript was amplified by RT-PCR (Fig. 27.5.3B), and the PCR product was puri-
fied and sequenced by the Sanger method (Fig. 27.5.3C).

Patient 2; To confirm the RUNX2: USPG fusion, FISH with dual-color, dual-fusion probes
[RP3-427113 for RUNX2on6p21.1, and RP11-4618 for USP6on 17p13.2) was performed. The
interphase FISH results showed two yellow fusion signals, one red, and one green, which
refer to one normal RUNXZ signal and one normal USPS signal (Fig. 27.5.4B).

Results with interpretations

The diagnosis is aneurysmal bone cyst (ABC). A spectrum of USPS-rearranged lesions
includes ABC, nodular fasciitis (NF), myositis ossificans (M), fibro-osseous pseudotu-
mor of digits (FOPD), and fibroma of tendon sheath, The molecular-genetic hallmark
of these lesions is the presence of USPS (Ubiquitin specific peptidase 6, also known as
TREZ, locared at 17pl13) fusion with one of the various partner genes [42-45].

ABC presents with a benign bone tumor with multiloculated cysts often containing
bloody fluid. Histologically, ABC shows a well-circumseribed eystic mass separated by
fibrous septae with myofibroblastic proliferation admixed with osteoclast-like multinu-
cleated giant cells. USPSE:CDHTT is the most common gene fusion reported in approxi-
mately 30% of USPE fusion-positive ABC [44]. Other known U/SPS fusion pariners
include TRAPIS0, ZNES, OMD, COLIAL SECIIA, EIF1, FOSL2, RUNX2, STAT3, PAFAHIEL
CTNNEI, USPSX, ANGPTLZ, ASAPI, FATI, SARIA, and TNC [42].

NF presents as a rapidly growing. benign myofibroblastic proliferation that can be self-
limiting. It often occurs in the subeutis of the upper extremities, trunk, head and neck, and
rarely in the deep sites, such as intramuscular, intraarticular, and periosteal regions.
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USPE-MYHY is the most detected gene fusion. COMHI1 and COLIA, which are frequent
gene partners in ABC, are rarely seen in NE A growing number of novel fusion partners
have been detected, including RREBPI, CALLY, CTNNBI, MIRZ2ZHG, SPARC, THBES2
COLBAZ, SERPINHI, COL3AI, and EIF5A. An aggressive NF with a PPPSR3-USPS fusion
and amplification was also described [45].

MO and FOPD are now thought to be the same entity. They also present with a rapidly
growing, benign myofibroblastic proliferation in the subcutis and skeletal musele, which
can be self-limiting. Woven-bone formation rimmed by bland osteoblasts is the feature
that distinguishes MO/FP from NE USPS rearrangement, often with COLIAL:USPG
fusion, has been detected in these tumaors [43].

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.

Case 27.6 Lipoblastoma

Clinical indication

A previously healthy 3-month-old female with no abnormal prenatal/birth history pre-
sented with a 2-week history of a firm, rapidly growing, well-defined left neck mass.

Radiology

An MRI demonstrated a homogeneous T2 hyperintense and T1 hypointense supraclavi-
cular mass measuring 6= 5.5 x 2cm (Fig. 27.6.1A).

Histology

An incisional biopsy demonstrated a homogeneous, cellular proliferation of oval to spin-
dled mesenchymal cells in a prominent myxoid background with a delicate vascular net-
work. The tumor cells have bland cytology with open chromatin and small indistinet
nucleoli with no significant arypia. No necrosis was identified. Adipose differentiation
and lipoblasts were absent (Fig. 27.6.1B1 and B2). A complete resection of the lesion
was performed 3weeks after the initial biopsy. The tumor demonstrated the histology
as seen in the initial biopsy except for focal, small areas with adipose differentiation dem-
onstrating lobules of primitive adipose tissue (Fig, 27.6. 183, black arrowheads) and lipo-
blasts (Fig. 27.6.1B4, white arrowheads).

Immunohistochemical (IHC) staining

The IHC stain demonstrated diffuse strong nuclear PLAGT expression (Fig. 27.6.1C) and
diffuse strong vimentin cytoplasmic positivity. CD34 accentuated the background
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FiG. 27.6.1 MAI and microph otogragh of the patient. (a) An MR demonstrated a homogeneous T2 hyperintense and
TV hypointense supraclavicular mais meaturing 6 x 5.5x 2 cm. (B) Microphotograph of the neck soft tissee mads
lesions [M&E, B1 and B3: 40: B&: 2003 B4: 400X: immunchistochemical 5t,air1ing {IHE): € PLAGY, AD0X]. An initial
incisional biopsy demonstrated a homogeneous, cellular prodiferation of oval to spindled mesenchymal cells ina
prominent myxoid background with a delicate vascular network. The tumor cells have bland ovtology with open
chromatin and small indistingt nucleeli with ne significant atypia. Mo necrosis was identified. Adipose ditferentiation
and lipoblasts are absent (B1 and B2). The turnor resection specimen demonstrated similar histology to that seen in
the initial biopsy except for focal, small areas with adipase ditferentiation showing lobules of primitive adipose tissue
(B2, black arrowheads) and lipoblasts (B4, white arrowheads), () The tumor cells demonstrated diffuse stromg nuclear
PLAGYT expression.

vasculatures and showed diffuse weak positivity in the umor cells, SMA, 5100, myogenin,
CDg99, and CD117 were negative,
Test ordered

FISH: FUS, ETVE, EWSRI and PLAGI break-apart probes
- Conventional chromosome analysis
- Chromosome microarray (CMA)

Targeted NGS

Laboratory test performed

FISH, karyotyping, CMA, and NG5 methods were described previously in this chapter,
Case 27.1.

Test results

FISH analyses using FUS, ETVE, and EWSRI break-apart probes showed normal patterns,
while FISH analysis using a PILAGI break-apart probe on metaphase spreads
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demonstrated a rearrangement of PLAGT: the 3end of PLAGT (green) localized normally
to Bq, and the 5'end of PLAG! (orange) abnormally localized to 11q (Fig. 27.6.2A1). Addi-
tional FISH analyses using PLAGI probe (Red) and HAS2 probe (Green) demonstrated a
PLAG L HASZ fusion signal localizing to the derivative chromosome 8 created by the inser-
tion of 8g23q12 within the derivative chromosome 11 (Fig. 27.6.2A2).

Conventional chromosome analysis using G-banding was performed on tumor cells
and the results showed 46,.5X.ins(11.8)(g23:q23q12) (Fig. 27.6.28).

Chromosome microarray analysis (Illumina, CytoSNP 850K BeadChip) revealed a
1.9 Mb deletion of 8q24.1 (123.954,718-125,898,882), possibly associated with the inser-
tion of 8q23q12 within 1123 (Fig. 27.6.3).

Finally, the fusion of exon 3 of PLAGI with exon | of HAS2 was identified by NGS

Fig. 27.6.4).
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FIG, 27.6.2 FISH and karyotype results of the patient. (A) FISH analyses using FUS, ETVE, and EWSRT break-apart
probes showed normal patterns, while FISH analysis using & PLAGT break-apart probe on metaphase ipreads
demonstrated a rearrangement of PLAGT; the 3end of PLAGT (green) localized normally to 8q. and the Send af
PLAG] {arange) abnormally localized to 11g (A1) Additional FISH analyses using the PLAGT probe (red) and HAS?
probe (green) demonstrated a PLAGT HAS2 Tusion signal localizing to the derivative chromosome 8 created by the
insertion of 8g23q12 within the derivative chromosame 11 (A2). (B) Conventional chromosome analysis using
G-banding was performed on tumor cells, and the results showed 46,3041 1:8Hq23023q12)
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FIG.27.6.3 Chromosemal microarray (CMA) results from the patient. DNA SNP microarray analysis ((Humina, Cyroshp
B50K BeadChip) revealed a 1.9 Mb deletion of 8g24,1 (123,954,718-125,898,882), possibly associated with the
insertion of 8923412 within 11923,
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FIG. 27.6.4 Targeted NG5 showed that the exon 3 of PLAGT fused with the exon 1 of HAS2.
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Results with interpretations

The diagnosis for this case is lipoblastoma. Most lipoblastomas are detected in young chil-
dren, with 40% of cases diagnosed during the first year and over 80% occurring before
Ayears of age. There is a male predominance of approximately 2:1. Lipoblastoma arises
predominantly in the trunk and extremities but may involve the mediastinum, retroper-
itoneum, and viscera.

Lipoblastomas are benign, with an excellent prognosis, and treated only by surgical
excision. However, local recurrences are common, especially when the tumors are excised
incompletely [46,47].

Many lipoblastomas are well-circumseribed, but a subset has an infiltrative border and
is referred to as "diffuse lipoblastoma™ or “lipoblastomartosis.” Histologically, lipoblastoma
is characterized by the presence of immarure adipocytes in various stages of development,
ranging from primitive mesenchymal cells (Fig. 27.6.1B1 and B2) and lipoblasts
(Fig. 27.6.1B4, white arrowhead) to mature adipocytes, with variable amounts of a myxoid
matrix in the background. Diagnosing lipoblastomas with inconspicuous lipoblasts can be
challenging. At the most immature end, lipoblastoma shows an exclusively myxoid spin-
dle cell pattern that mimics primitive myxoid mesenchymal tumor of infancy (PMMTI)
and the most matured lipoblastoma can be indistinguishable from lipoma (lipoma-like
lipoblastoma) [48].

PLAGI immunohistochemical staining (IHC) has a high sensitivity for the diagnosis of
lipoblastoma, including histologically unusual lipoblastomas (myxoid and lipoma-like
lipoblastomas). As IHC is rapid and inexpensive as contrasted with molecular genetic
analysis, it can be considered a first-line diagnostic method.

The genetic hallmark of lipoblastoma is a fusion involving PLAG]I and one of the many
partner genes, including: HAS2 (located at Bq24.13) [48), COLIAZ (7q21.3) [50], COL3Al
(2g32.2) [50), RAB2A (Bql2.1-ql2.2) |50], RADSILI (14q24.1) [51], BOC (3q13.2) (52|,
ZEB2 (2q22.3) (53], CHCHD? (8gl2.1), CTDSP2 (12ql4.1), HNRNPC (14ql1.2), SRSF3
(6p21.3-p21.2), PCMTDI] (Bpll.23), YWHAZ (8q22.3), PPP2ZR2ZA (8p2l.2), DDXE
(11g23.3), KLFI0 (8q22.3), and KANSLIL (2q34) |54,55]. In addition, HMG2 rearrange-
ments instead of the PLAGI fusion have been identified by FISH [56] and NGS [54] in a
small subset of lipoblastomas. So far, two fusion partner genes with HMG2, FGDE, and
EP400, have been reported [54]. FISH did not detect many of these rearrangements.
CHCHD? and PLAG! are located only a few hundred base pairs apart at 8q12.1, and the
fusion in general is cryptic by conventional karyotyping and FISH. CTDSP2::PLAG! and
PPP2R2A:PLAG] were also cryptic and usually could not be identified by cytogenetic
methods [55]. HAS2-PLAGI, DDXG:PLAGI, KLFI0:PLAGH, KANSLIL:PLAGI, and
COL3AI:PLAGT could not be detected by PLAGI FISH [54]. These studies suggest that
cryptic chromosomal rearrangements are common in lipoblastoma. NGS is an excellent
method to detect PLAG! fusions; however, commercially available targeted RNA sequenc-
ing panels may not cover newly emerged fusion partners.
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Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.

Case 27.7 Pleuropulmonary blastoma-DICER 1-associated
tumors
Clinical indication

A previously healthy 3-year-old male presented with wheezing and shortness of breath.

Radiology

An MRI demonstrated a large multiloculared, pleural-based lung mass with a predomi-
nantly fluid intensity ar the base of the left lower lobe (Fig. 27.7.1A).

:
N -
L Pl

-7 e

,.4{"-!.;.:-_-'-' Fia g
S

& +
FIG. 27.7.1 MRl and microphotographic resulis from the patient. (A} An MRI demonstrated a large multiloculated,
pleural-based lung mass with a predominantly fluid intensity at the base of the left lower lobe, (B) Micophotographs
of the lung mass besion (HEE, 81 and B6: 100X, B2-B5: 400X). HEE histologic sections of the turmor demonstrated
he!wu-grnm uk features, including wnd iferentiated tmal round blue cells {81 and B2, poarly differentiated spindle
cells (B3), and large bizarre pleomorphic cells (anaplasia, B4 white arrowheads), often with rhabdomyoblastic (B1 and
B5) andior chondroid differentiation (B6). The rhabdomyoblastic cells aggregated beneath the epithalial lining
(“camblum layer,” B1, black arrowheads)
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Histology

H&E histologic sections of the tumor demonstrated heterogeneous features, including
undifferentiated small round blue cells (Fig. 27.7.181 and B2), poorly differentiated spin-
dle cells (Fig. 27.7.1B3), and large bizarre pleomorphic cells (anaplasia, Fig. 27.7.1B4,
white arrowheads), often with rhabdomyoblastic (Fig. 27.7.1B1 and B5) and/or chondroid
differentiation (Fig. 27.7.1B6). The rhabdomyoblastic cells aggregated beneath the epithe-
lial lining (“"cambium layer,” Fig. 27.7.1B1, black arrowheads).

Test ordered

— Chromosome microarray (CMA)

- Targeted NGS

Laboratory test performed
CMA and NGS methods were described previously in this chapter, Case 27.1.

Test results

CMA demaonstrated evidence for a cytogenetically evolving tumor, as copy number alter-
ations were present in small subpopulations of cells. The alterations in the significant sub-
clone included a gain in distal 1q, a loss of the distal 7p, a gain of chromosome 8, and a
deletion of a region in 17p13 (including the TP53 locus). There were no alterations noted in
chromosome 14 (Fig. 27.7.2A and B). Although not specific to this entity, the results are
consistent with the histologic diagnosis.

Two DICERI mutations were identified in this study by Targeted NGS: a nonsense
mutation (p.Tyr1205Ter) and a hotspot missense mutation (p.Glul813Gln) (Fig. 27.7.3).

Results with interpretations

The diagnosis is pleuropulmonary blastoma or DJCERI syndrome. The DICER] gene
encodes an endoribonuclease required for processing microRNA (miBRNA), which regu-
lates the translation and degradation of messenger RNA. Dysregulation of miRNA by
DICER] mutations causes activation of oncogenes [57]. Patients with DICER] syndrome
commonly have a heterozygous germline loss-of-function (LOF) variant leading to trun-
cation and loss of function of the protein [57-61]. Characteristic "hotspot” somatic muta-
tions (E1705, E1813, D1709, D1810, or G1809) are located art the four metal-binding sites of
the RMase lllb domain that affect the catalytic activity of DICERI (Online Mendelian
Inheritance in Man number 601200) [62).

DICER] syndrome is associated with numerous benign and malignant conditions/neo-
plasms, including lung cysts, pleuropulmonary blastoma (PPB), cystic nephroma, Wilims'
tumor, multinadular goiter, thyroid adenoma and carcinoma, juvenile-type intestinal
polyps, nasal chondromesenchymal hamartoma, ovarian tumors (mainly Sertoli-Leydig
cell tumors) [62-67), and sarcomas (e.g., genitourinary embryonal rhabdomyosarcoma
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FIG. 27.7.2 Chromosomal microarcay (CMA) results from the patient. CMA showed copy number alterations in small
subpopulations of cells. The alterations in the significant subclone included a gain in distal 1q, aloss of the distal 7p, a
gain of chromosome 8 (A), and a deletion of a region in 17p13 (including the TP53 locus, B). No alterations were noted
on chromosome 14,
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FiG, 27.7.3 Two DICERT mutations were identified in this stidy: & nonsense mutation (p.Tyr1205Ter) and a hotspot
missense mutation {p.Glu1813GIn).

of the bladder or uterine cervix and anaplastic sarcoma of the kidney) [68]). PPB, rhabdo-
myosarcoma, and other soft tissue sarcomas can metastasize to the central nervous sys-
tem. Primary CNS manifestations include pituitary blastoma, pineoblastoma, ciliary body
medulloepithelioma, and macrocephaly [62]. Recently, primary DICER I-associated CNS
sarcoma and embryonal tumors with multilayered rosettes-like infantile cerebellar
tumors have also been reported [69].

A biallelic pathogenic variant in DICER] is detected in these neoplasms: usually a
germline LOF pathogenic variant in one allele and a somatic hotspot variant in the
other allele. Identifying pathogenic DICER] variants would facilitate optimized genetic
counseling, individual and caregiver education, and appropriate imaging-based
surveillance.



464 Cases in Laboratory Genetics and Genomies (LGG) Practice

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensi-
tivity and treatment options.

Case 27.8 Malignant peripheral nerve sheath tumor
(MPNST)-Neurofibromatosis type 1

Clinical indication

A previously healthy 11-year-old female presented with a left thigh mass with
throbbing pain.

Radiology

An MRI demonstrated a large multilobulated heterogeneously enhancing mass with cystic
and nodular areas centered in the left adductor muscles, measuring 12.2 < 8.3 x8.1cm
(Fig. 27.8.1A). The gross photo of the tumor is also shown (Fig. 27.8.1B).

Histology

H&E histologic sections of the diagnostic core biopsy demonstrated tumor tissue and
broad areas of necrosis (Fig. 27.8.1C1). The tumor comprises poorly differentiated spindle
cells with occasional pleomorphic cells and frequent mitotic figures (Fig. 27.8.1C2).
Immunohistochemical (IHC) staining

IHC staining is nonspecific for any entities of differentiation. H3K27me3 expression was
lost in a subset of umor cells (Fig. 27.8.1C3).

Test ordered

- Chromosome microarray (CMA)

- Targeted NGS

Laboratory test performed

ChaA and NGS methods were described previously in this chaprter, Case 27.1.

Test results

Chromosomal microarray (CMA)
CMA demonstrated a complex pattern of segmental gains and losses affecting almost
every chromosome, MPNST typically shows a similar complex CMA pattern. In addition,



464 Cases in Laboratory Genetics and Genomics (LGG) Practice

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensi-
tivity and treatment options.

Case 27.8 Malignant peripheral nerve sheath tumor
(MPNST)-Neurofibromatosis type 1

Clinical indication

A previously healthy 11-year-old female presented with a left thigh mass with
throbbing pain.

Radiology

An MRI demonstrated a large multilobulated heterogeneously enhancing mass with cystic
and nodular areas centered in the left adductor muscles, measuring 12.2 <83 = 9.1cm
(Fig. 27.8.1A). The gross photo of the tumor is also shown (Fig. 27.8.18B).

Histology

H&E histologic sections of the diagnostic core biopsy demonstrated umor tissue and
broad areas of necrosis (Fig. 27.8.1C1). The tumor comprises poorly differentiated spindle
cells with occasional pleomorphic cells and frequent mitotic figures (Fig. 27.8.1C2).

Immunohistochemical (IHC) staining
IHC staining is nonspecific for any entities of differentiation. H3K27me3 expression was
lost in a subset of umor cells (Fig. 27.8.1C3).
Test ordered
Chromosome microarray (CMA)
—  Targeted NGS
Laboratory test performed
CMA and NGS methods were described previously in this chapter, Case 27.1.

Test results

Chromosomal microarray (ChdA)
CMA demonstrated a complex pattern of segmental gains and losses affecting almost
every chromosome. MPNST typically shows a similar complex CMA pattern. In addition,
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FIG. 27.8,1 MR anec mrf_r&phm;qgraﬂh.{ results from the patient. (A) An MRI demonstrated a large multilobulated
heterogenecusly enhancing mass with aystic and nodular areas centered in the left adductor muscles, measuring
12.2 = 8.3 = 9.1 cm. (B) The gross phote of the tumer. () Microphotographs of the left thigh soft tisue tumer [HAE,
C1: 40X, C2: B0OX: immunohistochemical staining (HC), C3: HIK2Tme3, 400X]. H&E histologic sections of the
diagnostic core biopsy demanstrated tumor tissue broad areas of necrosis (C1), The tumor comprides poarly
differentiated spindle cells with occasional pleomorphic cells and frequent mitotic figures (C2). H3K2Tmed IHC
exprression was lost in a subset of tumor cells (€3).

a copy number loss (deletion) is noted in a locus encompassing the NEI gene in 17q11.2;
together with the NGS finding resulting in bi-allelic NF1 alterations (Fig. 27.8.2).

Targeted next generation sequencing (NGS)
Variants of strong clinical significance were identified in NFI (p.Tyr483Cys) and TP53 [p.

Arg248GIn) (data not shown].

Results with interpretations

The diagnosis for this case is malignant peripheral nerve sheath tumor (MPNST], also
called neurofibromatosis type 1. Neurofibromatosis type 1 (NF1) is caused by mutations
in the NFI gene (17q11.2) that encodes neurofibromin (NF1), a tumor suppressor protein
that downregulates the RAS/MAPK pathway. NF1 is an autosomal dominant disorder with
an incidence of approximately 1:2600 to 1:3000 individuals. Abour half of the NF1 cases

present as familial (inherited) forms [26,70,71].
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MF1 regulates neural crest-derived cells, such as Schwann cells, melanocytes, and glial
cells. Therefore, the common clinical manifestations are café-au-lait spots, axillary and
inguinal freckling, Lisch nodules of the iris, multiple neurofibromas (NF), and increased
risk for various malignancies in this lineage |70]. Children with NF1 have an increased risk
of developing peripheral nervous system (PNS) tumors, ranging from benign cutaneous
NE plexiform ME o MPNST. Plexiform NF arises in 50% of individuals with NF1
(childhood-onset in 20%). Plexiform NF is a benign tumor but may transform to MPNST
[26,71,72]. MPNST often arises in adolescents and young adults in the pediatric setting,
usually with neurofibromatosis type 1 (NF1). MPNST has metastatic potential and usually
presents with aggressive features, such as rapid growth, pain, and local neurologic dys-
function, The most common locations of MPNST are the trunk and extremities, followed
by the head and neck [26]. Optic pathway glioma (OPG) is the most common NFI-
associated CNS neoplasm detected in 15%-20% of children with' NF1. OPG is usually
low-grade but can lead to vision loss and premature or delayed puberty. Other NVEIL-
associated neoplasms include rhabdomyosarcoma, gastrointestinal stromal tumor, glo-
mus tumors, juvenile myelomonocytic leukemia, and pheochromocytoma [71].

Histologically, MPNST comprises hypercellular monotonous spindle tumor cells with
hyperchromatic nuclei and pale to eosinophilic wavy cytoplasm. The tumor demonstrates
variable nuclear pleomorphism, increased mitotie figures, and geographical necrosis. In
addition. the tumor cells may show heterogeneous differentiations such as epithelioid, skel-
etal muscle (malignant Triton tumor), and glandular differentiations. In the NF1 setting,
MPNST often arises in a preexisting neurcfibroma. Immunghistochemically, MPNST may
be positive for S100 (< 50% of tumors) and SOX10 (<70%), typically with a focal or patchy dis-
tribution. In addition, MPNST often lacks HIK27¥me3, a marker for epigenetic modification of
histone H3; high-grade MPNST shows more frequent loss than low-grade MPNST.

Patients with NEI-associated tumors usually have a germline NFI mutation and a
second-hitsomatic NFI alteration. Identifying pathogenic NFI'variants would require opti-
mized genetic counseling, individual and caregiver education, and appropriate imaging-
based surveillance and encologic management [73]. For example, radiation should be used
with caution since it increases the risk of developing MPNST in NF1 patients.

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.

Case 27.9 Neuroblastoma

Clinical indication

A previously healthy 3-year-old female presented with intermittent and sharp
abdominal pain.
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Radiclogy

CT chest demonstrated a large central and upper retroperitoneal mass, measuring
129 = 11.1 x 8.2cm, arising in the right adrenal gland and extending into the hilum of
the right kidney (Fig. 27.9.1A). MIBG scan showed MIBG accumulation at the site of
the patient’s right-sided intra-abdominal mass (Fig. 27 9.1B}.

Histology

H&E histologic sections of the initial core biopsy demonstrated sheets of undifferentiared
small round blue cells with no significant neuropil production, There were brisk mitotic
figures (Fig. 27.9.2A, yellow circles) and high karyorrhexis (high MK =400/5,000 cells,
>4%) (Fig. 27.9.2A, red circles). Foci of necrosis were present. No Schwannian stroma
or calcification was identified.

Immunohistochemical (IHC) staining

IHC demonstrated diffuse, strong PHOX2B nuclear staining in the tumor cells.

Test ordered

- FISH: MYCN amplification
- Chromosome microarray (CMA)
- Targered NG5S

- - -
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FiG. 27.9.% Chest CT and MIBG results from the patient. (&) Chest CT demonstrated a large central and upper
retroperitoneal mass, measuring 129 = 11.1 = 8 2om, arising in the right adrenal gland, and extending into the hilum
of thie right kidney. (B) MIBG scan showaed MIBG accumulation at the site of the patients r:gnt-sidc\d intra-abdominal
rass.
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FIG. 27.9.2 Mlqrnphotngraph and FI5H results from the patient. {A) Microphotograph of the upper retroperitoneal
mass lesion (HEE, 600X HE&E histologlc sections of the initial core biopsy demonstrated sheets of undifferentiated
small round blue cells with no significant neuropil production. There were brisk mitotic figures (pelfow circles) and
high karyorrhexis (high MKL: =40005,000 cells, =4%), red circles). No Schwannian stroma was identified. (B) FISH
analysis with probes for MYCN (green) and chromosome 2 centromere (orange) reveabed amplification of MYCH.

Laboratory test performed

FISH, CMA, and NGS methods were described previously in this chapter, Case 27.1.

Test results

FISH analysis with probes for MYCHW (green) and chromosome 2 centromere (orange)
revealed amplification of MYCHV (Fig. 27.9.2B).
CMA analysis revealed the following abnormalities:

CN-LOH in 1p and a relative copy number gain in the long arm of chromosome 17, The
analysis showed a polyploid umor with amplification involving the MYCN locus in

2p24.3p24.2 (Fig. 27.9.3A).
MYCN gene amplification was identified by Targeted NGS (Fig. 27.9.3B). MYCN gene
amplification is a recurrent driver alteration in neuroblastomas and is associated with a

POOT Prognosis.

Results with interpretations

The diagnosis for this case is neuroblastoma (Schwannian stroma-poor). undifferentiated
subtype, high MK, =18months of age with unfavorable histology.

Neuroblastoma [NB} is the third most common pediatric malignancy after leukemia
and brain tumors. It is the most commeon solid extracranial umor in children, with more

than 600 new cases diagnosed in the United States each year [11].
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FIG. 27.9.3 Chromosomal microarray (CMA) resublts from the patient, (&) Chromosomal microarray (CMA] analysls
revealed CH-LOH in 1p and a relative copy numbaer gain in the long arm of chromosome 17, {8) The analysis also
shawed a polyplaid tumes with amplification involving the MYCN locus in 2p24.3p24.2.

NE refers to a spectrum of peripheral neuroblastic tumors (PNT) that arises from the
cell group differentiating to the autonomic nervous system in the neural crest. Therefore,
the PNT primarily occurs in the adrenal medulla and sympathetic chains in the neck and
thoracic and abdominal cavities and secretes catecholamine,

NB was once called an "enigmatic disease” because its clinical presentation is highly
variable. It ranges from indolent disease, with spontaneous regression and maturation
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to a benign ganglioneuroma, to a highly aggressive disease with extensive local invasion,
disseminated metastasis, and death, Clinical heterogeneity is associated with numerous
clinical and biological prognostic factors. The prognostic factors are used for risk stratifi-
cation, which is essential for determining the initial treatment regimen [74-76].

1. Age:
a. Younger patients (under 12-18months) have better outcomes.

2. Tumor stage:
a. The stage represents the degree of local extension and metastasis of the umor.
Currently, there are two systems are used for NB risk stratification as follows:

i. INRGSS: the International Neuroblastoma Risk Group Staging System (INRGSS)
incorporates Image-defined risk factors (IDRF) based on the preoperative
imaging results (e.g., CT, MRI, and MIBG scans).

il. IM55: the Intermational Neuroblastoma Staging System (INSS) considers surgery
results (complete vs incomplete resection).

3. Tumor histology based on “International Neuroblastoma Patheology Classification
(INPC)™ (Fig. 27.9.4).
a. PNT comprises two histologic cell types as follows:
i. Meurcblastic tumor cells.
ii. Schwann cells and Schwannian stroma induced by the neuroblastic cells during

differentiation.

Schwannian stroma-poor = HB: Didded arﬂruu of differentiation of NB cells
Undifferentiated NB Poorly-differentiated N8 Differentiating NB
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FIG. 27.9.8 Histology images for PNT, Peripheral neuroblastic tumor (FHT) histelogy based on “International
Neuroblastema Pathelogy Classification (INPC).= PHT is divided into histelogic subtypes depending on its degrees of
differentiation and maturation of neuroblastic tumer cells and Schwann cellSchwanndan stroma.
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b. PNT is divided into histologic subtypes depending on its degrees of differentiation
and marturation of neuroblastic tumor cells and Schwann cells/Schwannian stroma.
i. Neuroblastoma (NB, Schwannian stroma-poor forms, <50% of the tumor
volume)

(1) NBis further divided into three groups based on the degrees of neuroblastic
cell differentiation.

(a) Undifferentiated NB (UD-NB): undifferentiated small round blue
neuroblastic cells with no neuropil production

{b) Poorly differentiated NB (PD-NB): mildly differentiated neuroblastic
cells (<5% of tumor cells) with neuropil production

{c) Differentiating NB (D-NB): >5% differentiated neuroblastic cells with
neuropil production

ii. Ganglioneuroblastoma, Intermixed (GNB, Schwannian stroma-rich form,
=50%)

{1) Nodular GNB is a form of GNB. It is a composite tumor (containing more
than one clone), with a Schwannian stroma-poor (NB) component and rich/
predominant (GNB/GN) component.

iii. Ganglioneuroma (GN, Schwannian stroma-dominant form):

{1) This is the most mature subtype with maturing/matured neuroblastic cells
(ganglion cells); neuropil production is no longer identified.

4. According to INPC, PNT is divided into “faverable histology (FH},” which is associated
with a better outcome, and "unfavorable histology (UH),” which tends to have a worse
prognosis,

a. To be classified as FH, the tumor should demonstrate differentiation and
maturation of the neuroblastic, and Schwann cells appropriate for the patient’s

age.
b. The hallmark of UH is the “arrest of age-appropriate differentiation.”
i. For example, PD-MB is classified as FH in patients younger than 18months
(unless it shows a high mitotic-karyorrhexis index (MKI), a surrogate marker of
“MYCN amplification™). However, PD-NB is UH if the patient is =18 months
of age.
ii. Studies support the "arrest of age-appropriate differentiation” of UH is caused by
an additional molecular, cytogenetic, and epigenetic alteration(s).
¢. The most sensitive and specific IHC marker for PNT is PHOX2B([79].

5. DNA ploidy (DNA index)

6. Hyperploidy in NB is associated with a better prognosis, particularly in children
younger than rwo years of age. However, DNA ploidy is not a good predictive factor for
older patients.

7. MYCN gene amplification:

a. The presence of MYCN amplification (located 2p24, =10 copies) is a powerful
adverse prognostic factor found in up to 20% of NB.
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8. Other gene alterations identified in NB are as follows:
a. Chromosomal alterations:
i. Segmental chromosomal aberrations (SCA), such as loss of heterozygosity (LOH)
of 1p, 14q, and 11g and gain of 17q are adverse prognostic factors,
b. ALK:
i. Activation mutations of ALK are implicated as an oncogenic driver of NB.
ii. Mutations are found in the majority of familial NB (<1% of total NB) and in
6%—10% of sporadic NB [77].
iii. ALK inhibitors are included in clinical trials for ALK-mutated NB.
c. PHOXZE:
i. PHOX2E and PHOX2A are primary drivers of ANS differentiation of neural erest
cells.
ii. Germline PHOX28 mutations cause congenital central hypoventilation
syndrome, also known as “Ondine’s curse,” a rare neurclogical disorder causing
AMNS dysregulation (e.g., hypoventilation), Hirschsprung disease, and NB [77].
iii. Germline PHOX2B mutations are found in a subset of familial NB and up to 4%
of sporadic NB [82].

d. ATRX:
i. ATRX mutated NB is a distinct subtype of NB in older children and adolescents.

Future testing and recommendations

The current NGS panel testing included a limited number of genes. Testing with broader
gene coverage (e.g., exome sequencing, RNA sequencing) would increase testing sensitiv-
ity and treatment options.

Summary of key learning points

+ Pediatric extracranial solid tumors (EST) are roughly subdivided into two groups: (1)
mesenchymal-derived tumors (sarcomas), and (2) embryonal to predominantly
epithelial-type tumors often suffixed “-blastomas.”

* Molecular testing has been used: (1) to detect gene alterations specific to cancers
{diagnostic utility), (2) to detect molecular markers that are targetable by
chemotherapeutic drugs (therapeutic utility), (3) for risk stratification by providing
prognaostic information associated with specific gene alterations (prognostic utility),
and (4) to identify gene alterations (germline mutations) associated with cancer
predisposition syndromes.
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ABLI kinase domain mutation analysis, 136
Abnormal Y chromosome, indeterminate sex
with, 42-46, 42-46(
Absence of heterozygosity (AOH), 55-56,
57-58f, 59, 60f, 117
Acetaminophen (APAP), 129
overdose, 130-132, ]3[}'
Acute leukemia of ambiguous lineage (ALAL)
mixed phenotype acute (Bfmyelaid)
leukemia (MPAL)
with complex karyotype, 276-280, 277-280f
with FLT3-ITD and other mutations,
200-284, 281-284f
with RUNXI mutation, 285-2086, 286-288(
prevalence, 275
Acute lymphoblastic leukemia with 1(9;22)
(g3d:ql1.2), 146-152, 147-151F
Acute myeloid leukemia (AML), 203-208
with BCR:ABLI fusion, 206
with CBFB:MYHIT fusion, 204
with CEEPA double mutations, 223-225,
224-225f
with CEBPA mutation, 207-208
chemotherapy, 275
with complex karyotype and multiple
mutations, 246-249, 247-249F
with complex karyotype and TP53 mutation,
225-230, 226-230f
with DER:NUP214 fusion, 206
with jumping translocations, 242-246,
243-2461
with KMT2A rearrangement, 205
with MECOM rearrangement, 205
with mutated NPMI, 207
myelodysplastic neoplasms with excess
blasts (MDS EB-1) transforming to,
193-197, 194-197f

with NUP38:KDMSA fusion, 257-260, 259
with NUP38 rearrangement, 206-207
with REMI5:MRTFA, 207
with RUNXIZRUNXITI, 204
with H69){p22:q34)f DEK:NUP214 fusion,
212-214, 213-214f
with (11 (p21ig23)f KMT2A:MLLTE
fusion, 214-218, EIS—Z!EJ
with t{10:11Mpl2:q23)/ KMT2AMLLTIO
lusion, 249-253, 250-253f
with (1 1;19)(q23;p1 3.3}/ KMT2AMLLT
fusion, 253-257, 254-257f
with 1(3;21){q26.2,q22)/ RUNXI::MECOM
fusion, 209-212, 210-211f
with ti#;21;21)(q22:p13:q22)/ RUNX I
RUNXIT! fusion, 218-232, 219-222f
Acute myeloid leukemia-myelodysplasia-
related (AML-MR), 208
Acute promyelocyiic leukemia (APL)
with cryptic PML::RARA fusion, 239-242,
240-242f
with PML::RARA fusion, 203
with typical PML::RARA fusion and FLT3-/TD
mutation, 230-235, 232-234f
with variant ZBTEIG:RARA fusion, 235-239,
236-238F
Adenocarcinoma
of breast origin with PIKICA p(E545K)
mutation, 416-418
and FGFRI amplification. 418420
pulmonary
with ALK:ZEMLA Tusion, 390-392
with EGFR p.(L858BR) mutation, 392-393
with ERBB2 exon 20 insertion. 396-397
with KRAS p.(G12C) mutation, 395-396
with TPM3I:NTRKI fusion, 397-398
Adult T-cell lymphomafieukemia (ATLL), 373
Aggressive ME leukemia (ANKL), 373
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A20 haplainsufficiency (HA20), 108
Alectinib (ALECENSA), 391
ALKZEMLA fusion, pulmonary
adenocarcinoma with, 390-392, 391f
ALK-positive large B-cell lymphoma, 357-359
Alveolar rhabdomyosarcoma (ARMS), 4421, 444
AML. See Acute mveloid lewkemia
(AML)
AML-MR. See Acute myeloid leukemia-
myelodysplasia-related (AML-MR)
AmplideX FMR1 polymerase chain reaction
(PCR), 92, 931, 94, 95
AmplideXmPCR, 937, 951
FMR1 Kit, 92
Anaplastic large cell lymphoma, 373
Anaplastic thyrold cancer (ATC), 421.
See also Thyroid cancer
Anaplastic thyroid carcinoma with BRAF
pVEOOE) mutation, 422423
Anemia, Diamond-Blackfan, 14-16, 15-17f
Aneuploidy
FISH for prenatal, 23
sex chromosome, 27
Ancurysmal bone cyst, 450455, 451-454f
Angelman syndrome [AS), 66, 72-76, 7T3-T5f
Angioimmunoblastic T-cell lymphoma [(AILT/
AILD), 373
AOH. See Absence of heterozygosity (AQH)
APAF See Acetaminophen [APAF)
APL. See Acute promyelocytic leukemia (APL)
A3, See Angelman syndrome [AS)
ASD, See Atrial septal defect (ASD)
Atrial sepral defect (ASD), 11
Atypical B-cell chronic lymphocytic leukemia
(CLL), 342-345, 343-344f
Autosomal genes, B5
Autosomal recessive diseases, 55
Autosomal recessive disorders, 59, 62

B
Basic metabolic panel (BMP), 118
BCLG rearrangement, double-hit lymphoma
with, 352-355
BCR:ABLI fusion, 175, 177
molecular diagnostics of, 135

Beckwith-Wiedemann syndrome (BWS), 66, 97
Biomarker
BRAF VGOUE, 423f
CRC, 401
KRAS G12V, 424f
melanomas, 409-410f
NSCLC, 389-390
PDL] expression, 389-390
Biopsy. colon, 403
Blastic NK lymphoma, 373
Blastic plasmacytoid dendritic cell neoplasm
(BPFDCN), 268-273, 271-272f
E-lymphoblastic leukemia (B-ALL), 291
with complex karyotype, 295-298, 296-296f
with iAMP2], 328-332, 330-333f
with t{12:21) (pl13:q22)/ETVE:RUNX1
fusion, 302-305, 303-306(
with T3151 resistance mutation, 282-295
with t(1;19) g23;p13.3)/ TCF3:PEXT fusion,
327-328, 3268-329f
Bone marrow, 136
ERAF inhibitor, 422
melanomas, 407-408
BRAF p.[VEDOE)
metastatic colon cancer with, 402-403, 4031
mutation, anaplastic thyroid carcinoma
with, 422-423
BRAFTOVI, 408
BRCA! and BRCAZ genes, 413
Breast cancer
adenocarcinoma of breast origin with
PIK3CA p.(E545K) mutation, 416-418
and FGFR1 amplification, 418-420
BRCAI and BRCAZ genes, 413
HER2, 413
HER2-low, 413-414
invasive ductal carcinoma of breast origin
with HERZ amplification, 414-416
management of, 413
FIK3CA, 414
prevalence, 413
Bruton's ryrosine kinase (BTK) inhibitors, 341
Burkitt lymphoma (BL), 359-365, 360-361f
BWS, See Beckwith-Wiedemann syndrome
[BWS)
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Cancer. See specific rypes
Cancer predisposition syndrome (CPS), 428,
431-432
Cat eye syndrome (CES), 113
CBEA2T3:GLISZ, 208
CEBPA mutation, 203
acute myeloid leukemia (AML) with,
223-225, 224-225f
CGG trinuclectide repeat, 91-92, 93f
Charcot-Marie-wooth disease type 1A, 59-62,
60-61f
CHOP regimen, 357
Chromosomal microarray (ChiA)
CD¥k4 and GLII genes, 442
DICER] mutations, 462f
FLII and EWSRI, 435f
302kb deletion in 1923.1 region, 449
MPNST, 464465
Chromosome
metaphase, 4
3p duplication, 7
Chromosome 7
paternal uniparental disomy of, 79
uniparental disormy (UPD) for, 79
Chromosome analysis, 4
ALK break-apar, 358, 358/
Burkitt lymphoma, 360, 360-363f
chromosome 14 (IGH) [1(2;14) and 1(14;19)],
342
chronic myelomonocytic leukernia (CMML),
176, 179
complex karyotype, MPAL, 276-280,
2T
double-hit lymphoma, 350, 3511
high-grade B-cell lymphoma, 365-3639,
366-368f
MCL, 345, 346-347f
MDS/MFPN-RS-T, 179-183
on metaphases, 5
mycosis fungoides, 376-378, 377f
MYC rearrangement, 270-273
Pallister-Killian syndrome (PES), 86-83
parental, 8
plasma cell neoplasm, 355-357, 356/
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small B-cell lymphomadiollicular
lymphoma, 348, 349/
T-cell pralymphocytic leukemia, 374,
3v5-377f
trisomy 12, 342, 344
Chromosome microarray analysis (CMA)
contiguous gene syndrome, 112, 117, 122
DiGeorge/Velo-cardio-facial (VCF)
syndrome, 119
Pallister-Killian syndrome (PKS), 83, 87, 89f
Chromosome microarray (CMA) test, 4-5
Chronic lymphocytic leukemia, 342-345
Chronic myelogenous leukemia.
See Chronicmyeloid leukemia (CML)
Chronie myeloid leukemia (CML), 135
and acute lymphohlastic leukemia with
19:22)(g34:q11.2), 146-152, 147-151f
Mational Comprehensive Cancer Network
[(NCCN) gpuidelines for, 135
with 1(1;9:22;15) (p32;q34;q11.2;925),
136-140, 138-139F
with 1(9;22;17) (g34:q11.2;q24), 140-142,
141-142f
with 105:22) (q34:q11.2)inw{22), 142-148,
143-146f
TE] therapeuticmonitoring, 136
Chronic myelomonocytic leukemia {CMML),
176-179, 177-178f
Chronic myelomonocytic leukemia-1 (CMML-
1), 176
CIC:DUXA fusion, 440
CIC-DUX fusion-associated sarcoma, 436440,
437-439f
Clinical Pharmacogenetics Implementation
Consortium (CPIC), 129-130
Clonal eytogenetics abnormalities, 175
CMA. See Chromosome microarray analysis
(CMA)
CML. See Chronic myeloid leukemia (CML)
CMML. See Chronic myelomonocytic
leukemia (CMML)
CNV. See Copy number variation (CNV)
CMNVs. See Copy number variants (CNVs)
Coagulation, 125-126, 127f
test, 126
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Colon cancer, 401
with BRAF p.{VEOOE), 402-403, 403f
genetic testing. 401-402
with KRAS p.(G12D) mutation, 403-404, 404/
Colorcctal cancer (CRC)
metastatic colon cancer
with BRAF p.(VBODE), 402-403, 403f
with KRAS p.0G12D) mutation, 403-404,
4041
prevalence, 401
Comparative genomic hybridization (CGH),
408. See also Fluorescence in situ
hybridization (FISH)
Complete mole, 20-22, 20=22f
Complex karyotype, mixed phenotype acute
(Brfmyeloid) leukemnia (MPAL) with,
276-280, 277=280f
Congenital anomalies, 3
Conjunctival melanomas, 407
Consanguinity, 55
multiple congenital anomalies due to family
history of, 55-58, 56-58(
multiple developmental disorders due to,
59-62, 60-61F
Contiguous gene syndrome, 107-108
chromosomal microarray analysis (CMA),
112, 117, 122
clinical diagnosis of, 108
with deletion of 1g43g44, 121-123, 122-123f
DiGeorge/Velo-cardio-facial (VCF)
syndrome (22q11.2 deletion syndrome),
118-121, 115—120_1"
with duplication of 6g16.1923.3, 116-118,
117-1181
with duplication of 22q11.2q12.1, 111-118,
112-115f
haploinsufficiency of A20 (HA20)
with 3.4Mb deletion, 108-110, 109f
with 11.7Mb deletion, 110-111
Copy number variants (CNVs), 107
Copy number variztion (CNV), 4-6, 9, 16, 130
CpG islands, 65
CPIC. See Clinical Pharmacogenetics
Implementation Consortium (CPIC)
CRC. See Colorectal cancer (CRC)

Cutaneous melanomas, 407
Cystic fibrosis, 66
Cytogenetic abnormalities, 175

D
Database of Genomic Variants (DGVs), 121
Deep vein thrombosis (DVT), 125-127, 127f
DEK:NUP214 fusion
AML with t(6;9)(p22;q34), 212-214, 213-214f
Dermatofibrosarcoma protuberans (DESP),
450
Developmental delay, 3-5, 7
DGV, See Database of Genomic Variants
(DGVsE)
Diamond-Blackfan anemia, 14-16, 15-17f
DNCER] syndrome, 461463
Differentiated thyroid carcinoma (DTC), 421,
See also Thyrold cancer
Diffuse large B-cell lymphoma (DLBCL, 341,
349-350, 357-359, 369
DiGeorge syndrome (22q11.2 deletion
syndrome), 118-121, 118-120f
Distal chromesome 22q11.2 duplication
syndrome
children with, 115
DME. See Drug metabolism enzyme (DME]
DNA sequencing, 129-130
Dosage-sensitive sex reversal, 35
Double-hit lymphoma
with BCLS rearrangement, 352-355
clinical indication, 343-350, 352f
Drug metabolism enzyme (DME), 130
Dutch Pharmacogenetics Working Group,
129-130
DVT. See Deep vein thrombosis (DVT)
Drysplasia, multilineage, 205

E

Early molecular response (EMR), 136

EGFR p.(L858R) mutation, pulmonary
adenocarcinoma with, 392-393, 393f

EGFR TE] therapy, 391-3492

Embolism, pulmonary, 125

Embryonal rhabdomyosarcoma (ERMS), 444

Emeropathy-type T-cell lymphoma, 373



Eosinophilia, 155

ERBB2 exon 20 insertion, pulmonary
adenocarcinoma with, 396-397, 396/

Ewing sarcoma (ES), 432436, 434435/,
437-438f

Exome sequencing, 108, 110-111

trio, 109

Extracranial solid tumors (EST), pediatric,
427-426

Extranodal NEST cell lymphoma (nasal type),
373

F
Factor Il gene, 125-126
Factor V gene. See Facror V Leiden
Factor V Leiden, 125-127
Familial cancer syndrome. See Cancer
predisposition syndrome (CPS)
Female with 45.5/46.XY mosalcism, 27-32,
28-31f
FGFRI1 amplification, adenocarcinoma of
breast origin with PIK3CA p.(ES45K)
mutation and, 418-420
Fibrosis, cystic, 66
First-cousin marriages, 55
FISH. See Fluorescence in situ hybridization
(FISH)
Flow cytometry analysis, 163
FLT3-1TD, mixed phenotype acute (B/myeloid)
leukemia (MPAL) with, 280-284,
281-284f
FLT3-ITD mutation, APL with typical, 230-235,
232-234f
Fluorescence in situ hybridization (FISH)
abnormal TRE rearrangement pattern, 3811
for ALK break-apart probe, 358, 353f
for ALL hyperdiploidy panel,
278, 279f, 283f
with ALL panel, 364F
with AML panel, 272f, 278, 278f, 282f
analysis, 137, 141
with BCR::ABL] dualeolor dual-fusion
probes, 293, 2041
for CLL panel, 345, 347f
EWSRI dual-color break-apart, 434, 434fF
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FOXOI (13q14) dual-color break-apart
probe, 442
for HERZ amplification, 415f, 417f
for high-grade lymphoma, 351, 352f 354f
MYC rearrangement, 369, 369
for low-grade lymphoma panel, 342, 344,
348, 350f
with MYC break-apart probe, 271f 362,
3I63-364f
for plasma cell neoplasm panel, 355, 356/
for prenatal aneuploidy, 23
Test, Prader-Willi syndrome, 4-5, 8
for TRA/D gene rearrangement, 375, 377
Fluorescent molecular probe, 5, 29, 38, 72
FMRI disorder, 91
diagnosis of, 91-92
Faollicular lymphoma (FL), 341, 348-349, 349f
Follicular thyroid cancer (FTC), 421.
See also Thyroid cancer
FOXO1, 436
Fragile X-associated primary ovarian
insufficiency (FXPOI), 91
Fragile X gene (FMR1), 91-892
Fragile X syndrome (FX5), 91
in female with full mutation, 94-96, 95/
in male with full mutation, 92-94, 33/
Fragile X tremor ataxia
syndrome (FXTAS), 91
Fusion
AML with
BCR:ABLI, 206
CBFB:MYHI!, 204
DEE:NUP214, 206
MNUP3E:KDMSA, 257-260, 2591
HGp22q34) DERLSNUP214, 212-214,
213-214f
101 1Pl 2;q23) KMT2AMLLTIO
249-253, 250-253f
t{11;19)(q23;p13.3) KMT2AMLLTL,
253-257, 254-257f
W32 1(q26.2:q22) RUNXI:MECOM,
209-212, 210-211f
APL with
cryplic PML:RARA, 239-242, 240-242f
PML::RARA, 203
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Fusion (Conrimued)
ZBTBI6:RARA, 235-239, 236-238/f
BCR:ABL] fusion gene, 175, 177
of ETVEMECOM, 1781
gene (see Gene fusion)
signal, 381f, 384f
FXPOL. See Fragile X-associated primary
ovarian insufficiency (FXPOI)
FX5. See Fragile X syndrome (FX5)
FXTAS. See Fragile X tremor ataxia syndrome

[FXTAS)

G

Ganglioneuroblastoma, intermixed
(GME), 472

Ganglioneuroma (GN), 472
GATAZ:MECOM, 206
Gaucher disease, 76-77, 77f
G-banding technique, 4
GDD/ID, See Global developmental delay/
intellectual disability (GDD/IDY)
Gene fusion
BCR:ABLI, 291, 295
ETVE:RUNXI, 201, 302-305, 306/
IGH:IL3, 291
IGH:MYC, 325
LMO2:TRD, 321-322, 322
NUPSE:SETBPI, 315-316, 317fF
PICALM:MLLTIO, 309-314, 314f
TCFE3:HLE 31
TCF3::PBXI, 327-328
TRA:TALI, 318-320
Genetic alteration, 5
Genetic markers, 175
Genelic tests, 3
Genomic disorder. See Contiguous gene
syndrome
Genomic DNA, polymerase chain reaction
(PCR) of, 91-32
Genomic imprinting. 65
Genorype, 129-132, 131]
Germline mutation, hoterozygous, 12-13
Global developmental delay/intelleciual
disability (GDD/ID), 3
GMAS gene-related inactivation disorders, 66

Gonadoblastoma, 44-46
risk of, 32, 35, 3940
GPRIOI-associated overgrowih
syndromes, 104

H
Haploinsuflficiency of A20 (HA20)
with 3.4Mb deletion, 108-110, 109f
with 11.7Mb deletion, 110-111
Hematoelogical neoplasm, 221-222
Hematopoietic stem cell transplantation
(HSCT), 111
Hepatosplenic T-cell lymphoma (HTCL), 373
HERZ, 413
Hereditary cancer syndrome. See Cancer
predisposition syndrome [CPS)
HER2-low, 413414
Heterozygous germiine mutation, 12-13
High-grade B-cell lymphoma with t(8:22)(g24;
gl IGL:MYC fusion and JAK2
rearrangement, 365-370
High-grade myelodysplastic neoplasms
(MDS), 192-193, 1931
HSCT. See Hematopoietic stem cell
transplantation (HSCT)
Hydatidiform mole, 19
complete, 19
detection of, 19
Hyperdiploidy, B-ALL with, 291
Hypodiploidy, B-ALL with, 291, 300f

I
IFNGR] gene, 1049
Imatinib, 155
Immune thrombocytopenia (ITP), 110
Immunohistochemical staining (IHC)
of alveolar and embryonal RMS, 446
HIK27me3 expression, 464
NTRK1, CD34, 5100, 448
PLAGI expression, 455-456, 459
Indeterminate sex with abnormal Y
chromosome, 4246, 42-46f
Indolent non-Hodgkin lymphomas (iNHL),
341
Infantile fibrosarcoma (1FS), 450



Invasive ductal carcinoma of breast origin with

HER2 amplification, 414-416
Isochromosome 12p, 83, 84f, 86-89
Isodisomy, uniparental, 65

K
Karyotype, 4. 19, 20-23f
abnormalities, 175
mature T-cell neoplasms, 373-374
Kinase inhibitor, 155
Klinefelter syndrome (47 20(Y), 27, 4649,
A7-49f
Klincfelter syndrome variant (48,5000
syndrome), 50-51, 51-52f
KMT2AMLLTI Tusion, AML with t{11;19)(q23;
pl3.3), 253-257, 254-257F
KMT2A:MLLTS fusion, AML with t{S;11)(p21;
q23). 214-218, 215-218f
KMT2A:MLLTIO fusion, AML with t{10;11)
(pl2:923), 249-253, 250-253f
KMT2A rearrangement, acute myeloid
leukemia (AML) with, 205
KRAS mutation, 270-273, 272f
KRAS p.(G120) mutation, pulmonary
adenocarcinoma with, 395-396, 3951
KRAS p(G12D) mutation, metastatic colon
cancer with, 403-404, 404f
KRAS p.(GI12V) mutation, malignant thyroid
cancer with, 423

L
Large for gestational age (LGA), 97
LCH. See Low-copy repeats
(LCRH)
Leukemia
acute lymphoblastic leukemia with £(9:22)
(g34:q11.2), 146-152, 147-150f
chronic myeloid (see Chronic myeloid
leukemia (CML))
T-acute lymphoblastic, 157
Lipoblastoma, 448, 456-458f
Liquid biopsy, 389-330
Low-copy repeats (LCR), 107-108
Lung cancer
pulmonary adenocarcinoma
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with ALK:EMLY fusion, 390-352
with EGFR p.(LB58R) mutation, 392-393
with ERBEZ exon 20 insertion, 396-397
with KRAS p.{G12C) mutation, 395-396
with TPM3:NTRKI fusion, 397-398
squamous cell carcinoma with MET exon 14
skipping mutation, 393-394
Lymphoma
non-Hodgkin, 357
T-aeute lymphoblastic, 157

M
Major molecular response (MMR), 136
Malignant peripheral nerve sheath tumor
(MPNST)-neurofibromatosis type 1,
464467, 465-466]
Malignant thyroid cancer with KRAS p.(G12V)
mutation, 423
Mantle cell lymphoma (MCL), 345-348
Marginal zone lymphoma (MZL), 341
Mature B-cell neoplasms
ALK-positive large B-cell lymphoma,
357-359
Burkitt lymphoma, 359-365
chronic lymphocytic leukemia, 342-345
double-hit lymphoma, 349-352
with BCLE rearrangement, 352-355
high-grade B-cell lymphoma with t(#;22)
(g24:q1 1)/ 1GL:MYC fusion and JAK2
rearrangement, 365-370
mantle cell lymphoma, 345-348
plasma cell neoplasm, 355-357
prevalence, 341
small B-cell lymphomal follicular
lymphoma, 348-349
types, 341
Marture T-cell neoplasms, 373
mycaosis fungoides/Sezary syndrome,
376-379, 377
peripheral T-cell lymphoma with TRA/TRD
rearrangement, 382-385, 384
T-cell leukemia/lymphoma with TRE
rearrangement, 379-382, 381f
T-cell prolymphocytic leukemia, 374-375,
ar5-arif
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MCAs, See Multiple congenital anomalies
(MCAz)
MDS, See Myelodysplastic nooplasms (MDS)
MDS/MPNs, See Myelodysplastic!
myelopraliferative neoplasms (MDS/
MPNs)
MECOM rearrangement, acute myeloid
leukemia (AML) with, 205
Medication, 129-132
Medullary thyroid cancer (MTC), 421,
Lee alse Thyroid cancer
MEKTOVI, 408
Melanocyies, 407
Melanomas
conjunctival, 407
cutaneous, 407
metastatic
with BRAF p.(VGOOK), 408-410
with MRAS p.(Q61L), 410-411
ocular, 407
prevalence, 407
types, 407
uveal, 407
Mental illness, 129
Metaphase, chromosome analysis on, 4-5
Metasiatic colon cancer
with BRAF p.(VBOOE), 402-403, 403f
with KRAS p.(G12D) mutation,
403404, 404f
Meiastatic melanomas
with BRAF p.(VBOOK), 408-410, 408f
with NRAS p.(QG1L), 410-411, 410f
MET exon 14 skipping mutation, 394]
Methvlation, 92, 94
polymerase chain reaction (PCR), 91-92
skewed X-inactivation and, 91-92
Methylenetetrahydrofolate Reductase
(MTHFR) Deficiency, 125
Microarray, single-nucleotide polymorphism
[SNP), 19, 55-56, 59
2291 1.2 microduplication syndrome
phenotype, 115
Minimal residual disease (MRD), 136
Mixed phenotype acute leukemia
[MPAL), 205

Mixed phenotype acute (B/myeloid) leukemia
(MPAL)
with complex karyotype, 276-280, 277-260f
with FLT3-ITD and other mutations,
280-284, 281-284f
with RUNKT mutation, 285-286, 286-208(
MLN. See Myeloid/ lymphoid neoplasm
(MLN)
Molar pregnancy, 19
complete mele, 20-22, 20-22f
partial mole, 22-24, 23-24f
Monoclonal amplicon
for T-cell receptor beta chain locus, 381f
for TRG locus, 383
Monosomy 7, 175
Mosaicism, 83, 86
fernale with 45,X/46 XY, 27-32, 28-31f
sex chromosome, 27
Mosaic overgrowth, 97
MPAL. See Mixed phenotype acuie leukemia
(MPAL)
MPN. See Myelopraliferative neoplasm
{MPN)
MRD. See Minimal residual disease (MRD)
MTHFR gene, 125-126
Multilineage dysplasia, 205
Multiple congenital anomalies (MCAs), 3
caused by unbalanced translocation, 4-8,
5-7f
and deletion, 11-14, 12-13f
due to family history of consanguinity,
55-59, 56-56/
Multiple developmental disorders, due to
consanguinity, 59-62, 60-61f
Multiple endocrine neoplasia type 1 (MENI),
421
Multiple endocrine neoplasia type 2 (MENZ),
421
Multiple mutations, AML with complex
karyotype and, 246-249, 247-243f
Mutation, 178f
AML with
CEBPA double, 223-225, 224-225f
complex karyotype and multiple, 246-249,
247-2449f



complex karyotype and TP53, 225-230,
226-230f
APL with rypical FLT3-ITD, 230-235,
232-234f
ASXLI, 191F
in ATM, 373-374
BAPI, 407
BCOR, 191f, 193, 195f
BRAF, 407-408
EGFR p.(LB5BR), 392-353
ETFAX, 407
FLT3, 197
FLT3-ITD, 198f
fragile X syndrome in female with full, 94-96,
asf
fragile X syndrome in male with full, 92-34,
a3f
gene, 175
GNALL, 407
GNAG, 407
in JAKT, 373-374
in JARZ, 373-374
of JAKZ and TP53, 183f
KIT, 407-408
KRAS, 270-273, 272f
KRAS p.(G12C), 395-396
in myelodysplastic neoplasms (MDS),
185-186
NEMI, 198f
NRAS, 407-4908
PIK3CA p.ES45K), 416-418
RAS, 175
RUNXI, 286f
5F381, 185-186, 189, 191, 407
of SFE381, WHO classification, 185
somatic overgrowth syndrome with
PIK3CA, 101-104, 103f
STAGZ, 198f
TERT, 407-408
TP53, 185, 193, 195f
in TP53, 373-374
MYC gene, 269
Mycosis fungoides/Sezary syndrome
(MF/$5), 373, 376-379
Myelodysplastic/myeloproliferative
neoplasms (MDS/MPNs), 175
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with ring sideroblasts and thrombocytosis
(MDS/MPN-RS-T), 179-183, 180-183f
Myelodysplastic neoplasms (MDS), 185-186
with excess blasts-2 (EB-2), 186-188, 187-188f
with excess blasts (EB-1) transforming to
AML, 193-197, 194-197f
high-grade, 192-193, 193
mutation in, 185-186
refractory anemia with ring sideroblasts
(RARS), 189-192, 130-191F
refractory cytopenia with multilineage
dysplasia (RCMD), 197-199, 198-200f
treatment of, 185-186
Myeloid /lymphoid neoplasm (MLM)
with ETVE::ABLI fusion, 156
with FGFRI rearrangement, 156-160,
158-160f
with FLT3 rearrangement, 156
with JARZ rearrangement, 156, 170-172, 171f
with PDGFRA rearrangement (CHIC2
deletion by CMA), 163-166, 165f
with PDNGFRA rearrangement (LNX1 deletion
by FISH), 155, 160-163, 161-162f
with PDGFRE rearrangement, 155-156,
166-168, 167f
with a variant PDGFRE rearrangement,
168=169, 169f
Myeloid/lymphoid neoplasm with
eosinophilia and tyrosine kinase gene
fusions (MLN-TK), 155, 163
Myeloid sarcoma, 208
Myeloproliferative neoplasm (MPN), 135, 137,

180, 172

N

N-acetyl-p-benzogquinone imine (NAPOI),
129

MNAHR. See Monallelic homaologous

recombinaton (NAHR)

MNAPQL See N-acetyl-p-benzoguinone imine

(NAPQI)

Meoplasm, 155, See also specific hypes
hematological, 221-222
myeloid/lymphaoid (see Myeloid/lymphoid

neoplasm (MLMN))
plasma cell, 356f
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Meuroblastoma, 101, 467-473, P

468-471f Pallister-Killian syndrome (PKS), 83, 84-831,
Neuropsychiatry, 129 86-50
Mext-generation sequencing chromosome analysis, 86-89

(MG5), 185
BCR:ABLI, 293, 2957
BRAF p.(VEOODE), 4031
ERAF VEO0K mutation, 408f
FLT3-ITD, 284f
KRAS mutation, 272f
KRAS p.(G12D) mutation, 404f
mature T-cell neaplasms, 373-374
NRAS p.lQ&1H) mutation, 310f
NRAS Q61K mutation, 410f
PAFAHIEI::USPS, 452, 454
PAX3:FOXO! gene fusion, 443
PIK3CA p.(E545K) mutation,
418-419f
RUNXI mutation, 280, 284f, 288f
solid tumor panel, 417
NGS. See Next-generation sequencing
(NGS)
MGS HematologyMolecular Profile assay, 137
Nonallelic homologous recombination
(NWAHR), 107-108
Mon-EWSRIFUS fusion mumors in pediatrics,
437f
Mon-Hodgkin lymphomas, 357
Monsmall-cell lung cancer (NSCLC), 389
NPMI mutation, 207
NROB] (DAX]) gene, 34-35
NTREKI-associated sarcoma, 446-450, 447,
449/
NTRE gene fusion, 398
NUPS8::KDMSA fusion, AML with, 257-260,
259f
NUPI8 rearrangement,
AML with, 206-207

chromosome microarray analysis
(Cha), 83, 87, 89F
Papillary thyroid carcinoma (PTC), 421.
See also Thyroid cancer
Parental chromosome analysis, 8
Partial mole, 22-24, 23-24f
Partial monosomy 7p, 7-8
Paternal uniparental disomy of chromoseme 7,
73
PE. See Pulmonary embolism (PE)
Pediatric solid temors
aneurysmal bone cyst, 450-455, 451-454f
cancer predisposition syndrome
identification, 431-432
CIC-DUX fusion-associated sarcoma,
436-440, 437-439f
diagnostic utility, 428
Ewing sarcoma (ES), 432-436, 434-435(
437-4381
extracranial solid wwmors, 427-428
lipoblastoma, 448, 456-458f
malignant peripheral nerve sheath tumor
(MPMST)-neurcfibromatosis type L,
464467, 465466/
molecular testing in pediatric oncologic
patient care, 428-432
neuroblasioma, 467-473, 468-471f
NTRE1-asseciated sarcoma, 446450, 447,
449f
pleuropulmonary blastoma—DICER1-
associated, 460-464, 460, 462-463f
prognostic utilivy, 428-431
rhabdomyosarcoma, 440-445, 441-443f
445-446f
therapeutic utility, 428

o Peripheral T-cell lymphoma with TRA/TRD
Ocular melanomas, 407 rearrangement, 384f
Overdose acetaminophen (APAP), 130-132, Peroxisome proliferation-activated receptor
131f (PPAR gamma) translocations, 421
Overgrowth syndromes, 97-98 PGx, See Pharmacogenomics (PGx)
Sotos syndrome, 98-101, 38-100f Pharmacogenetics, 129



Pharmacogenomics (PGx), 129-132, 131f
Phelan-McDermid syndrome (PHMDs), 116
Phenotype, 130-132, 131F
Philadelphia chromosome (Ph), 135
Ph-like B-cell lymphoblastic leukemia (Ph-like
ALL)
with CRLFZ rearrangement, 305-309,
307-310f
with JGH and CRLF2 rearrangements,
333-338, 334-337f
PHMDs. See Phelan-McDermid syndrome
{(PHMDs)
Phosphoinositide 3-kinase (P13K) inhibitors, 341
PIKICA gene, 104, 414
PIK3CA mutation, somatic overgrowih
syndrome with, 101-104, 103f
PIK3CA-related somatic overgrowth
syndromes, 103-104
Plasma cell neoplasm, 355-357, 356f
Pleuropulmonary blastoma-DICER1-
associated solid tumor, 460-464, 460f
462-463f
PML::RARA fusion
acute promyeclocytic leukemia (APL) with
cryptic, 239-242, 240-242f
acute promyelocytic leukemia (APL) with
typical, 230-235, 232-234f
Polymerase chain reaction (PCR)
amplideX FMR1, 92, 93f 94, 95
amplideXmPCR, 93f, 95f
FMR1 Kit, 92
of genomic DMNA, 91-82
methylation, 91-92
Postnatal overgrowth, 97
Postzygotic variants, 97-98
Potocki-Lupski syndrome, 107-108
Prader-Willi syndrome (PWS), 65-74, 68-74f
FISH Test, 4-5,. 8
Precursor lymphoid neoplasms
B-lymphablastic leukernia (B-ALL}J, 291
with complex karyotype, 295-299, 296-298/
with IAMPZ2], 328-332, 330-333f
with t{12;21) (p13;q22)/ETVE:RUNXI1
fusion, 302-305, 303-306f
with T315]1 resistance mutation, 292-295
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with t{1;19) q23;p13.3)/ TCF3:PBXT
fusion, 327-328, 328-329f
Ph-like B-cell lymphoblastic leukemia
{Ph-like ALL)
with CRLF2 rearrangement, 305-309,
a07-310f
with [GH and CRLFZ rearrangements,
333-338, 334-337f
relapsed B-lymphoblastic leukemia (B-ALL,
Fh-) with complex karyotype, 299-302,
300-302f
T-lymphoblastic leukemia (T-ALL), 291
Ph-like B-lymphoblastic leukemia (Ph-like
ALL) with CRLF2 rearrangement and
t(2:8) (pl2:q24)/ IGE:MYC fusion, 315,
324-326
with t{11;14) (pl3:ql 1. 20/ LMO2:TRD
fusion, 321-322, 322f
with t{11;18) (pl5ql2)/NUPSS:SETBP]
fusion, 314-318, 315-317f
with t{10;11) (pl2;q21)f PICALM:MLLTIO
fusion, 309-314, 312-314f
with 1(1;14) (p32;q11.20 TRA:TALT Nusion,
318-320, 319-320f
Pregnancy, molar, 19
complete mole, 20-22, 20-22f
partial mole, 22-24, 23-24f
Prenatal aneuploidy, FISH for, 23
Prenatal overgrowth, 97
Primary cutaneous anaplastic large cell
lymphoma, 373
Probe
fluorescent molecular, 5
SNREN, 5, 6f, 8
Product of conception (POC), 20-21, 20f
with microsatellite markers, 24
Prothrombin (factor 11), 125-126
Pulmaonary adenocarcinoma
with ALKLEMLY fusion, 390-392
with EGFR p.(L&58BR) mutation, 392-393
with ERBB2 exon 20 insertion, 396-397
with KRAS p(G12C) mutation, 395-396
with TPM3:NTRE] fusion, 397-398
Pulmonary embolism (PE), 125
PW5. See Prader-Willi syndrome (PWS)
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Q
Quantitative RT-PCR (qPCR), 135
BCR:ABLI, 293, 294
QuantStudio 12K Flex Real-Time PCR System,
130

R

RARS. See Refractory anemia with ring
sideroblasts (RARS)

REM15:MRTFA

AML with, 207

RCM D, See Refractory cytopenia with
multilineage dysplasia (RCMD)

Real-time PCR tests, 137

Recombinant chromosome B syndrome, 8-11,
a-10f

Refractory anemia with ring sideroblasts
{RARS), 189-192, 190-191f

Refractory cytopenia with multilineage
dysplasia (RCMD), 197-199, 198-200f

Regions of homozygosity (ROH), 55

Relapsed B-lymphoblastic leukemia (B-ALL,
Phi-), with complex karvotype, 293-302,
300-302f

Rhabdomyosarcoma, 440-445, 441-443f
445-446f

RUNX1:MECOM fusion, AML with 1(3;21)
(q26.2:q22), 209-212, 210-211f

RUNXI mutation, mixed phenotype acute (Bf
myeloid) leukemia (MPAL) with,
285-286, 286-288]

RUNX1:RUNXITI fusion, AML with t(8;21;21)
(g22:pl3:q22), 218-222, 219-222f

Russell-Silver syndrome, 66

-1
Sam Luis Valley Syndrome, 10
Sarcoma, myeloid, 208
S5CAs. See Sex chromosome abnormalities
(SCAs)
Sepmental overgrowth, 97
Sex chromosome
ancuploidies, 27
mosaicism, 27
Sex chromosome abnormalities [(SCAs), 27

female with 45,.X/46,XY mosaicism, 27-32,
28-31f
indeterminate sex with an abnormal ¥
chromosome, 42-46, 42-46f
Klinefelter syndrome (47,XXY), 27, 46-49,
47-49f
Klinefelter syndrome variant (48,3XYY
syndrome), 50-51, 51-52f
sex reversal, 32-38, 33-37f
variant turner syndrome, 38-41, 38-41f
Sex reversal, 32-38, 33-37f
Sezary syndrome (55), 373
SHANKS gene, 116
Silver-Russell syndrome (SRS), 66, 79
Single-nucleotide polymorphism (SMNP)
microarray, 19, 55-56, 59
Single nucleotide variamts (SNVs), 137
Skewed X-inactivation, 94, 96
and methylation, $1-92
Skin eancer, 407. See alse Melanomas
Small B-cell lymphoma/follicular lymphoma,
348-349, 349f
Small cell lung cancer (SCLC), 389
Small supermumerary bi-satellited marker
chromosome (s3MC), 113
Smith-Magenis Syndrome (3M3), 107-108
SMS. See Smith-Magenis Syndrome (SMS)
SNRFPN probe, 5, 6, 8
SMVs. See Single nucleotide variants (SNVs)
Somatic overgrowth syndrome, 97-98
with PIK3CA mutation, 101=104, 103f
Somatic variation, 97-98
Sotos syndrome, 98-101, 99-100F
Spindle cell/sclerosing RMS (SC/SRME), 444,
445f
Squamous cell carcinoma with MET exon 14
skipping mutation, 393-394
SRS. See Silver-Russell
syndrome (SRS)
SRY gene, 35
8518, 436
s5MC. See Small supernumerary bi-satellited
marker chromosome (sSMC)
Subcutancous panniculitis-like T-cell
lymphoma, 373



T
T-acute lymphoblastic leukemia/lymphoma,
157
Taqhdan Copy Mumber Assays, 130
TagMan Drug Metabolism Genotyping Assay,
130
Targeted therapy, 209, 389-391
BRAF p.(VEOOE), 403
breast cancer, 414
melanomas, 409, 411
T-cell granular lymphocytic leukemia
(T-LGLL), 373
T-cell prolymphocytic leukemia (T-PLL),
373-375, 375-377f
T-cell receptor gamma gene rearrangement,
318
Tetrasomy 12p, B3-84, 84f, 86, 87f 89
Thrombecytopenia, immune, 110
Thrombocytasis, myelodysplastic!
myeloproliferative neoplasms (MDS/
MPNs) with ring sideroblasts and,
179-183, 180-183F
Thromboembaolism, venous, 125
Thrombosis, decp vein thrombosis (DVT),
125-127, 127f
Thyroid cancer
anaplastie thyroid carcinoma with BRAF
p.{WEDDE) mutation, 422-423
malignant thyroid cancer with KRAS
p.lG12V) mutation, 423
types, 421
T-lymphoblastic leukemia (T-ALL), 291
Ph-like B-lymphaoblastic leukemia [Ph-like
ALL) with CRLFZ rearrangement and
L2:8)p1 2:q24) A FGRMYC fusion, 315,
324-326f

with t{11;14) (p13:q11.2)/ LMO2:TRD fusion,

321-322, 322f

with t(11:18) (p15:ql2)/NUPSE:SETBPI
fusion, 315-317f

with t{10;11) (pl2;q2 1)/ PICALM:MLLTIO0
fusion, 308-314, 312-314f

with t{1:14) (p32:q11.2)/ TRA:TALI fusion,
318-320, 319-3201

TWFAIP3 gene, 108-109
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TPM3I:NTRK] fusion, pulmonary
adenocarcinoma with, 397-398, 398f
TP53 mutation, acute myeloid leukemia (AML)
with complex karyotype and, 225-230,
226-230f
Translocations
acute myeloid leukemia (AML) with
jumping, 242-246, 243-245/
t6:8) (p21;q24), 270-273
Transporter genes, 130
TRIOBP gene, 121
Triploidy, 23-24
TUPLET gene, 111-112, 119
Turmer syndrome, 27, 30-32
variant, 38-41, 39-41f
Tyrosine kinase {TK) gene fusions, mycloid/
lymphoid neoplasm with eosinophilia
and, 155, 163
Tyrosine kinase inhibitors (TKIs) therapy, 135
CMLTEI therapeutic monitoring. 136

u

Uniparental disomy (UPD), 85, 77-80, 78-79f
for chromosome 7, 79

Uniparental isodisomy, 65

Uwveal melanomas, 407

v

Variant turner syndrome, 38-41, 39-41f

Velo-cardio-facial (VCF) syndrome (22q11.2
deletion syndrome), 118-121, 119-120f

Venous thromboembolism (VTE), 125

w

Waldenstrom macroglobulinemia (W), 341
WHO classification, mutations of SF3B1, 185
Whaole-exome sequencing (WES), 102
‘Whaole-genome sequencing (WGS), 102

X
X chromosome, structural abnormalitics of, 27

Z
ZBTBI6:RARA fusion, APL with, 235239,
236-238f
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