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Preface

Blood samples are widely used as biological specimens for diagnostic or research purposes.
There are many examples of important disease markers which can be investigated using
peripheral blood. In the context of blood transfusion and immunohematology, blood
itself is the target of investigation with regard to the determination of blood groups and
the screening for antibodies. Furthermore, blood samples represent the main source of
genetic material, i.e., DNA and RNA, for analyzing gene mutations, polymorphisms, and
expression at the molecular level.

The development of novel bioanalytical technologies for complex and quantitative
molecular analysis of DNA, RNA, proteins, and cell functions led to the introduction of
‘-omics’ terms such as genomics, transcriptomics or proteomics. These molecular profil-
ing approaches have opened up a broad field of research and may help to identify fur-
ther disease markers in blood. Recently developed techniques, such as microarrays or
bead arrays, represent the basis of high-throughput multiplex DNA typing and RNA
profiling. Such methods have been applied already to blood cells or plasma and many
of them were adapted to the special characteristics of blood cells. Thus, protocols have
been developed to achieve diagnostic systems in the fields of genotyping for blood cell
antigens including Human Leukocyte Antigens (HLA) and blood groups. The diagnostic
systems are of great importance in blood transfusion and organ transplantation. Further-
more, special protocols were adapted to particularities of certain blood cell types such
as platelets or reticulocytes in order to address questions in the field of gene expression
analysis.

The aim of DNA AND RNA PROFILING IN HUMAN BLOOD is to bring together
established, standardized, and recently developed protocols for complex and/or high-
throughput DNA and RNA profiling. This book consists of two sections, Part I: DNA
Profiling for Blood Cell Antigens, and Part II: RNA Profiling in Blood Cells. In Part I,
a number of methods and protocols describe high-throughput multiplex approaches for
genotyping of various blood cell antigens (see Chapters 1–5, 8, and 9). Blood grouping
by DNA typing also includes a step-by-step protocol for prenatal RhD determination using
of maternal plasma (see Chapter 11). Other DNA protocols describe modern techniques
for SNP typing other than blood cell antigen SNPs (see Chapters 6, 7, 10 and 12) that
may serve as examples to establish protocols for the own purposes.

Part II is focused on RNA profiling methods and protocols that have been
adapted to the special characteristics of certain blood cell types such as platelets (see
Chapters 16–18), reticulocytes (see Chapter 20) or megakaryocytes (see Chapter 19).
Furthermore, methods and protocols are included to describe recently developed tech-
niques which have been applied to blood samples (see Chapters 13, 14, 21, and 22) or
which may be applied to RNA samples of any type of biological source (see Chapters 12
and 15).

This book summarizes contributions from leading international experts in the fields of
DNA and RNA profiling. As editor of this volume, I am very grateful indeed to themfor
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their willingness to provide an insight into their knowledge and to provide the detailed
step-by-step protocols. I also wish to thank Steffanie Bickelhaupt and Daniela Griffiths for
considerable editorial and secretarial assistance.

Peter Bugert
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Jutta M. Rox, Jens Müller, and Bernd Pötzsch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

19 MicroRNA Profiling of Megakaryocytes
Ramiro Garzon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

20 Serial Analysis of Gene Expression Adapted for Downsized Extracts
(SAGE/SADE) Analysis in Reticulocytes
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DNA Profiling for Blood Cell Antigens



Chapter 1

PCR–ELISA for High-Throughput Blood Group Genotyping

Maryse St-Louis

Abstract

During the last decade, blood bank specialists have shown an increased interest in molecular analyses to
complement serology work in determining blood group antigens. To efficiently respond to the numerous
demands made for hemolytic disease of the newborn cases and polytransfused patients, we designed an
inexpensive colorimetric high-throughput method to genotype several blood group antigens rapidly.
Three simple steps are required to perform this technique: genomic DNA extraction, PCR amplification,
and amplicon detection by a microplate ELISA. The 96-well plate format facilitates the manipulations
and enables the analysis of multiple samples at once or the analysis of multiple antigens for fewer samples.

The most common and clinically relevant minor blood group antigens were adapted to this method and
are described in this work: Rh (D, C, c, E, e), Kell (K, k), Duffy (Fya, Fyb), and Kidd (Jka, Jkb). Other
blood group antigens could be easily tested this way as long as their molecular basis is well established.

Key words: Blood groups, genotyping, PCR–ELISA, microplate, biotin, DIG.

1. Introduction

Red blood cell antigens identification by agglutination-based
assays remains the gold standard in the field of blood banks.
However, molecular biology analyses have taken up more space
over the years to complement the serology work especially
for complex cases. A constant increase for DNA-based analy-
ses has been observed since. In order to efficiently respond to
these demands, we developed an inexpensive colorimetric high-
throughput method in a microtiter plate format to detect DIG-
labeled PCR products by specific hybridization to a capture
oligonucleotide bound to a microplate well (1).

This PCR–ELISA technique is done in three easy steps:
genomic DNA extraction, PCR amplification, and detection by an

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
C© 2009 Humana Press, a part of Springer Science+Business Media
DOI 10.1007/978-1-59745-553-4 1 Springerprotocols.com
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ELISA. The DNA extraction is performed by using commercially
available reagents. During the PCR amplification, a small portion
of the regular nucleotides mix is replaced by DIG-labeled dUTP,
resulting in DIG-labeled amplicons. The detection is done by
ELISA in a 96-well plate. The denatured PCR product is added
to the well already coated with streptavidin to which bind the 5′-
biotinylated capture oligonucleotide specific to our target DNA.
An hybridization will result between the PCR product and the
capture oligonucleotide. After removal of non-hybridized PCR
products, the specifically bound products are detected by an anti-
DIG antibody coupled to a peroxidase molecule which is then
revealed by the enzyme substrate. The resulting coloration is read
on a regular plate reader.

This method presents several advantages: high specificity
(specific-capture oligonucleotide), high sensitivity (up to 100
times more sensitive than ethidium bromide stained gels), and
flexibility (capture oligonucleotide can be changed to detect other
amplicons). This technique and variations of it have been used by
many groups to detect genes in different types of organisms such
as parvovirus B19 (2), hepatitis B virus (3), MRSA (4), Plasmod-
ium falciparum (5), CMV (6), HIV (7), and Aspergillus fumi-
gatus (8). In 2003, this methodology was adapted by our group
to detect the presence of West Nile virus in blood donor plasma
before any commercial assays were made available (9).

2. Materials

2.1. Genomic DNA
Extraction

1. Peripheral blood sample of about 7 mL is collected on EDTA
and stored in aliquots at –20◦C until processed (see Note 1).

2. QIAamp DNA blood mini kit (Qiagen, Mississauga, ON,
Canada) (see Note 2).

2.2. PCR
Amplification

1. All primers for the PCR amplification were synthesized
by Invitrogen (Burlington, ON, Canada) or Sigma-Genosys
(Oakville, ON, Canada). Table 1.1 lists the primers used in
each assay, including primers for internal controls along with
their concentration. Internal controls are essential in this type
of assay to monitor the amplification success. Primer pools
are prepared and stored in aliquots at –35◦C before use (see
Note 3). The volumes are calculated to have the required con-
centration in 5 μL of primer pools for a 25 μL reaction.

2. AmpliTaq Gold (Applied Biosystems, Foster City, CA) is used
(see Note 4) along with its 1x GeneAmp PCR Buffer II and
1.5–2.5 mM MgCl2. All reagents are stored at –20◦C, except
MgCl2, which is kept at 4◦C to avoid ice crystals formation.
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Table 1.1
PCR amplification primers (reproduced in part from ref. 1 with permission from
Blackwell publishing)

Antigen Primer Sequence (5′ to 3′)
Quantity
(ng) Product

Size
(bp)

D 53 F GTG GAT GTT CTG GCC AAG TT 50 Exon 5 157

54 R cac CTT GCT GAT CTT ACC 50

58 F aa cag GTT TGC TCC TAA ATA TT 50 Exon 9 71

59 R AAA CTT GGT CAT CAA AAT ATT
TAA CCT

50

60 F CCT TCC TGG GCA TGG AGT
CCT G

5 β-Actin 200

61 R GGA GCA ATG ATC TTG ATC TTC 5

C/c 63 F ca ggg cca cca ttt gaa 50 Intron 2 360

64 R gaa cat gcc act tca ctc cag 50

65 F TCG GCC AAG ATC TGA CCG 15 Exon 2 177

66 R TGA TGA CCA CCT TCC CAG G 15

90 F TGC CTT CCC AAC CAT TCC
CTT A

15 HGH 432

91 R CCA CTC ACG GAT TTC TGT TGT
GTT TC

15

E 67 F CCA AGT GTC AAC TCT C 37.5 Exon 5 141

72 R CAT GCT GAT CTT CCT 37.5

69 F ACA GAC TAC CAC ATG AAC 15 RHD/RHCE exon 4 94

70 R GCT TTG GCA GGC ACC AGG
CCA C

15

e 71 F CCA AGT GTC AAC TCT G 37.5 Exon 5 141

72 R CAT GCT GAT CTT CCT 37.5

69 F ACA GAC TAC CAC ATG AAC 15 RHD/RHCE exon 4 94

70 R GCT TTG GCA GGC ACC AGG
CCA C

15

K 112 F t ctc tct cct tta aag CTT GGA 100 Exon 6 83

93 R TCA GAA GTC TCA GCA 100

60 F CCT TCC TGG GCA TGG AGT
CCT G

10 β-Actin 200

61 R GGA GCA ATG ATC TTG ATC TTC 10

(continued)
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Table 1.1 (continued)

Antigen Primer Sequence (5′ to 3′)
Quantity
(ng) Product

Size
(bp)

k 112 F t ctc tct cct tta aag CTT GGA 100 Exon 6 83

92 R TCA GAA GTC TCA GCG 100

60 F CCT TCC TGG GCA TGG AGT
CCT G

10 β-Actin 200

61 R GGA GCA ATG ATC TTG ATC TTC 10

Fya 158 F ctc att agt cct tgg ctc tta t 132 Exon 1 711

159 R AGC TGC TTC CAG GTT GGC AC 122

90 F TGC CTT CCC AAC CAT TCC
CTT A

20 HGH 432

91 R CCA CTC ACG GAT TTC TGT TGT
GTT TC

20

Fyb 158 F ctc att agt cct tgg ctc tta t 132 Exon 1 711

160 R AGC TGC TTC CAG GTT GGC AT 122

90 F TGC CTT CCC AAC CAT TCC
CTT A

20 HGH 432

91 R CCA CTC ACG GAT TTC TGT TGT
GTT TC

20

Jka 162 F GTC TTT CAG CCC CAT TTG
CGG

63 Exon 4 131

161 R GCA CAG CCA AGA GCC AGG
AGG

63

90 F TGC CTT CCC AAC CAT TCC
CTT A

15 HGH 432

91 R CCA CTC ACG GAT TTC TGT TGT
GTT TC

15

Jkb 163 F GTC TTT CAG CCC CAT TTG CGA 63 Exon 4 131

161 R GCA CAG CCA AGA GCC AGG
AGG

63

90 F TGC CTT CCC AAC CAT TCC
CTT A

15 HGH 432

91 R CCA CTC ACG GAT TTC TGT TGT
GTT TC

15

Primer orientation: F = forward; R = reverse; lowercase letters: intronic sequences; bold letters: polymorphisms;
quantity for a 25 μL reaction; HGH = human growth hormone.
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3. Digoxigenin-dUTP (1 mM) (Roche Diagnostics, Laval, QC,
Canada) stored in aliquots at –20◦C from which 5 μL is added
to the 100 μL dNTPs solution described below.

4. dNTPs (1 mM) are prepared from a 10 mM stock (Invit-
rogen) and stored in aliquots at –20◦C. The dTTP concen-
tration is reduced to 0.95 mM to be replaced by an equiva-
lent concentration of digoxigenin-dUTP (0.05 mM) (ratio of
dUTP/dTTP is 1:19).

2.3. PCR–ELISA 1. Flat-bottom 96-well Immulon II plates (Dynatech Laborato-
ries, Chantilly, VA) (see Note 5).

2. Solution of 1x PBS: 10 mM phosphate buffer, pH 7.4; 136
mM NaCl; Dubelcco‘s PBS), stored at 4◦C (Invitrogen).

3. Solution of 1x PBS–0.01% thimerosal (Sigma-Aldrich, St.
Louis, MO, USA), stored at 4◦C light protected.

4. Solution of 1x PBS–0.25% casein–0.01% thimerosal (casein:
EM Science, Gibbstown, NJ, USA), stored at 4◦C.

5. Solution of 250 ng streptavidin (Jackson ImmunoResearch,
West Grove, PA, USA) is prepared from a stock solution of
1 mg/mL diluted in 1x PBS–0.01% thimerosal. Stored in
aliquots at 4◦C.

6. Carbonate buffer (115 mM), pH 9.6: 31 mM Na2CO3; 84
mM NaHCO3; 0.02% NaN3 (Sigma-Aldrich). The pH is
adjusted with concentrated NaOH and stored at 4◦C.

7. All biotinylated capture oligonucleotides were synthesized by
Invitrogen or Sigma-Genosys (see Table 1.2). They hybridize
to the middle part of the amplicon (see Note 6). A stock
solution is prepared at 50 μM and stored in aliquots at –
20◦C.

8. NaOH (1 N)-0.5 mg/mL thymol blue is prepared from 10
N NaOH and 10 mg/mL thymol blue (Sigma-Aldrich) (see
Note 7) and stored at room temperature.

9. NaH2PO4 (0.5 M) to neutralize NaOH (stored at room tem-
perature).

10. Solution of 150 U/mL anti-DIG-POD Fab fragment (Roche
Diagnostics) is prepared in H2O and stored in aliquots at 4◦C
away from light (see Note 8).

11. Ready to use peroxidase substrate TMB (ScyTek Laborato-
ries, Logan, UT) Stored at 4◦C away from light.

12. H2SO4 (1 N) (stop solution) prepared from 10 N H2SO4
and stored at 4◦C.

3. Methods

This technique is based on PCR amplification of specific single
nucleotide polymorphisms (SNPs). Special care should be given
to the preparation of the PCR mix to avoid contamination. We
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Table 1.2
PCR–ELISA capture oligonucleotides (reproduced from ref. 1 with permission from
Blackwell publishing)

Antigen Primer Sequence (5′ to 3′) Specificity

D 48 Biotin-TGT TCA ACA CCT ACT ATG CT Exon 5
125 Biotin-AAT ATG GAA AGC ACC TCA TG Exon 9
126 Biotin-AAG ACC TGT ACG CCA ACA CA β-Actin

C/c 171 Biotin-(T)12 TTC AGG GTG CCC TTT GTC ACT T Intron 2 (C)
170 Biotin-(T)12 TTC ACC TCA AAT TTC CGG AGA C Exon 2 (c)
173 Biotin-(T)12 CTC AGA GTC TAT TCC GAC ACC HGH

E/e 48 Biotin-TGT TCA ACA CCT ACT ATG CT Exon 5
127 Biotin-TCT ACG TGT TCG CAG CCT AT RHD/RHCE exon 4

K/k 180 Biotin-(T)12 CGC ATC TCT GGT AAA TGG AC Exon 6
126 Biotin-AAG ACC TGT ACG CCA ACA CA β-Actin

Fya/Fyb 189 Biotin-(T)12 GAT TCC TTC CCA GAT GGA GA Exon 1
173 Biotin-(T)12 CTC AGA GTC TAT TCC GAC ACC HGH

Jka/ Jkb 190 Biotin-(T)12 AAT GTT CAT GGC GCT CAC CT Exon 4
173 Biotin-(T)12 CTC AGA GTC TAT TCC GAC ACC HGH

HGH = human growth hormone.

usually work in separate rooms for the pre-PCR, PCR, and post-
PCR steps. Each room contains dedicated equipment and mate-
rials to reduce even more the risk of contaminations. No DNA is
allowed in the pre-PCR room.

3.1. Genomic DNA
Extraction

1. Extract DNA from whole blood according to the manufac-
turer‘s specifications.

2. Measure the DNA concentration by spectrophotometry or
other means.

3. Store purified DNA at –35◦C.

3.2. PCR
Amplification

1. Amplify DNA following a classic PCR procedure, except that
nucleotides include digoxigenin-dUTP to label the amplicons.
Table 1.1 lists the oligonucleotides and their concentration,
Table 1.3 describes the reaction mix and Table 1.4, the ther-
mocycler program profile for each assay (see Note 9). Control
DNA with known phenotypes are essential to set up the assay.

3.3. PCR–ELISA 1. Coat Immulon II plate by adding 100 μL of 2.5 μg/mL
streptavidin diluted in 115 mM carbonate buffer at pH 9.6
to each well. Cover plates with adhesive lid and incubate at
4◦C overnight or until later use (see Note 10).
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Table 1.3
PCR reaction mix for a 25 μL reaction

Materials D C/c E/e K/k Fya/Fyb Jka/Jkb

H2O Varies Varies Varies Varies Varies Varies

10x PCR Buffer II (μL) 2.50

25 mM MgCl2 (μL) 2.50 2.50 1.50 3.00 1.50 1.50

1 mM dNTPs-DIG (μL) 1.25

Primer poola(μL) 5

AmpliTaq Gold (μL) 0.50 0.25 0.50 0.50 0.25 0.25

DNA (∼50 ng) or H2O Varies Varies Varies Varies Varies Varies

Final volume (μL) 25

aPrimer pools are prepared to genotype RhE, Rhe, K, k, Fya, Fyb, Jka, and Jkb separately as presented in Table 1.1.

Table 1.4
Thermocycler program profile for each assay

Program profile D C/c E/e K/k Fya/Fyb Jka/Jkb

Initial denaturationa 94◦C/9 min

32 cycles

Denaturation 94◦C/30 s

Annealing 55◦C/30 s 65◦C/30 s 49◦C/30 s 58◦C/30 s 64◦C/30 s 61◦C/30 s

Extension 72◦C/30 s

Final extension 72◦C/5 min

Holding 4◦C

aRecommended to activate AmpliTaq Gold. It may be different for other enzymes. It is possible to use a gradient
thermocycler to amplify multiple alleles in one run (see Note 9).

2. Wash wells six times with 1x PBS manually or with an
automated plate washer. Tap the plate on a dry, lint-free,
absorbent cloth.

3. Block wells by adding 300 μL of 1x PBS–0.25% casein–
0.01% thimerosal and incubate for at least 30 min at 37◦C
(see Note 11).

4. Empty the wells by inverting the plate.
5. Add appropriate capture oligonucleotide to each well (20

ng/100 μL 1X PBS–0.25% casein–0.01% thimerosal) and
incubate for at least 1 h at 37◦C (see Table 1.2 for the list
of capture oligonucleotides).

6. Repeat washes as described at step 2.
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7. To each well, add 48 μL 1× PBS–0.25% casein–0.01%
thimerosal.

8. Add 2 μL of PCR products to each specific well (see
Note 12).

9. Add 10 μL of 1 N NaOH–0.5 mg/ml thymol blue to each
well to denature PCR products. Mix well until a uniform
blue coloration is obtained. Incubate for 10 min at room
temperature.

10. Add 30 μL of 0.5 M NaH2PO4 to each well to neutral-
ize NaOH. Mix well until a uniform yellow coloration is
obtained. Incubate for at least 1 h at 37◦C (RhD, RhE, Rhe,
K, k) or 55◦C (RhC, Rhc, Fya, Fyb, Jka, Jkb) (see Note 13).

11. Repeat washes as described at step 2.
12. Add to each well 100 μL of anti-DIG-POD diluted 1:1000

(0.15 U/mL) to 1:5000 (0.03 U/mL) in 1× PBS–0.25%
casein–0.01% thimerosal. Incubate at least 1 h at 37◦C away
from light.

13. Repeat washes as described at step 2.
14. Add to each well 100 μL of TMB to reveal the results. Incu-

bate 30 min at room temperature away from light. Positive
wells should show a yellow coloration.

15. Add to each well 100 μL of 1 N H2SO4 to stop the reaction.
16. Read the plate on a plate reader at 450 nm with a reference

at 630 nm.

Fig. 1.1. PCR–ELISA results for RhC and Rhc. Results example for RhC/Rhc genotyping.
Rows A and E: RhC; rows B and F: Rhc; and rows C and G: HGH (internal control). Rows
D and H were empty. Samples 1 and 13: water control; samples 2, 10, and 18: Rhc/Rhc,
samples 3–9, 11–12, 14, 16–17, 19, 21, and 24: RhC/Rhc; samples 15, 20, 22–23:
RhC/RhC. Internal control is positive for every DNA sample.
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Table 1.5
PCR–ELISA mean OD values (reproduced in part from ref. 1 with permission from
Blackwell publishing)

Antigen Water control
Antigen-negative
samples

Antigen-positive
samples

Ratio (positive/
negative)

D 5 (0.050 ± 0.040) 15 (0.187 ± 0.167) 85 (3.252 ± 0.340) 17.4

C 10 (0.086 ± 0.065) 30 (0.183 ± 0.097) 70 (3.478 ± 0.102) 19.0

c 7 (0.115 ± 0.016) 20 (0.239 ± 0.098) 80 (3.500 ± 0.000) 14.6

E 10 (0.050 ± 0.036) 70 (0.047 ± 0.027) 30 (3.186 ± 0.448) 67.2

e 10 (0.078 ± 0.023) 4 (0.082 ± 0.027) 96 (3.496 ± 0.039) 42.6

K 10 (0.075 ± 0.047) 95 (0.093 ± 0.045) 5 (2.837 ± 0.615) 30.5

k 9 (0.076 ± 0.033) 0 (no samples) 100 (3.494 ± 0.052) –

Fya 10 (0.084 ± 0.045) 40 (0.223 ± 0.089) 60 (3.420 ± 0.229) 15.3

Fyb 10 (0.078 ± 0.046) 22 (0.181 ± 0.084) 78 (3.302 ± 0.418) 18.2

Jka 10 (0.057 ± 0.032) 30 (0.280 ± 0.104) 70 (3.484 ± 0.044) 12.4

Jkb 10 (0.093 ± 0.043) 24 (0.598 ± 0.246) 76 (3.482 ± 0.047) 5.8

Data presented as number of samples (mean OD ± SD).

3.4. Results
Interpretation

The optical density (OD) results obtained for the water controls
should be low (<0.125, see Note 14) and the OD for the internal
control should be strongly positive for each DNA sample (often
“over”). To consider a sample positive, its OD should be high
(>2.5). A negative sample should have a low OD. Figure 1.1
illustrates a result example for RhC and Rhc genotyping. Positive
wells are dark while negative wells are light or clear. Table 1.5
shows the mean OD values obtained for each genotyping assay.
The ratio (positive/negative) is also indicated. These ratios varied
from 5.8 (Jkb) to 67.2 (RhE).

4. Notes

1. EDTA tubes work fine for DNA preparation as well as
sodium citrate. Heparin tubes are to be avoided, since hep-
arin inhibits the polymerase.

2. Qiagen was used for DNA preparation, but any other
renowned manufacturer should be appropriate.

3. We have seen occasionally problems when using primer pools
freshly prepared. We now store every pool at –35◦C at least
overnight before use.

4. All our PCR assays were developed with AmpliTaq Gold.
No other enzymes were used. The AmpliTaq Gold has been
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modified chemically and is stable at room temperature. When
preparing the PCR mix, all reagents were kept at room tem-
perature. Other conditions could be necessary if you use a
different DNA polymerase. Read carefully the packing insert
provided with the enzyme. The specific SNP amplification
could not work properly if using a more basic type of poly-
merase. During development, make sure the amplification is
valid (e.g., agarose gel) before continuing to the ELISA step.

5. Costar and Crosslink plates were compared to Immulon II.
Costar did not bind any capture oligonucleotides. Crosslink
were great at binding, but the cost was considered to high
for this type of technique.

6. A T-linker had to be added in 5′ of the capture oligonu-
cleotide for some assays to increase the signal to noise ratio.

7. Thymol blue is a pH indicator. It is optional.
8. Do not freeze this antibody and keep away from light.
9. To accelerate the procedure, a gradient thermocycler should

be used. For example, to genotype RhE, Rhe, RhD, K, and k
in one PCR run, set the annealing temperature at 49◦C with
a gradient of 9◦C. The temperature should be: row 1, 49.0◦C
(RhE); row 2, 49.3◦C (Rhe); row 8, 55.2◦C (RhD); row 11,
57.8◦C (K); and row 12, 58.1◦C (k).

10. Coated plates were stored at 4◦C for as long as 3 months
with same quality of results.

11. A dark dry incubator was used throughout the PCR–ELISA.
12. A schematic plate or work sheet should be used to follow the

samples within the PCR–ELISA plate.
13. The hybridization temperature could vary depending on the

length and the Tm of the capture oligonucleotide used.
14. The optical density (OD) results may vary depending on

the plate reader used. The one we used states “over”
when the OD is above 3.5 (software: Revelation 4.02 from
Dynatech Laboratories and plate reader: MRX from Dynex
Technologies).
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Chapter 2

Single Base Extension in Multiplex Blood Group Genotyping

Gregory A. Denomme

Abstract

Transfusion recipients who become alloimmunized to blood group antigens require antigen-negative
blood to limit adverse transfusion reactions. An alternative strategy to phenotyping blood is to assay
genomic DNA for the associated single nucleotide polymorphisms (SNPs). A multiplex PCR coupled
with a single base oligonucleotide extension assay using genomic DNA can identify SNPs related to
D, C/c, E/e, S/s, K/k, Kpa/b, Fya/b, Fy0 (–33 promoter silencing polymorphism), Jka/b , Dia/b , and
HPA-1a/b. Using this technology, individual SNP call rates vary from 98 to 100%. The platform has
the capacity to genotype thousands of samples per day. The suite of SNPs provides rapid data for both
blood donors and transfusion recipients and is poised to change whose blood is provided for potential
transfusion recipients. The potential to dramatically lower the incidence of alloimmunization and to
avoid serious hemolytic complications of transfusions can be realized with the implementation of this
technology.

Key words: Blood group genotyping, multiplex PCR, single base extension, SNP analysis.

1. Introduction

With over 100 years of research and discovery in the expres-
sion of and alloimmune response to red cell antigens, the field
of immunohematology has characterized over 300 blood group
antigens (1). Transfusion recipients who become alloimmunized
require antigen-matched red cells. The frequency of alloimmu-
nization increases with the frequency of transfusion (1, 2) and
blood banks invest considerable resources in the investigation and
acquisition of antigen-compatible blood. The serological analy-
ses of blood group antigen phenotypes and compatibility test-
ing have remained largely unchanged for more than 60 years.
The direct hemagglutination and indirect Coomb’s tests are the

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
C© 2009 Humana Press, a part of Springer Science+Business Media
DOI 10.1007/978-1-59745-553-4 2 Springerprotocols.com
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mainstay of blood group phenotyping. The same clinical necessity
applies to alloimmunized platelet transfusion recipients. Although
a smaller group of platelet antigen systems have been identified,
their clinical importance is nonetheless important; alloimmune
thrombocytopenic purpura, platelet alloimmune refractoriness,
and post-transfusion purpura require antigen-matched platelets
for an effective platelet incremental response. The characteriza-
tion of human neutrophil antigens also has a number of defined
polymorphic systems (4). So, it is not a surprise that nearly all
of the defined blood group and platelet antigen systems are ipso
facto polymorphic. It is the diversity among humans and the
development of allogeneic transfusion that created such a reper-
toire of alloantibodies due to the vast immune response to the
proteins, glycoproteins, and carbohydrate moieties expressed on
red cells, platelets, and most likely neutrophils.

Starting in 1987, the genes responsible for the expression
of blood group antigens were cloned and their allelic variants
defined (reviewed in (5)). The molecular mechanisms respon-
sible for the diversity of blood group and platelet antigens are
diverse; missense, nonsense, deletions, insertions, and other alter-
ations modify the expressed moieties. However, a vast majority of
the most common clinically important blood group and platelet
antigens are defined by single nucleotide polymorphisms (SNPs,
pronounced SNiPs). Moreover, the knowledge of the molecu-
lar basis for blood group antigen expression has resulted in a
paradigm shift in the goal to obtain antigen-matched red cells
and platelets. Blood group genotyping was developed for several
reasons (6). First, it is advantageous to have an inexpensive and
redundant screening assay to obtain large amounts of data for
blood groups and platelet antigens. Blood group antigen screen-
ing using antibodies is expensive and time consuming. Second,
DNA testing facilitates the identification of rare antigen-negative
blood and blood with rare combinations of antigens, which allows
screening outside family members of recipients with rare blood
types (7). Third, DNA testing can be performed in the absence
of available antisera. Fourth, the accuracy of antigen typing (phe-
notype plus genotype) can be improved if both are performed and
vast databases of blood group SNPs can be ‘mined’ for unusual
alleles and their gene products. In other words, knowledge of a
blood group phenotype and the underlying genotype can iden-
tify phenotyping deficiencies (i.e., weak or partial expression of
a blood group antigen), and phenotype/genotype conundrums
(pseudogenes, null alleles, and alterations that affect epitope
expression) that can be investigated to add to our overall knowl-
edge of the molecular basis of blood group and platelet antigen
expression.

Presently, blood group genotyping can be performed using a
few distinct platforms that differ in their nucleic acid chemistries.
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To date, all platforms are designed to identify SNPs and a few
applications are amiable to multiplex and high-throughput capac-
ity, thereby facilitating their use as a screening tool to test large
numbers of samples for multiple antigens. Single base exten-
sion technology is particularly suited as it uses a recombinant
DNA polymerase and synthetic oligonucleotides with proprietary
hybridization tags in a microchip array format (8), which can
be modified to suit the needs of the desired SNPs to ‘interro-
gate’; a term used to indicate the SNP being evaluated. The most
recent platforms are designed to identify nearly 50 SNPs simul-
taneously and in a high-throughput format. Future platforms,
designed using single base extension technology and detection
instrumentation, will identify more than 1000 SNPs simultane-
ously. Those instrumentations will redefine the ability to meet
the need to genotype red cell, platelet, neutrophil, and HLA
markers along with infectious marker detection, all in a single
platform.

The purpose of this chapter is to provide the summary
methodology of the Beckman SNPstream suite of instrumenta-
tion and software to use single base extension technology for the
purpose of screening blood donors for clinically important blood
group antigens. The SNP design identifies low frequency antigen-
negative donors and combinations of antigen-negative donors.
The technology has a high degree of fidelity and, if desired,
redundancy can be incorporated to improve output beyond 98%
reliability. SNP analysis of both the sense and antisense strand can
reduce genotyping failures and minimize the number of samples
requiring repeat analysis.

Single base extension is also known as mini-sequencing or
template-directed nucleotide incorporation. The advantage of
single base extension technology is that the detection phase can
be simplified with the use of a combined oligonucleotide address
tag and complementary probe for the detection of gene-specific
base incorporation. Genomic DNA is the source material and
the PCR phase is designed to amplify the flanking region sur-
rounding a SNP of interest. A complementary oligonucleotide
‘capture’ primer is designed to lie proximal to the nucleotide
of interest and DNA polymerase incorporates the complemen-
tary base (a fluorescent-conjugated dideoxy nucleotide) into the
primer (Fig. 2.1A). The primer is a hybrid oligomer that includes
an ‘address’ nucleotide that will hybridize to a complementary
‘tag’ sequence fixed to a glass chip using one of several microar-
ray chemistries. Laser excitation of the fluorescent-conjugated
oligonucleotide hybridized to the microarray tags can resolve the
corresponding SNPs in a bi-fluorometric system (Fig. 2.1B). The
methodology relies on proprietary instrumentation and software
for accurate imaging, interpretation, and review of fluorescent
output.
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Fig. 2.1. Single base nucleotide extension in blood group genotyping. A: The major steps of single base extension
technology. The SNP of interest is PCR amplified with flanking DNA (PCR amplification). One strand of the PCR product is
digested leaving a single-stranded fragment (exonuclease digestion – optional). A capture primer is annealed proximal to
the SNP of interest (reagent annealing). The capture primer has a region that is complementary to a tag oligonucleotide
spotted on a chip in a 12 (shown) or 48 microarray format (nucleotide extension). B: Laser excitation (jagged arrow) of
the bi-fluorescent nucleotides results in color identification of the interrogated SNP. A single reaction is shown.

2. Materials

2.1. Genomic DNA
Extraction

1. QiaAmp DNA blood kit (Qiagen, Hilden, Germany), 24 or
96 sample preparations.

2. UV spectrophotometer.

2.2. Multiplex PCR 1. PCR buffer (provided with the Taq polymerase).
2. Taq polymerase (AmpliTaq Gold: Applied Biosystems, Foster

City, CA, USA).
3. Deoxynucleotides (dNTPs: dATP, dCTP, dGTP, dTTP).
4. MgCl2.
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5. Primer oligonucleotides with sequences as published previ-
ously (10,11).

6. PCR cycler (MJ Research Inc., Waltham, MA, USA).

2.3. Post-PCR
Clean-Up

1. Exonuclease I (USB Corporation, Cleveland, OH, USA).
2. Shrimp alkaline phosphatase (SAP) and SAP buffer (SAP; USB

Corporation).
3. Nuclease free water.
4. UHT high-throughput salt solution (Beckman Coulter Inc.,

Fullerton, CA, USA).

2.4. Single Base
Extension

1. Tag primers with sequences as published previously (10,11).
2. Fluorescent ddCTP and ddTTP nucleotides (TAMRA and

BODIPY labeled).
3. Extension mix diluent (Beckman Coulter).
4. DNA polymerase (Beckman Coulter).

2.5. Post-Extension
and Transfer to the
Microarray Plate

1. Hybridization additive solution (Beckman Coulter).
2. UHT wash buffer (Beckman Coulter).
3. SNPware� microarray plate, 384 well (Beckman Coulter).
4. Humidified 42◦C incubator.
5. SNPScope plate reader (Beckman Coulter).

3. Methods

The methodology for single base extension is based on the Beck-
man SNPstream platform and accompanying product monograph
documentation. Full disclosure of the methodology is available
from Beckman Coulter Inc.

3.1. Genomic DNA
Extraction

Consult molecular methods manual for protocols and discussion
on genomic DNA extraction (9). The goal is to obtain approxi-
mately 100–200 μg of DNA with a 260/280 ratio of 1.8 ± 0.2
(see Note 1).

3.2. Multiplex PCR PCR optimization may be necessary. Protocols for the optimum
annealing temperature and Mg concentration are likely necessary
due to the minor variations in instruments and synthetic reagents.
Helpful protocols for PCR optimization are available (9).
1. Stock primers are diluted to 12 μM each and mixed as a pool

in nuclease free water (see Note 2).
2. Prepare a 10 μL multiplex PCR master mix containing 50 nM

of primer pool, 75 μM each dNTP, 5 mM MgCl2, 1 × PCR
buffer, and 0.5 U/μL Taq polymerase.
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3. Transfer 2 μL of genomic DNA to each well of 96-well PCR
microplates.

4. Transfer 8 μL of the PCR master mix to the DNA samples.
Centrifuge the microplate at 340 × g if the contents require
mixing using a table-top centrifuge with a head design for
microplates.

5. Place in a PCR cycler and cycle under the following conditions:
Initial denaturation: 94◦C, 8 min

35 cycles of: 94◦C, 30 s; 55◦C, 30 s; 72◦C, 1 min

Hold temperature: 4◦C, until ready to proceed

3.3. Post-PCR
Clean-Up

PCR clean-up can be performed if one of the amplimers is 5’-
capped with phosphorothioate. The capping protects the strand
from exonuclease degradation.
1. Prepare a master mix containing 0.13 U/μL exonuclease I

and 0.33 U/μL SAP in 1 ? SAP buffer diluted in nuclease free
water.

2. Combine the Exo/SAP pool mix, UHT high-throughput salt
solution and the PCR reaction to the 96-well microplates and
centrifuge to mix the contents.

3. Place in MJ thermalcycler and run the following program:
37◦C, 30 min; 100◦C, 10 min; 4◦C, until ready to proceed.

3.4. Single Base
Extension

1. Prepare the extension mix containing oligonucleotide tag
primers, fluorescent ddCTP and ddTTP nucleotides (TAMRA
and BODIPY labeled), extension mix diluent, and DNA poly-
merase as given in Table 2.1.

2. Transfer 7 μL of the extension mix to the post-PCR-cleaned
products and centrifuge at 340 × g to mix the contents.

3. Run the following extension primer program:
Initial denaturation: 96◦C, 3 min

45 cycles of: 94◦C, 20 s; 40◦C, 11 s

Hold temperature: 4◦C, until ready to proceed

3.5. Post-Extension
and Microarray Plate
Reading

1. Preheat the incubator to 42◦C.
2. Prepare 3.7 mL of a hybridization master mix consisting of 3.7

mL and 200 μL of hybridization additive solution.
3. Wash the 96-well microplate containing the extension reac-

tions with 3 × UHT wash buffer.
4. Add 8.0 μL of hybridization solution master mix to each SNP

extension reaction and subsequently transfer 8.0 μL of this
mixture to the prepared 384-well microarray plate.

5. Place the microarray plate in humidified 42◦C incubator for
2 h.

6. Wash the microarray plate with 3 × high stringency wash
solution.
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Table 2.1
Components of the extension mix

Component Volume per well(μL)

Tag oligonucleotide primer pool 3.2

C/T ddNTP extension mix 21.4

Extension mix diluent 402

DNA polymerase 2.2

Nuclease dddH2O 318

7. Completely dry the 384-well microarray plate using vacuum
suction and a micropipette tip.

8. Read the microarray plate in a SNPScope plate reader (see
Note 3).

3.6. Data Analysis An important step in SNP analysis is the evaluation of the flu-
orescence emissions. The software suite analyses both the single
or combined emission spectra (scatter plots) and the intensity of
the emission. Therefore, weak fluorescence can be excluded on
the basis that it does not achieve a minimum threshold or cannot
be distinguished from background fluorescence. This threshold is
particularly useful where alternate genes are co-amplified in the
PCR stage.
1. RHCE*C allele has similar DNA sequence in exon 2 and it

is difficult to obtain short PCR amplimers in the presence of
RHD. However, if RHCE is preferentially amplified, the anal-
ysis can exclude the background reading of RHD amplification
from that produced by RHCE. Some background fluores-
cence exists, but the resultant analysis provides good positive
predictive values to identify the R1R1 phenotype (10). An
intron 2 surrogate marker can be used but does not correlate
100% with the RHCE*C allele (12). RHCE*E/e SNP analysis
does not suffer from this problem because a seperate PCR
amplification stage can be designed to specifically target the
RHCE gene.

2. The emission scatter plots can be grouped into three
categories: as independent values and combined fluores-
cence emissions. Figure 2.2 is a representative example of
fluorescent output data (see Note 4).

3. When testing includes several hundred samples, acceptance
criteria for the analysis of blood group SNPs should include
a calculation of the allele frequencies for the population
under evaluation for comparison to known frequencies
(see Note 5).
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Fig. 2.2. Scatter plot diagram of the resultant BODIDY/TAMRA fluorescent output. The horizontal line represents baseline
output (<3.54 units) and identifies genotype, QC, or origin failures and empty wells. The two vertical lines identify the
genotypic groupings (XX, XY, and YY) and any outliers. Two outliers are identified in Fig. 2.2 and these samples can be
selected for repeat analysis. (See Color Insert)

Blood group, platelet, and neutrophil SNPing is poised to
improve the database of blood donors with known antigen pro-
files and allow studies to analyze the benefits of blood product
matching on the basis of genotypes alone to minimize adverse
immune transfusion outcomes and reactions in both selected
patient populations (13–15) and possibly, in the near future, the
general transfusion recipient population including those who are
at risk of alloimmunization to high frequency antigens (16).

4. Notes

1. A number of protocols are suitable for the extraction of
genomic DNA. The QiaAmp kits or MagNA Pure DNA isola-
tion platform (F. Hoffmann-La Roche Ltd, Switzerland) pro-
vides adequate genomic DNA. The DNA should show a signal
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band on agarose gel electrophoresis indicating little DNA
degradation or shearing.

2. Oligonucleotides for single base extension are designed to
minimize inter-primer hybridization, intra-primer hairpin for-
mation, and with similar annealing temperatures. Primer
sequences for the detection of D, C/c, E/e, M, N, S, s, K,
k, Fy(a/b), Fy0 (GATA-1 silencing), Jk(a/b), and HPA-1a/b
were published previously (10,11).

3. The SNPScope plate reader will excite and capture emission
images of BODIPY- and TAMRA-labeled ddNTPs. All geno-
type calls are automatically generated using the SNPStream
Software Suite consisting of MegaImage, UHTGetGenos, and
QCReview.

4. Note that three independent fluorescent groups can be identi-
fied, i.e., TAMRA or BODOPY fluorescence only, and com-
bined TAMRA and BODOPY fluorescence. The groupings
are distinct and there is no overlap fluorescence between the
groups. Samples falling outside defined groups represent an
inability to assign the nucleotide(s) occupying the SNP posi-
tion. These failures are referred to as “call” failures. PCR
optimization should be continued until call failures are less
than 1.0%. DNA amplification failures should be rare but with
appropriate sample process controls in place, samples can be
re-analyzed in a subsequent batch assay.

5. For allele frequencies that do not fall within the expected pop-
ulation frequencies, a subset of the test population should be
evaluated by manual molecular tests for validation. For popula-
tions with unknown allele frequencies, serological analysis on a
subset can be performed to confirm the genotype/phenotype
association.
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Chapter 3

Real-Time PCR Assays for High-Throughput Blood Group
Genotyping

Fernando Araujo

Abstract

There are multiple situations in the context of transfusion medicine where the classic serologic methods
are unable to provide an adequate response, for example, recently polytransfused patients, patients with
positive direct human antiglobulin tests, and hemolytic disease of the newborn. The traditional poly-
merase chain reaction techniques are slow and sometimes difficult to carry out and interpret. Thus there
is a need for the development and validation of rapid and effective molecular methods. The genetic basis
of the main alleles of the most important blood groups are known, but the frequencies vary in the differ-
ent populations, thus for the genetic techniques to be efficient it is important to evaluate them, in order
to adapt the molecular approaches.

Key words: Blood groups, RHD, RHCE, KEL, JK, FY, DO, hemolytic disease of newborn,
real-time PCR.

1. Introduction

The study of the human blood group antigens has provided useful
markers of many proteins, glycoproteins, and glycolipids that are
found on the surface of the red blood cells. The initial biochemi-
cal analysis and the recent molecular characterization allowed the
study of these molecules in healthy and pathological conditions
(1). Many of them are found distributed in various tissues in the
human organism, whereas others seem to be specific to the red
blood cells.

The blood groups have been found to participate in almost
all human physiological processes, including functions such as
enzymes, adhesion molecules, transporters or gas and ions chan-
nels, as well as an important role in immunological defence

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
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systems like the complement pathway. Certain blood group phe-
notypes have demonstrated the possibility of being used as evi-
dence of disease and even details, such as the strength of the
antigen expression, may be correlated to the progression of some
tumors. The blood groups in the red cells provide a “window” to
look at body physiology, both in health and in illness.

The classical methodology based on the serological determi-
nation of the antigens present on the surface of the red cells and in
the detection of the antibodies, is extremely simple to carry out,
economical and, when correctly executed, has a sensitivity and
specificity that are adequate for the resolution of the greater part
of the cases. However, hemagglutination techniques have limita-
tions, and therefore molecular genetics has an extremely valid and
necessary role in this area.

The majority of the genes encoding blood groups have
already been sequenced, making it thus possible to understand
their many functions and formulate methods for their identifica-
tion. There are various molecular changes which give rise to a vari-
ety of antigens and phenotypes, namely recombination or gene
conversion, exon duplication, deletion, insertion or nucleotide
substitution. On the other hand, the analysis of null phenotypes
has demonstrated that different genetic events may give rise to
the same phenotype.

Several techniques are described in order to detect these varia-
tions, for example, polymerase chain reaction-restriction fragment
length polymorphisms (PCR-RFLP), polymerase chain reaction-
sequence-specific primers (PCR-SSP), real-time PCR, pyrose-
quencing and in far reaching development, “chip” technology
(microarrays). The clinical applications in the context of trans-
fusion medicine may be multiple, but at present the most relevant
seem to be the following:
1. In recently polytransfused patients: the presence of circulating

red cells of blood donors, in relevant quantities, makes phe-
notyping by hemagglutination techniques complex, slow, and
potentially incorrect (2,3).

2. In patients with positive direct antiglobulin tests: in patients
with auto-immune hemolytic anemia, in which the red cells are
covered with immunoglobulins, molecular biology is impor-
tant when the immunological tests are not efficient in remov-
ing the linked immunoglobulins or may destroy clinically rele-
vant antigens.

3. In blood donors: laboratory tests based on the study of the
deoxyribonucleic acid (DNA) may be used to type blood
donor antigens for transfusion and to constitute reagent panels
for the identification of antibodies. This is particularly useful in
cases where the antibodies are weakly reactive or commercially
unavailable. Recent technologies have also the potential to
carry out DNA determinations in large quantities of samples,



Blood Group Genotyping by Real-Time PCR 27

with relevance in rare blood groups. Because the new auto-
matic procedures obtain results in a quicker, simple, and even-
tually more economical manner, the typing of blood donors
using tests based on DNA may have great potential.

4. In the pre-natal setting: the hemagglutination techniques only
provide indirect indications on the risk and severity of the
hemolytic disease of the newborn (HDN). Thus, the typing of
antigens by techniques based on DNA has an important value
in the pre-natal setting, namely in the identification of fetuses
that are not under the risk of HDN, preventing unnecessar-
ily aggressive monitoring of the mother. Fetal DNA may be
isolated from cells obtained from invasive procedures such as
amniocentesis or chorionic villi samples, and by non-invasive
procedures from the trophoblasts collected from transcervical
samples and from fetal erythroblasts in maternal circulation,
but with many limitations. Free fetal DNA may also be success-
fully extracted from the maternal plasma and makes typing of
the blood groups possible. In this simple manner, it is possible
to predict the phenotype of the fetus and correctly orientate
the mother’s evaluation, without risks to both of them.

The classic genotyping methods pose several problems, by using
separate tubes for specifically amplifying each allele (PCR-SSP
needs amplification of internal control fragments) or by using
restriction enzymes (with the risk of incomplete digestion of the
amplicons or generating false-positive results if silent mutations
occurred near the mismatch not allowing the enzyme to cut). The
potential benefits of homogeneous detection systems, in relation
to the classic methods, have long been recognized: simple pro-
cessing and rapid analysis, no post-amplification processing, elim-
inating sampling tracking errors, and end-product contamination.
The methods described are robust and reliable, with few manuals
processing steps: the “hands-on” time for setting up the assays
is shorter and no manual intervention is required after loading in
the instrument. They allow high throughput and rapid results in a
very economical manner, using small volumes lowers the reagent
costs, resulting in a highly competitive technology for a routine
laboratory.

The development of new molecular tools for diagnostic use,
complementing the classical methods applied in transfusion ser-
vices, with results available in a timely manner to allow their
use on a routine basis was the aim of these methods. In order
to achieve that, we used the LightCycler R© (Roche Molecular
Biochemicals) PCR instrument: a microvolume fluorometer inte-
grated with a thermal cycler that combines rapid cycle PCR with
real-time fluorescence monitoring. This assay is based on the flu-
orescence resonance energy transfer (FRET) principle. Incorpo-
ration of labeled hybridization probes with the initial reaction
mix and target nucleic acid allows detection and analysis of PCR



28 Araujo

products with the LightCycler system in a closed reaction vessel.
In our protocols we used the two fluorescence-based methods for
the detection of amplification products: DNA binding dye SYBR
Green I and hybridization probes.

With these assays, a short fragment harboring the particular
polymorphic site is amplified. In the hybridization probes pro-
tocol, the amplicons are detected by fluorescence using a 3′-
fluorescein-labeled probe and a 5′-LightCycler Red 640-labeled
probe that are in FRET when hybridized to the same strand inter-
nal to the unlabeled PCR-primers. Homogeneous genotyping is
achieved by positioning one of the probes over the polymorphic
nucleotide. When fluorescence is monitored as the temperature
increases through the melting point (Tm) of the probe/product
duplex, a characteristic melting profile is obtained, depending on
the presence or absence of a base pair mismatch in the heterodu-
plex. The fluorescence signal is then plotted in real time against
temperature to produce melting curves for each sample, and then
converted to derivative melting curves by plotting the negative
derivative of the fluorescence with respect to temperature against
temperature.

2. Materials

1. Anticoagulated blood samples (see Note 1).
2. Gel cards (DiaMed AG; Cressier sur Morat, Switzerland)
3. Antisera obtained from Gamma Biologicals Inc. (Houston,

TX, USA) and Diagast (Immucor Medizinische Diagnostik
GmbH, Rodermark, Germany)

4. Magna Pure LC R© and the High Pure PCR-Template-
Preparation R© kit (Roche, Mannheim, Germany) or
QIAamp R© (Qiagen GmbH, Hilden, Germany).

5. LightCycler (Roche)
6. Oligonucleotides and probes as given in Table 3.1.
7. PCR reagents for SYBR Green I or hybridization probes pro-

tocols (Roche).

3. Methods

The red cells could be phenotyped by routine hemagglutination
with gel cards and antisera according to the instructions of the
manufacturers.

3.1. Real-Time PCR
Assays

1. DNA is extracted using commercial kits according to the
instructions of the manufacturers (see Note 2).
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Table 3.1
Sequences of the primers and probes used to genotype blood group alleles and the
length of the PCR products

Primers and probes Sequences PCR product (bp)

KEL

Anchor 5′-GCTTGGAGGCTGGCGCAT-3′ 148

5′-CTGGATGACTGGTGTGTGTGGA-3′

Sensor AGTCAGTATGGCCATTTCCCTTTCTTCATTAACCG

AACGCTGAGACTTCTGA

JK

Anchor 5′- ATCCCACCCTCAGTTTCCT-3′ 165

5′- ATGAACATTCCTCCCATTGC-3′

Sensor ACTCTGGGGTTTCAACAGCTCTCTGCCCCATTTGA

GAACATCTACTTTG

DO

Anchor 5′-GAGTTTGGGAACCAGACACTA-3′ 196

5′-TTTAGCAGCTGACAGTTATATGT-3′

Sensor CTTGGGTGGTAGCTCATATTTATAACTTTAAACCT

CAACTGCAACCAGTCTCC

FY

125G>A 213

Anchor 5′-CAGCTGGACTTCGAAGATGTA-3′

5′-GCGGAAGAGAGGTCTGAAA-3′

Sensor TGGGAAGGAATCATTCACACCATAGGAAGAA

GTTGGCACCATAGTCTCCAT

-33T>C

Anchor 5′-AGGGGCATAGGGATAAGGGACT-3′

5′-AGGGGCATAGGGATAAGGGACT-3′ 287

Sensor CGCTGACAGCCGTCCCAGCCCTTCTTGGCTCTTA

CCTTGGAAGCACA

RHC 5′-GATGCCTGGTGCTGGTGGAAC-3′ 112

5′-GCTGCTTCCAGTGTTAGGGCG-3′

RHc 5′-TCGGCCAAGATCTGACCG-3′ 177

5′-TGATGACCACCTTCCCAGG-3′

(continued)
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Table 3.1 (continued)

Primers and probes Sequences PCR product (bp)

RHE/RHe

Anchor 5′-GCAACAGAGCAAGAGTCCATC-3′ 392

5′-GAACATGGCATTCTTCCTTTG-3′

Sensor CGCCCTCTTCTTGTGGATGTTCTGCCAAGTGTCAA

CTCTGCTCTGCT

RHD (intron 4) 5′-TGACCCTGAGATGGCTGT-3′ 600

5′-ACGATACCCAGTTTGTCT-3′

RHD (exon 7) 5′-AGCTCCATCATGGGCTACAA-3′ 96

5′-ATTGCCGGCTCCGACGGTATC-3′

RHD (exon 4) 5′-GCCGACACTCACTGCTCTTAC-3′ 381/418

5′-TCCTGAACCTGCTCTGTGAAGTGC-3′

RHD zygosity 5′-GGCCAACAAAACCATTTTTTCCTGATAC-3′ 943

5′- CTCTGTCTCAAAAAAAAAAAAAAAACAAGTG-3′

2. Prepare PCR reaction mixes as described in Table 3.2, using
the primers of the Table 3.1 and according the amplification
conditions edited in Table 3.3 (see Note 3).

3. For KEL1/KEL2, JK1/JK2, FY1/FY2/FY, DO1/DO2, and
RHE/RHe (exon 5) we utilized the hybridization probes pro-
tocol, according to the instructions of the manufacturers (see
Note 4).

4. For RHC/RHc (the analysis was done in sequences of the
exon 1 and intron 2 –RHC- and exon 2 –RHc), RHD
(sequences of intron 4, exon 7, and exon 4 – pseudogene)
and RHD zygosity (sequences from the identity region of the
hybrid Rhesus box), the SYBR Green I protocol is used, accord-
ing to the instructions of the manufacturers.

3.2. Result Evaluation 1. KEL1/KEL2: The melting point of KEL1 is at 66◦C and the
KEL2 at 59◦C. In different runs, the positions and distances
of the melting peaks are identical and differed by less than 1◦C
for the same allele (Figs. 3.1A and 3.2).

2. JK1/JK2: The melting point of JK1 is at 56◦C and the JK2
at 62◦C. In different runs, the positions and distances of the
melting peaks are identical and differed by less than 1oC for
the same allele (Fig. 3.1B).

3. FY1/FY2/FY: The melting point of the FY1 is at 63◦C and the
FY2 at 55◦C (125 G>A); while the allele without mutation at
the promoter region has a melting point at 64◦C and the FY2
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Table 3.2
PCR reaction mixes used in the SYBR Green I and hybridization probe protocols of
the LightCycler

H20
(μL)

MgCl2
(μL (mM))

Primer
(μL (μM))

Probe
(μL (μM))

Master
mix (μL)

DNA
(μL (ng))

KEL1/KEL2 10.8 1.6 (3) 1 (10) 0.8 (5) 2 2 (100)

JK1/JK2 10.8 1.6 (3) 1 (10) 0.8 (5) 2 2 (100)

FY1/FY2 10.8 1.6 (3) 1 (10) 0.8 (5) 2 2 (100)

DO1/DO2 10.8 1.6 (3) 1 (10) 0.8 (5) 2 2 (100)

RHE/Rhe 10.8 1.6 (3) 1 (10) 0.8 (5) 2 2 (100)

FY 11.6 0.8 (2) 1 (10) 0.8 (5) 2 2 (100)

RHC/RHc 13.2 0.8 (2) 1 (10) 0.8 (5) 2 2 (100)

RHD (intron 4) 12.8 1.2 (2.5) 1 (10) 0.8 (5) 2 2 (100)

RHD (exon 7) 12.4 1.6 (3) 1 (10) – 2 2 (100)

RHD (exon 4) 12.4 1.6 (3) 1 (10) – 2 2 (100)

RHD zygosity 14a 2 (3.5) 0.5 (5) 0.8 (5) 2 1 (50)

a1% v/v DMSO instead of H2O.

Table 3.3
Conditions of amplification of SYBR Green I and hybridization probes protocols used
in the LightCycler

Amplification cycles

Initial
denaturation Denaturation Annealing Extension Cycles (n)

Melting
curve

KEL1/KEL2 95◦C; 30 s 95◦C; 0 s 62◦C; 10 s 72◦C; 10 s 45 50–75◦C

JK1/JK2 95◦C; 30 s 95◦C; 0 s 55◦C; 10 s 72◦C; 10 s 40 45–75◦C

FY1/FY2/FY 95◦C; 30 s 95◦C; 0 s 60◦C; 10 s 72◦C; 28 s 45 45–75◦C

RHE/RHe 95◦C; 30 s 95◦C; 0 s 56◦C; 60 s 72◦C; 16 s 40 53–90◦C

DO1/DO2 95◦C; 30 s 95◦C; 0 s 65◦C; 10 s 72◦C; 10 s 45 45–75◦C

RHC 95◦C; 600 s 95◦C; 0 s 72◦C; 3 s 72◦C; 6 s 40 86–95◦C

RHc 95◦C; 600 s 95◦C; 0 s 63◦C; 4 s 72◦C; 8 s 40 78–95◦C

RHD (intron 4) 95◦C; 600 s 95◦C; 0 s 70◦C; 3 s 72◦C; 72 s 45 84–99◦C

RHD (exon 7) 95◦C; 600 s 95◦C; 0 s 71◦C; 1 s 72◦C; 10 s 40 80–95◦C

RHD (exon 4) 95◦C; 600 s 95◦C; 0 s 66◦C; 5 s 72◦C; 17 s 45 80–95◦C

RHD zygosity 95◦C; 600 s 95◦C; 0 s 69◦C; 4 s 72◦C; 38 s 55 80–95◦C
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Fig. 3.1. Genotyping by real-time PCR, using the hybridization probes protocols. (A) KEL
genotyping showing the melting peaks at 59 and 66oC; (B) FY genotyping showing the
melting peaks at 56 and 62oC; (C) RHE/RHe genotyping showing the melting peaks at
62 and 68oC.

Fig. 3.2. KEL genotyping by classical PCR-RFLP (three fragments, with 740, 540, and
200 bp). Lane 1: 100 bp marker; lanes 2–4: PCR product from individuals homozygous
KEL1/KEL1 (one fragment with 740 bp); lane 5: negative control (water); lanes 6–7:
PCR product after digestion with Bsm I, from heterozygous individuals KEL1/KEL2 (two
fragments, with 540 and 200 bp).

silent allele (FY) at 58◦C (–33 T>C). In different runs, the
positions and distances of the melting peaks are identical and
differed by less than 1oC for the same allele (Fig. 3.3).

4. RHD: The use of SYBR Green I allows a simple identification
of the alleles (Fig. 3.4).

5. RHD zygosity: The analysis of the results consistently shows
three distinct populations: RHD–/RHD– (mean values of flu-
orescence ± sd: 0.31 ± 0.04), RHD+/RHD– (mean values of
fluorescence ± sd: 0.16 ± 0.04) and RHD+/RHD+ (values of
fluorescence: <0.05) samples.

6. RHCE: The melting point of RHE is at 62◦C and the RHe
at 68◦C. In different runs, the positions and distances of the
melting peaks are identical and differed by less than 1◦C for
the same allele (Fig. 3.1C).

7. DO1/DO2: The melting point for DO1 is 58 and 65◦C for
DO2. In different runs, the positions and distances of melting
peaks for the same allele are identical, varying by less than 1◦C.

3.3. Advantages and
Precautions

The real-time PCR methodology has several practical advantages
and a range of uses in clinical applications:
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Fig. 3.3. FY genotyping using the hybridization probes protocols, showing the melting peaks of homozygous (one peak)
and heterozygous (two peaks) individuals.

Fig. 3.4. Example of RHD genotyping for exon 7 using (A) the DNA binding dye SYBR
Green I protocol (in this case for the exon 7 of the RHD gene) or (B) classical PCR. Lane
1: DNA from an individual RHD–negative; lane 2: DNA from an individual RHD–positive;
lane 3: 50 bp marker.

1. Pre-natal determination of the RHD genotype through non-
invasive methods: blood group genotyping techniques are par-
ticularly indicated in HDN, through the identification and
characterization by molecular biology of fetal DNA circulat-
ing in the maternal plasma. The results, using the methodol-
ogy described, indicated that fetal RHD genotyping is reliable
from the 24th week of gestation. Nevertheless, more tests are
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necessary in order to conclude for the adoption of this type of
approach in the clinical routine.

2. HDN and the Kell blood group: in contrast with HDN due
to the RhD antigen, the antibodies against Kell antigens cause
fetal anemia specifically by the suppression of erythropoiesis,
making the maternal antibody titres or bilirubin levels in the
blood of the umbilical cord/amniotic fluid, not relevant indi-
cators of the severity of the disease. Molecular biology meth-
ods helped prevent the use of invasive diagnostic techniques
which could have placed the fetus at risk (4).

3. Forensic medicine: the DNA-typing techniques may provide
critical information in medico-legal situations where the phe-
notyping techniques have limitations.

4. Precautions when using commercial kits: blood group geno-
typing kits can make work easier in laboratories which have a
high sample throughput or in routine labs where technical and
human resources are limited. However, there are risks of false
diagnosis, due to incorrect execution of the tests, faulty inter-
pretation of the results obtained or even problems related to
the development of the tests. This last situation is important,
especially in cases where the molecular basis of the variants is
not sufficiently known or when there is a reduced number of
samples for validation of the kits.

5. Serological methods in transfusion medicine are reliable and
adequate to the daily practice of the laboratories of the blood
bank. However, there are situations in which they cannot pro-
vide an adequate response. The traditional PCR tests (PCR-
SSP and PCR-RFLP) are slow, labor-intensive and sometimes
difficult to interpret. Therefore, new molecular protocols were
developed and validated using real-time PCR, specifically for
the allele identification of the main blood groups.

6. The polymorphisms of a certain gene, its frequencies and dis-
tribution in the individuals studied, are of importance for the
diagnostic application of the DNA typing.

7. However, when we intend to use the molecular genotyping
results in clinical practice, we must be alert that in rare situa-
tions, the genotype may not correlate with the antigen expres-
sion on the red blood cells. A dominant inhibitor gene which is
not linked to the locus analyzed, mutations in a location other
than that being studied, mutations in the GATA box or the
problem of hybrid genes, could generate false interpretations
with clinical significance (2). In addition, many DNA-based
techniques still have to be evaluated: in a recent workshop
report on the genotyping of blood cell allo-antigens, a 11%
rate of mistyping in some systems was found, demonstrated
that further efforts are needed to improve the precision of the
genotyping techniques (5).
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4. Notes

1. The assay is performed on blood samples drawn by venipunc-
ture of the antecubital vein, after informed consent.

2. DNA that is not used immediately should be frozen at –70◦C
until assayed.

3. In the case of RHE/RHe, the primers were designed in order
to amplify only the RHCE gene and the probes to genotype
the alleles.

4. For confirmation of the KEL1/KEL2 genotypes and RHD
zygosity, PCR-RFLP could be performed (6–12), and for
JK1/JK2, FY1/FY2/FY and DO1/DO2, PCR-SSP could
be done, as described by others (13–27). For confirma-
tion of the results regarding RHC/RHc, RHE/RHe, and
RHD genotypes, classical PCR reactions could be applied
(28–32).
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Chapter 4

Real-Time PCR Assays for High-Throughput Human Platelet
Antigen Typing

Simon E. McBride

Abstract

Most human platelet alloantigen (HPA) systems comprise biallelic single nucleotide polymorphisms in
genes encoding major membrane glycoproteins. Genotyping for these systems is required in the inves-
tigation of patients with suspected HPA antibodies and for the provision of compatible blood products
from HPA-typed donor panel populations.

Key words: SNP, TaqMan, HPA, high-throughput, platelet, glycoprotein, genotyping.

1. Introduction

A total of 24 serologically defined platelet alloantigens have been
reported, 12 of which comprise the six well characterised and so
called ‘common’ biallelic human platelet alloantigen (HPA) sys-
tems (HPA-1, -2, -3, -4, -5, and -15) (1). Although HPA-4 is
considered a minor allele in Caucasoid populations.

Twenty two of the 24 serologically defined HPAs have been
identified at the molecular level, and with the exception of one
system (HPA-14) all that differentiates between self and non-self
in each case is a non-synonymous amino acid substitution result-
ing from a single nucleotide polymorphism (SNP) encoded in the
relevant platelet glycoprotein (GP) gene (2).

The HPAs are generally considered to be platelet specific due
to their localisation on certain glycoproteins that are predomi-
nantly expressed on the surface of platelets (Fig. 4.1). Most of
these membrane bound platelet GPs consist of molecules essential
for cell to cell and cell to extracellular matrix interactions during

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
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haemostasis, they comprise a family of adhesion receptors referred
to as integrins (3).

So far, the majority of known HPAs have been found on the
GPIIb/IIIa complex, which as receptor for fibrinogen, von Wille-
brand factor, fibronectin, and vitronectin is a crucial molecule
during platelet aggregation (4). Other significant platelet GPs
functioning as adhesion molecules include the GPIb/IX/V com-
plex (a receptor for von Willebrand factor) as well as the GPIa/IIa
complex, and CD109 (both receptors for collagen).

The TaqMan� (5′-nuclease) assay, is oligonucleotide hybridi-
sation based and capable of detecting accumulation of PCR
product in real time as a result of the release and subsequent
detection (by laser) of a fluorophore during successful PCR. The
underlying mechanism relies on the 5′-endonuclease activity of
Taq polymerase for destruction of a hybridised probe oligonu-
cleotide to which dye fluorophore and ‘quencher’ molecules are
attached. Probe cleavage releases the dye from close proximity
to the quencher, negating the Forster (or fluorescent) resonance
energy transfer (FRET) effect and enabling excitation of the flu-
orophore by an argon laser (5). It is therefore possible to design
a flanking pair of primers with two ‘internal’ allele-specific probes
complementary to a sequence incorporating a biallelic SNP. If
each probe possesses a different fluorophore, primer extension
leads to allele-specific 5′-endonuclease probe cleavage, fluores-
cence detection, and corresponding allelic discrimination (6).
This works because probe destruction is dependent on stringent
probe hybridisation, the ‘b’ allele-specific probe will not hybridise
to template DNA or PCR amplicons from an ‘a/a’ homozygous
individual with enough efficiency to give increased fluorescence
after 40 cycles of PCR. Although ‘real-time’ PCR allows quantifi-
able measurement of amplification at every cycle, the two-probe
allelic discrimination TaqMan� 5′-nuclease assays only require
end-point detection of increased fluorescence for genotype deter-
mination, a fact sometimes misrepresented by authors in the liter-
ature (7). On completion of thermal cycling, TaqMan� allelic
discrimination assay plates in 96- or 384-well format can be
read in a real-time PCR instrument or other appropriate light
amplification-based plate reader. Results are expressed as numer-
ical values representing change in detectable fluorescence for the
two ‘reporter’ dye fluorophores (typically FAM and VIC) and an
internal positive control fluorophore (ROX). On the ABI PRISM
7900HT sequence detection system instrument platform provid-
ing at least two negative ‘no template’ control (NTC) wells are
included on each plate, and a user-defined quality value is set,
the analysis software will attempt to objectively assign genotypes
using an algorithm based on the fluorescence ratio of the dye
molecules in each sample. Results are displayed on a scatter plot
and cluster according to genotype, each axis represents change in
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fluorescence for a different dye fluorophore; for example, HPA-1a
and HPA-1b homozygous samples will exhibit only raised FAM
or VIC fluorescence, respectively, whereas heterozygotes will have
intermediate fluorescence values for both dyes. Samples may not
autocall if the concentration or quality of DNA varies within a
plate as this produces loose clusters on the scatter plot resulting
in samples falling outside the defined confidence intervals. The
facility exists to manually assign genotypes according to ‘cluster’
on the scatter graph. By also referring to the raw spectral data
(a graph of fluorescence versus wavelength of light) operators
can be confident of results defined in this way, with the possible
exception of only very weak or outlying samples. The TaqMan�
5′-nuclease assay, a closed single tube ‘homogeneous’ genotyping
technique offers the advantages of reduced carryover or cross con-
tamination; no requirement for post-PCR sample manipulation;
increased sensitivity (8); fluorescence or fluorescence polarisation
detection (9, 10); 3′ minor groove binder (MGB) probes with
non-fluorescent quenchers for increased specificity and detection
(11); standardised reagent design and thermal cycling protocol;
an assays-by-design service (12); the capability of objective allele
calling for genotype determination and the export of results in
various file formats for the electronic upload of data onto sample
databases.

2. Materials

2.1. DNA Sample
Dilution and
Aliquoting

1. Low retention aerosol barrier tips, 1 ml (Molecular Bioprod-
ucts Inc., San Diego, CA, USA).

2. Low retention aerosol barrier tips, 200 μl (Molecular
Bioproducts).

3. ‘Deep’ 96-well plate, 1.2 mL capacity (Alpha Laboratories,
Eastleigh, UK).

4. Aluminium adhesive plate sealers (Beckman Coulter Inc.,
Fullerton, CA, USA).

5. Nuclease free water (Promega, Madison, WI).
6. Optical TaqMan 96-well plates (Applied Biosystems,

Warrington, UK).

2.2. TaqMan Allelic
Discrimination Assay

1. Sterile ‘Universal’, 25 ml (Sterilin).
2. PCR set-up dedicated pipettes 10, 100, 200, and 1000 μl.
3. Aerosol barrier pipette tips, 10, 100, 200 μl, and 1 ml (Alpha

Laboratories).
4. Multidispensing pipette (Gilson).
5. Sterile individually wrapped multidispensing tips 10–1250 μl

capacity (Gilson).
6. Flat optical strip caps (Applied Biosystems).
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7. Cap sealing tool (Applied Biosystems).
8. TaqMan custom HPA assay primers, 100 μM (Applied

Biosystems).
9. TaqMan custom HPA assay probes, 15 μM (Applied

Biosystems).
10. TaqMan 2x Universal PCR Mastermix with UNG AmpErase

(Applied Biosystems).
11. Nuclease free water (Promega). Store at 4◦C once open.
12. MicroAmp base/s (Applied Biosystems).
13. Pre-aliquoted DNA in MicroAmp 96-well optical plates.
14. DNA samples of known genotype homozygous for the ‘a’

and ‘b’ alleles of the HPA systems to be assayed at a concen-
tration of 5–10 ng/μl.

3. Methods

As with all PCR-based assays, particular care should be taken to
avoid potential contamination of reagents and consumables at all
times, ideally assay preparation should take place within a dedi-
cated PCR set-up area or hood style workstation. Validation of
the TaqMan 7900HT sequence detection platform for genotyp-
ing the five common human platelet alloantigen SNPs (HPA-1,
-2, -3, -5, and -15) has been performed in direct comparison to
a microarray-based approach with the use of an independently
blinded, randomised and distributed set of test DNAs deliberately
enriched for low-frequency ‘b’ allele homozygous samples (13).

3.1. DNA Sample
Dilution and
Aliquoting

1. These directions assume the use of an entry-level automated
liquid handling system such as the Beckman Biomek� 2000
robotic workstation, although a good quality multichannel
pipette (and a steady arm) may suffice as a low cost alternative
(see Note 1). DNA should be of a quality suitable for diag-
nostic PCR, any contaminants will likely impair optimal assay
performance.

2. Prepare working dilution stocks of DNA samples (90 per plate)
at a concentration of 5–10 ng/μl in the deep 96-well plate,
leaving the last six wells of the bottom row empty. Final vol-
ume in each well of this plate should not exceed 600–700
μl to allow for sample displacement during aspiration. If not
intended for immediate use seal the plate with an adhesive
plate sealer (see Note 2). Repeat this step for every additional
90 samples to be genotyped.

3. For HPA-1, -2, -3, -4, -5, and -15 genotyping, create six repli-
cates of each working dilution plate using the 96-well optical
TaqMan plates. Aliquot 5μl of DNA into each well, check-
ing to make sure there is DNA in all 90 sample positions of
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every plate. Seal each plate with an adhesive plate sealer and
store at 4◦C for immediate use or –40◦C long term storage.
(see Note 3).

3.2. TaqMan Allelic
Discrimination Assay

1. These instructions and the accompanying TaqMan primer
and probe designs (including reaction conditions) assume the
use of GeneAmp PCR system 9700 Thermal cycler. Use of
other makes or types of thermal cycler may require some assay
reoptimisation.

2. For each HPA system prepare sufficient reaction mix for the
number of plates to be assayed, approximately 100 samples
worth of mix per plate should be sufficient. Calculate the
total volume of each reagent required using the values in
Table 4.1 (see Note 4). When making reaction mixes for
multiple HPA assays it is best to prepare them one at a time
to avoid the possibility of accidental cross-contamination of
HPA-specific reagents. Store the mix at 4 ◦C until ready to
use (see Note 5).

3. Select the required pre-aliquoted DNA plates (from step 3;
Section 3.1) to genotype for each HPA assay. Centrifuge the
plates at 3000 rpm for 1 min and briefly spin the appropriate
control DNA samples in a microcentrifuge before use (see
Note 6).

4. To each plate add 5μl of the ‘a’ and ‘b’ allele homozygous
positive control samples to wells 91–92 (H7 and H8) and
93–94 (H9 and H10), respectively.

5. To each plate also add 5 μl of nuclease free water to wells
95–96 (H11 and H12) to provide ‘no template’ negative
controls (NTCs).

6. Using a multidispensing pipette and a sterile 10–1250 μl
capacity tip add 10 μl of reaction mix (from step 2) to each
well of the corresponding plate/s.

Table 4.1
Stock solutions and volumes used per reaction

Reagent Stock Volume per reaction(μl)

Mastermix 2 × 7.50

Forward primer 100 μM 0.14

Reverse primer 100 μM 0.14

‘a’ Allele probe 15 μM 0.20

‘b’ Allele probe 15 μM 0.20

Nuclease free water NA 1.82
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7. Seal the plates using optical strip caps and check to ensure
all wells are completely sealed using the cap sealing tool (see
Note 7).

8. Centrifuge the sealed plates at 3000 rpm for 1 min.
9. Place the prepared assay plate/s into thermal cycler/s.

10. Thermal cycle the plates using the following conditions:
50◦C for 2 min, 95◦C for 10 min, and then 40 cycles of 95◦C
for 15 s and ‘X’ ◦C for 1 min, followed by incubation at 4◦C;
where ‘X’ is 64◦C for the HPA-2 assay, 60◦C for the HPA-4
assay, and 56◦C for the HPA-1, HPA-3, HPA-5, and HPA-
15 assays when using the custom primer and probe sequences
from Table 4.2.

Table 4.2
TaqMan custom primer and allele-specific probe sequences for HPA-1, -2, -3, -4, -5,
and -15 genotyping

Assay Primer sequences MGB probe sequencesa(3′ NFQ)

HPA-1 Forward primer: HPA-1a probe:

5′- CTG ATT GCT GGA CTT CTC TTT
GG -3′

(5′ FAM labelled) 5′- CTG CCT CTG
GGC TC -3′

Reverse primer: HPA-1b probe:

5′- AGC AGA TTC TCC TTC AGG TCA
CA -3′

(5′ VIC labelled) 5′- CTG CCT CCG
GGC TC -3′.

HPA-2 Forward primer: HPA-2a probe:

5′-CTG AAA GGC AAT GAG CTG AAG
AC- 3′

(5′ FAM labelled) 5′- CTC CTG ACG
CCC ACA -3′

Reverse primer: HPA-2b probe:

5′-CCA GAC TGA GCT TCT CCA GCT
T- 3′

(5′ VIC labelled) 5′- CTC CTG ATG CCC
ACA C -3′

HPA-3 Forward primer: HPA-3a probe:

5′- TGG GCC TGA CCA CTC CTT T -3′ (5′ FAM labelled) 5′- TGC CCA TCC
CCA GCC -3′

Reverse primer: HPA-3b probe:

5′- TGA TGG GCC GGG TGA A -3′ (5′ VIC labelled) 5′- CTG CCC AGC
CCC AG -3′

HPA-4 Forward primer: HPA-4a probe:

5′- CAG AAC CTG GGT ACC AAG CT
-3′

(5′ FAM labelled) 5′- CAG ATG CGA
AAG CT -3′

Reverse primer: HPA-4b probe:

5′- CAA TCC GCA GGT TAC TG -3′ (5′ VIC labelled) 5′- CAG ATG CAA AAG
CT- 3′

(continued)



46 McBride

Table 4.2 (continued)

Assay Primer sequences MGB probe sequencesa(3′ NFQ)

HPA-5 Forward primer: HPA-5a probe:

5′- GAC CTA AAG AAA GAG GAA GGA
AGA GTC T -3′

(5′ FAM labelled) 5′- TTA CTA TCA AAG
AGG TAA AAA -3′

Reverse primer: HPA-5b probe:

5′- ATG CAA GTT AAA TTA CCA GTA
CTA AAG CAA -3′

(5′ VIC labelled) 5′- TGT TTA CTA
TCAAAA AGG TAA A -3′

HPA-15 Forward primer: HPA-15a probe:

5′- TGT ATC AGT TCT TGG TTT TGT
GAT GTT -3′

(5′ FAM labelled) 5′- CTT CAG TTC
CAG GAT TT -3′

Reverse primer: HPA-15b probe:

5′- CCA AGA AGT GAT AGA ATC AGG
TAC AGT TAC -3′

(5′ VIC labelled) 5′- CTT CAG TTA CAG
GAT TT -3′

aMinor groove binding (MGB) modification is used as a non-fluorescent quencher (NFQ) at the 3′-end of each probe;
underscores denote positioning of the complementary polymorphic nucleotide.

3.3. Analysis of
TaqMan Allelic
Discrimination
Results for HPA
Genotyping

1. These directions assume the use of an ABI Prism 7900HT
sequence detection system using SDS software version 2.1.

2. Switch on the computer followed by the ABI Prism 7900HT
instrument and allow to warm up for at least 30 min
before use.

3. Start up the SDS software and create a new allelic discrimi-
nation plate document (96 well). Type or barcode in samples
details corresponding to the equivalent wells of the plate grid,
including control samples in wells 91–96 (H7–H12).

4. Create two ‘detectors’ (one for each probe, e.g., ‘1a’ and
‘1b’) and add these to a ‘marker’ corresponding to the assay
plate to be analysed (e.g., HPA-1). Add this marker to the
plate document.

5. Select all 96 wells of the plate grid and assign the marker to
these samples, they will now be designated ‘Unknown’ and
acquire a ‘U’ symbol on the plate grid graphic.

6. Select wells 95–96 of the plate grid and assign them as ‘no
template control’ wells; they will now be designated ‘NTC’
and acquire an ‘N’ symbol on the plate grid.

7. Set the analysis parameters for allelic discrimination to a qual-
ity value of 95.0 and ensure the ‘auto caller’ is enabled.

8. Check the assay plate for bubbles, briefly spin the plate to
remove all bubbles if there are any present.

9. Read the plate as a post-PCR run, then save the raw data file.
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10. View the results as a scatter graph, check that the no template
control wells and the positive control samples for both alleles
have been amplified and correctly assigned by the software –
an example is shown in Fig. 4.2.

11. Look at the clustering of the automatically assigned geno-
types, check the raw spectra of any outlying or indeterminate

Fig. 4.2. Sample scatter plot showing HPA-3 genotype distribution for 90 samples of previously unknown type after
post-PCR assignment of alleles by SDS software. Samples called as undetermined or having failed to amplify would be
represented as ‘x’ (none present in this instance) (reproduced from Ref. (13) with permission from Blackwell Publishing).
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results. If necessary, manually amend or reassign any erro-
neous autocalls (see Note 8).

4. Notes

1. The TaqMan 5′-nuclease assay for allelic discrimination is a
fairly robust and sensitive assay and will work on samples of
varying quality or concentration. However, avoiding human
error and ensuring accurate pipetting is of paramount impor-
tance for high-throughput DNA amplification studies and the
author highly recommends the use of a robot workstation if at
all possible, especially when working in 384-well format.

2. Single-use disposable adhesive plate sealers are preferable to
resealable flexible ‘mat’ style 96-well plate lids as they prevent
potential cross contamination due to residual DNA retained
on lids which are removed and replaced numerous times.

3. If the plates are stored long term at –40◦C they will dry out
over time until the wells of the plate are coated in desiccated
DNA. This loss of volume will need to be taken into account
during step 2 in Section 3.2 when calculating the volume of
nuclease free water to add to the reaction mix. This can be
used as a deliberate measure to maximise the reagent volume
remaining when working in 384-well plate format.

4. Depending on the design of reagent reservoir it can be less
wasteful to prepare larger batches of assay-specific reaction
mix sufficient for as many plates as you can process at a
time. We also found the use of a ‘Distriman’ multidispensing
pipette which allowed us to minimise the volume of extra mix
required.

5. We have stored TaqMan assay reaction mixes for up to 2 weeks
at 4◦C with no subsequent loss of reaction efficiency.

6. Centrifugation of the DNA plates and control samples is
important to reduce the likelihood of cross-contamination due
to aerosols.

7. It is essential to wear clean gloves and use a clean capping
tool as any marks on the lids of reaction plates may impair
plate reading or give rise to erroneous allele calls. To end this
we recommend checking the heated lids of thermal cyclers for
scorching or permanent marker stains; use of a clean rubber
pressure mat easily solves this problem.

8. Comparing the raw spectra of unknown samples to those of
known genotype is normally sufficient to resolve most discrep-
ancies. However, care must be taken as outlying results may
be due to the presence of mutation/s in the probe-binding
region of the target sequence.
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Chapter 5

Multiplex ABO Genotyping by Minisequencing

Gianmarco Ferri and Susi Pelotti

Abstract

The minisequencing multiplex reaction to genotype ABO blood group system is described and discussed.
This method was found to be a reproducible strategy to type 6 common alleles (A1, A2, B, 01, 01V, and
02) of the ABO blood group system, the high specificity and sensitivity make it suitable also in forensic
science. It is more rapid than RFLP and SSCP analysis, resulting in unambiguous interpretation of ABO
genotypes and newly discovered mutations are readily investigated by the addition of new extension
primers in the minisequencing multiplex reaction.

Key words: ABO genotyping, polymorphism, minisequencing, polymerase chain reaction, single
nucleotide polymorphism.

1. Introduction

Molecular analysis methods were introduced to transfusion
medicine after cloning of the genes became routine. Single
nucleotide polymorphisms (SNPs) inherited in a Mendelian man-
ner are linked to many blood group antigens and the appropri-
ate molecular methods to blood group testing are linked to the
genetic basis for polymorphism and the development of PCR-
based technology.

The ABO system is the most important blood group system
in transfusion medicine, organ transplantation, and in forensic
medicine as well, where the interpretation of forensic evidence
materials requires an analysis method suitable for degraded DNA.
In addition, ABO genotyping with the increasing number of alle-
les found continues to be well suited for paternity testing together
with microsatellite typing. The cloning of the ABO gene in 1990
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(1) has led to the identification of up to 169 alleles (2) typed with
different molecular typing methods.

The ABO gene codes for the glycosyltransferases that cat-
alyze the biosynthesis of blood group A and B antigens. This
gene maps to chromosome 9 and consists of seven exons and
six introns ranging in size from 28 to 688 bp. Two mecha-
nisms are considered to be responsible for genetic diversity at the
ABO locus: point mutations and genetic recombination (3), dif-
fering the common alleles in white individuals AB0*A101 (A1),
AB0*A201 (A2), AB0*B101 (B1), AB0*O01 (1), AB0*O02
(01V), and AB0*O03 (2) by few base positions in exons 6 and
7 (4). Determination of ABO genotypes from DNA is complex,
partly because of the large number of variants involved and partly
because the ABO gene does not encode the blood group anti-
gen directly, but rather encodes the transferases that catalyze their
biosynthesis.

PCR–RFLP, alleles-specific PCR, sequence-specific PCR as
single or multiplex assays, and real-time PCR have been applied
to identify SNPs to complement routine serological typing (5–7).

High-throughput techniques have been recently developed
for the study of human SNPs; however, for medium/small clin-
ical and research laboratory simple and inexpensive techniques
are needed. The minisequencing method by SNaPshot kit is
uncomplicated, does not require dedicated instrument(s), the
samples are resolved by electrophoresis separation with DNA
sequencer, and it can be easy multiplexed by the addition of dif-
ferent oligonucleotide tails to increase the size of minisequenc-
ing primers that are resolved and differentiated by length. In this
assay, a DNA oligonucleotide or “primer” is extended by a sin-
gle nucleotide unit. The identity of the extended base allows the
sample to be accurately genotyped. In general, it is possible to
separate single base extension (SBE) primers if the length differs
by 3–5 nucleotides, even if there may be difficulties in separat-
ing some primers that are shorter than 30 nucleotides, because
the electrophoretic mobility of short primers depends strongly
on nucleotide composition and on fluorescent ddNTP addition.
Therefore with a primer range from 20 to 100 nucleotides, about
30–40 SNPs can be detected, even if most of published SNaPshot
assays identify approximately 10–25 SNPs, with a maximum of 52
in one reaction (8).

To type the ABO blood group system, a method based on
a duplex-PCR assay that amplifies 131/132 and 389 bp frag-
ments on exons 6 and 7, respectively, of ABO gene followed
by minisequencing using SNaPshot multiplex kit was developed.
This method focuses on six relatively common ABO alleles (A1,
A2, B, 01, 01V, and 02) by analyzing five SNPs at nucleotide
positions 261 and 297 on exon 6 and 467, 646, and 703 on
exon 7 (9). New extension primers were designed and 70 blood
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donors with known serologically based predicted genotypes in
family studies were tested, in addition, sensitivity assays were per-
formed. Minisequencing has shown to be a reproducible strategy
to type 6 common alleles (A1, A2, B, 01, 01V, and 02) of the
ABO blood group system showing this method has several advan-
tages: first, one reaction mixture is required for DNA template
amplification and one for minisequencing analysis. Second, it is
more rapid than RFLP and SSCP analysis, resulting unambiguous
the interpretation of ABO genotypes with a table of reference. In
addition, this easy and fast molecular approach may be very use-
ful for personal identification as well as for paternity testing in
forensic science, as it is characterized by both high specificity and
sensitivity.

2. Materials

2.1. DNA Extraction 1. QIAamp DNA mini kit (Qiagen, Hilden, Germany).

2.2. PCR
Amplification

1. PCR primers were designed to amplify the regions including
nucleotide positions 261 and 297 in exon 6 and 467, 646,
and 703 in exon 7 (see Note 1). All primers were designed
with computer software (Primer3, H Rozen and J. Skaletsky,
the code is available from: http://www.genome.wi.mit.edu/
genome software/other/primer3.html). Oligonucleotides
were purchased from MWG-Biotech (Eberberg, Germany),
desalted and lyophilized Primers sequences with final concen-
trations:

AB0 6F 5’-GCCTCTCTCCATGTGCAGTA-3’, 0.3 μM;
AB0 6R 5’-AACCCAATGGTGGTGTTCTG-3’, 0.3 μM;
AB0 7F 5’-TGGCTTTCCTGAAGCTGTTC-3’, 0.3 μM;
AB0 7R 5’-GATGTAGGCCTGGGACTGG-3’, 0.3 μM.

2. Reaction mixture with 1X gold buffer (12.5–25 μl), 2 mM
MgCl2, 200 μM each dNTP (Applera, Foster City, CA, USA),
and 1.25 units AmpliTaqGold DNA polymerase (Applera).

3. PCR instrument: GeneAmp 9700 thermal cycler (Applera).

2.3. PCR Purification 1. Escherichia coli exonuclease shrimp alkaline phosphatase
(ExoSAP) enzyme (USB Corporation, Cleveland, OH, USA).

2.4. Electrophoresis 1. Agarose (2%).
2. TBE: Tris (pH 8), boric acid, and EDTA.
3. Ethidium bromide.
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2.5. Minisequencing 1. The extension primers were designed with Primer3 software,
by the 3’ end of primer that anneal one base before selected
SNP (see Note 2): Extension primers were purchased from
MWG-Biotech, desalted and lyophilized:
261 F 5’-(T)8GGAAGGATGTCCTCGTGGT-3’, 0.15 μM;
297 R 5’-GTTGAGGATGTCGATGTTGAA-3’, 0.4 μM;
467 F 5’-(T)16TACTATGTCTTCACCGACCAGC-3’, 0.6
μM;
646 F 5’-(T)24GCGTGGACGTGGACATGGAG-3’, 0.4 μM;
703 F 5’-(T)17CGGCACCCTGCACCCC-3’, 0.075 μM.

2. SNaPshot kit (Applera)
3. GeneAmp 9700 thermal cycler (Applera).

2.6. Post-Extension
Treatment

1. Shrimp alkaline phosphatase (SAP) enzyme (USB).

2.7. Capillary
Electrophoresis

1. ABI 310 or ABI 3130 DNA sequencers (Applera).
2. HiDi formamide (Applera).
3. Liz 120 standard (Applera).
4. Performance Optimizer Polymer 4 (Applera).
5. Array, 36 cm (Applera).

3. Methods

3.1. DNA Extraction 1. DNA was extracted with the DNA isolation kit (QIAamp
DNA mini kit) from peripheral blood and buccal swabs from
70 unrelated healthy blood donors whose ABO phenotypes
were determined by serologic testing and family studies.

2. Aliquots of 2, 1 ng, and 800 pg of genomic DNA from K562
cell line were prepared.

3.2. Amplification 1. PCR primers were designed to amplify the region including
nucleotide positions 261 and 297 in exon 6 and 467, 646,
and 703 in exon 7. The size of amplicons was 131/132 base
pairs and 389 base pairs, respectively, for exon 6 and 7.

2. The simultaneous amplification of the two amplicons contain-
ing the polymorphic sites of interest is carried out in a total
volume of 12.5 or 25 μL with 1–5 ng DNA templates, 1X
Gold buffer, 2 mM MgCl2, 200 μm each dNTP, and 1.25
units AmpliTaqGold DNA polymerase.

3. Place in a PCR cycler and cycle under the following conditions:

Initial denaturation 95◦C; 10 min
34 cycles of: 94◦C, 1 min; 59◦C, 1 min; 72◦C, 1 min
Final extension: 72◦C, 7 min.
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4. Run PCR products in 2% agarose gels containing ethidium
bromide.

3.3. PCR Purification Primers and unincorporated dNTPs are removed by incubation
of 1.5 μl of PCR product with 1.5 μl of ExoSAP enzymes for
15 min at 37◦C followed by inactivation by heating at 80◦C for
15 min.

3.4. Minisequencing 1. Minisequencing multiplex reaction are performed by using
SNaPshot kit with 1 μl of purified PCR product in a 8 μl of
total reaction volume with 2.5 μl of SNaPshot buffer, and SBE
primers at the final concentration (Section 2.5) (see Note 3).

2. Place in a PCR cycler and cycle under the following conditions:
25 cycles of: 96◦C, 10 s; 50◦C, 5s;60◦C, 30 s.

3.5. Post-extension
Treatment

1. Add 1 U of SAP directly in SBE reaction tubes and incubate
at 37◦C for 45–60 min (see Note 4).

2. Inactivate enzymes by incubation at 80◦C for 15 min.

3.6. Capillary
Electrophoresis
and Analysis
of Minisequencing
Products

SBE purified products are resolved by electrophoresis separation
in an ABI 310 or in an ABI 3130 DNA sequencer.
1. For preparation of samples to electrophoresis separation,

1 μl of SNaPshot purified extension product is mixed with
12–15 μl of formamide and 0.5 μl of size standard Liz 120.

2. Samples are run on an ABI 310 or 3130 genetic analyzer using
POP 4.

3. Data are analyzed either using GenScan v 3.1 or GeneMapper
v 3.7 (see Note 5).

Fig. 5.1. Representative electropherogram showing SNaPshot minisequencing of the ABO A1/01V genotype.
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Table 5.1
Reference table for ABO alleles assignment based on minisequencing analysis of
five SNPs

Allele R 297(22 bp) F 261(28 bp) F 703(34 bp) F 467(39 bp) F 646(45 bp)

A1 T G G C T

A2 T G G T T

B C G A C T

01 T A G C T

01V C A G C A

02 C G G C T

Fig. 5.2. Reference diagram for ABO genotype assignment based on minisequencing analysis of five SNPs.

4. The interpretation of the electrophoretic pattern from minise-
quencing (Fig. 5.1) with a table of reference (Table 5.1,
Fig. 5.2) allows to assign the ABO genotype without diffi-
culties (see Note 6).

4. Notes

1. To achieve unambiguous genotyping some optimizations were
necessary due to unspecific annealing of extension primers
overcoming by several attempts of primers set design and each
extension primer was first tested by uniplex reaction. The use
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of software like Primer 3 or similar allows to test the designed
primers for the best annealing temperature and hairpin and
secondary structures avoiding.

2. The tails of the detection primers must not contain nucleotides
sequences that influence the hybridization process and this can
be gained by the addition of random nucleotide sequences
unspecific for human DNA and, or by polynucleotide
sequences (polyA, polyT, polyC, and polyG).

3. The addition of 20 mM ammonium sulfate to the SBE reac-
tion, as suggested elsewhere, had no significant effects for sup-
pression of nonspecific peaks.

4. Some artifact peaks can appear in the electropherogram if the
SAP digestion does not remove all the ddNTP. In this case,
the purification can be repeated on the same minisequencing
product.

5. Alternative nucleotide incorporation for each SNP affects the
migration size of extension primer. Before starting, the multi-
plex assay is strongly recommended to test extension primers
in a singleplex minisequencing reaction to know the real-
migration size of the two alternative nucleotide incorporation.
Consequently, building a reference table (see Table 5.1) with
specific migration size of alternative nucleotide for each SNP
site is also suggested to avoid mutations swap and/or misin-
terpretation, supporting the electropherograms reading.

6. The occurrence of hybrid or subgroup ABO alleles has empha-
sized the need of better genotyping protocols to safe phe-
notype prediction and a profound knowledge of the genetic
diversity at this locus is required to design genotyping kits. The
minisequencing technique described was developed to screen
common alleles, but since new alleles are apparently the result
of gene conversion events with a hotspot in and around exon
6 and are characterized by new arrangements of known muta-
tions, a minisequencing, genotyping assay that investigates
each known polymorphic site of exons 6 and 7, or in ambigu-
ous cases of the entire intron/exon regions, makes possible
resolving of novel ABO alleles containing known sequence
motifs in new combinations. It is impossible to investigate
every single mutation that leads to the 169 different types
of ABO alleles, but a situation of potential discrepancies in
some case of hybrid alleles originated by unequal crossing
over can be resolved. The potential mistyping due to hybrid
alleles may be resolved in most cases by the minisequencing
approach, e.g., heterozygous sample A1/01-B hybrid, pheno-
type A1. Also a serological discovery of the weak aggregation
with monoclonal reagents requests a DNA investigation of the
ABO alleles. Besides, newly discovered mutations are readily
investigated by the addition of new extension primers in the
minisequencing multiplex reaction.
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Chapter 6

Multiplex Genotyping for Thrombophilia-Associated SNPs
by Universal Bead Arrays

Susan Bortolin

Abstract

This chapter describes a method for the multiplex analysis of six biallelic single nucleotide polymorphisms
(SNPs) associated with thrombophilia. The method may, however, be adapted for the simultaneous anal-
ysis of up to 100 markers (50 biallelic SNPs) in a single reaction. In the method described, the targets
of interest are amplified by single-tube multiplex PCR using six primer sets followed by single-tube mul-
tiplex allele-specific primer extension using 12 universally tagged genotyping primers. Labeled extension
products are sorted using the xTAGTM universal bead-based array and detected on the Luminex xMAP�
system. The 12 universal tag sequences used in the assay derive from a set of 100 universal tags which have
been designed to be isothermal and have been empirically validated to show that mismatch hybridiza-
tion events are minimal. The method is suitable for cost-effective high-throughput clinical genotyping
applications.

Key words: SNP, multiplex PCR, multiplex allele-specific primer extension, universal bead array,
thrombophilia, genotyping.

1. Introduction

Venous thromboembolism is a classic example of a complex,
multifactorial disorder involving multiple genetic abnormalities
(1, 2). The factor V Leiden polymorphism (G1691A) is the most
common cause of inherited thrombophilia followed by the factor
II (prothrombin) G20210A polymorphism (3, 4). A third inde-
pendent risk factor, although controversial, is the methylenete-
trahydrofolate reductase (MTHFR) C677T polymorphism (5).
Three additional SNPs, MTHFR A1298C, factor XIII val34leu,
and tissue factor pathway inhibitor (TFPI) C536T, have been
included in the thrombophilia assay described in this chapter
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(6–8). Individually, these additional polymorphisms have little or
no independent effect on venous thrombosis (9–14), but may act
synergistically with other genetic or acquired risk factors result-
ing in a more than additive effect or, in the case of factor XIII,
a protective effect. It may be that polymorphisms believed to
have no clinical utility were characterized as such simply because
each SNP was studied in isolation and not as part of a com-
prehensive panel. Since the risk of thromboembolism increases
when multiple variant genes are present, comprehensive panel
testing on large sample populations may prove useful in better
defining the genetic component of this complex disorder. To
date, the tools required for high-throughput, cost-effective SNP
panel testing were unavailable limiting the number of SNPs being
analyzed in combination. The multiplexed genotyping method
described here addresses this issue and may be easily modified to
allow newly identified SNPs with potential clinical relevance to be
incorporated.

A generalized overview of the method is given in Fig. 6.1.
The four basic steps include target amplification by multiplex
PCR, genotyping by multiplex allele-specific primer extension
(ASPE) chemistry, universal array sorting by hybridization, and
detection on the Luminex xMAP� flow cytometer. The first two
steps are specific to the 6-SNP thrombophilia panel being ana-
lyzed while the universal array sorting step remains constant and
can be adapted to any SNP panel.

Fig. 6.1. Generalized overview of the xTAGTM microsphere-based universal array genotyping platform. Following extrac-
tion, sample DNA is PCR-amplified. Each SNP site of interest is simultaneously queried using two universally tagged
allele-specific primers whose 3′ ends define the alleles. A thermophilic DNA polymerase is used for label incorpora-
tion into extended products. Since ASPE primers overlap the SNP site in the PCR-amplified target DNA, only the correctly
hybridized primer(s) will be extended. Allelic discrimination occurs as a result of the high sequence specificity of the poly-
merase and its inability to extend 3′ mismatches. Labeled extension products are then sorted on the microsphere-based
universal array and detected on the Luminex xMAP� instrument. The output data is then interpreted and presented
as a sample-specific genotype (reproduced from Ref. (20) with permission from The American Association for Clinical
Chemistry).
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Multiplex PCR is carried out to enrich target populations of
interest (15). The multiplex reaction overcomes the need to set
up multiple individual reactions, greatly improving throughput
and cost. Genomic DNA extracted from a variety of sample types
(usually whole blood) is used as the starting material. For multi-
plex PCR to be successful, optimization of multiple parameters is
required (16).

Multiplex genotyping is performed via ASPE chemistry (17,
18). In ASPE, each SNP in the panel is simultaneously queried
using two universally tagged allele-specific primers whose 3′ ends
define the alleles. A thermophilic DNA polymerase is used for
label incorporation (biotin–dCTP) into extended products. Since
ASPE primers overlap the SNP site in the PCR-amplified target
DNA, only the correctly hybridized primer(s) will be extended.
Allelic discrimination occurs as a result of the high sequence
specificity of the polymerase and its inability to extend 3′ mis-
matches. In other words, ASPE incorporates two levels of allelic
discrimination, one occurring at the hybridization step and the
other at the enzymatic extension step. As ASPE is a linear
amplification method, extension products are single-stranded.
This facilitates their capture onto the universal array as the univer-
sal tag sequences are single-stranded and competition by strand
complements is avoided.

Following ASPE, single-stranded biotin-labeled extension
products are captured via their ‘tag’ sequences on the xTAGTM

universal bead array which may consist of up to 100 spec-
trally distinct polystyrene microsphere populations each bearing
a unique ‘anti-tag’ sequence. The tag/anti-tag sequences have
been designed to be isothermal and minimally cross-hybridizing
as a set. This ‘universal’ approach overcomes the differences
in the sequence-dependent thermodynamic properties of gene-
specific sequences which make it difficult to select a single set of
hybridization conditions suitable for all probes. Universal arrays
are advantageous in that, once the optimal tag/anti-tag hybridiza-
tion conditions have been established, no further assay-specific
hybridization optimization is required. Bead-based arrays have
the added benefits of faster reaction kinetics and greater flexibility
with respect to array composition.

Finally, hybridization products are detected using the
Luminex xMAP� flow cytometer (19). Microspheres are individ-
ually interrogated by two lasers as they pass single file through a
rapidly flowing fluid stream. The instrument’s red laser identifies
the bead’s unique spectral address (and hence its corresponding
anti-tag) while the green laser determines whether a hybridization
event has occurred on the bead’s surface by quantifying a flu-
orescent reporter. In this case, streptavidin–phycoerythrin is the
fluorescent reporter molecule used to indirectly detect the biotin–
dCTP incorporated through ASPE.
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The multiplexed 6-SNP genotyping assay for thrombophilia
described here, together with its validation study have previously
been published (20). Commercial versions of the assay are avail-
able from Luminex Molecular Diagnostics. As such, the methods
described here relate to the 6-SNP thrombophilia panel but are
also described in general terms as they would apply to the multi-
plex design and analysis of an alternate SNP panel.

2. Materials

2.1. Multiplex PCR 1. Oligonucleotide primers (Integrated DNA Technologies,
Coralville, IA, USA).

2. Platinum Taq with supplied 10× buffer and 50 mM MgCl2
(Invitrogen, Burlington, ON, Canada).

3. Individual dNTP stocks, 100 mM (Roche Diagnostics, Laval,
QC, Canada).

2.2. PCR Clean-Up 1. Shrimp alkaline phosphatase (USB Corporation, Cleveland,
OH, USA).

2. Exonuclease I (EXO) (USB Corporation).

2.3. Multiplex ASPE 1. Universally tagged allele-specific oligonucleotide primers
(Integrated DNA Technologies).

2. Platinum Tsp with supplied 10× buffer and 50 mM MgCl2
(Invitrogen).

3. Individual dNTP stocks, 100 mM (Roche).
4. Biotin–dCTP, 0.4 mM (Invitrogen).

2.4. Universal Array
Sorting and Detection

1. Luminex xMAP� flow cytometer system (Luminex Corpora-
tion, Austin, TX, USA).

2. xTAGTM universally tagged fluorescent microspheres
(Luminex Corporation)

3. Hybridization buffer: 0.22 M NaCl; 0.11 M Tris–HCl, pH
8.0; 0.088% (v/v) Triton X-100.

4. Wash buffer: 0.2 M NaCl; 0.1 M Tris–HCl, pH 8.0; 0.08%
(v/v) Triton X-100 (see Note 1).

5. Streptavidin-conjugated phycoerythrin, 1 mg/mL (Invitro-
gen). Store conjugate at 4◦C in the dark. Do not freeze.

3. Methods

The methods described here will reflect the use of xTAGTM

microspheres which represent the commercially available, open-
access universal array. The universal sequences coupled to
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xTAGTM microspheres are a different set than those previously
described (20) but are equivalent given that validation of both
arrays generated almost identical results.

3.1. Multiplex PCR
(6-plex)

After identifying the target genes of interest, PCR primers
were designed using Primer3 software (http://fokker.wi.
mit.edu/primer3/input.htm). For multiplex PCR to be success-
ful, the critical parameter is primer melting temperature. For the
6-SNP thrombophilia panel, the 12 PCR primers were designed
to have melting temperatures between 57 and 63◦C. Primers were
designed to be 18–22 bases in length with an average GC content
of 50%. Where possible, PCR primers were designed to gener-
ate amplicons that were relatively small (<200 bp) with the SNP
of interest being located towards the center (see Note 2). Addi-
tionally, primers were designed so that each amplicon within the
multiplex reaction was distinguishable by size to allow for gel res-
olution. PCR primer sequences and amplicon sizes for the throm-
bophilia panel are given in Table 6.1 (see Note 3).

PCR primers were synthesized on a 250 nmol scale by Inte-
grated DNA Technologies. PCR primers were unmodified and
were purified using standard desalting procedures. Individual,
lyophilized PCR primers were reconstituted to about 200 μM in
sterile ddH2O. Exact oligo concentrations were determined spec-
trophotometrically using extinction coefficients provided by the
supplier. Reconstituted oligos were scanned between 200 and 800

Table 6.1
PCR primer sequences (5′ to 3′) and amplicon sizes (20)

Gene Sequence Amplicon size (bp)

factor V Forward CGCCTCTGGGCTAATAGGAC 154

Reverse GCCCCATTATTTAGCCAGGA

factor II Forward GAACCAATCCCGTGAAAGAA 112

Reverse CCAGAGAGCTGCCCATGA

MTHFR 677 Forward CTTTGAGGCTGACCTGAAGC 101

Reverse CAAAGCGGAAGAATGTGTCA

MTHFR 1298 Forward AGGAGCTGCTGAAGATGTGG 105

Reverse CTTTGTGACCATTCCGGTTT

TFPI Forward TCTATTTTAATTGGCTGTATTTTTTTC 97

Reverse TGCGGAGTCAGGGAGTTATT

factor XIII Forward TCTAATGCAGCGGAAGATGA 117

Reverse TGTGCCTGGACCCAGAGT
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nm on a Beckman DU640 spectrophotometer and absorbance
was measured at 260 nm to calculate concentration. PCR primers
were aliquoted and stocks were stored at –20◦C.
1. Multiplex PCR is carried out using 25 ng genomic DNA in a

25 μL final volume.
2. A ‘no target’ PCR negative control is included with each assay

run (see Note 4).
3. Each reaction consits of 1.5× buffer (30 mM Tris–HCl, pH

8.4; 75 mM KCl), 2 mM MgCl2, 200 μM each dNTP, 1.25
units platinum Taq, with factor II primers each at 0.5 μM, fac-
tor V and TFPI primers each at 0.3 μM, and all others present
at 0.2 μM (see Notes 5, 6).

4. Samples are cycled in an MJ Research PTC-200 thermocycler
with cycling parameters as follows:

Initial denaturation: 95◦C, 5 min

30 cycles: 95◦C, 30 s; 58◦C, 30 s; 72◦C, 30 s

Final extension: 72◦C, 5 min.

Hold temperature 4◦C until further use (see Note 7).

5. While optimizing the multiplex PCR for buffer composition,
cycling parameters, annealing temperature, and primer con-
centrations, PCR reactions were separated electrophoretically
to verify that all six desired bands were present and were of the
correct size and to ensure that nonspecific amplification was
absent (both in samples and negative control). The gel image
shown in Fig. 6.2 clearly demonstrates the high specificity of
the PCR primers used in the multiplex reaction under opti-
mized conditions. Since PCR represents the first step in the
assay, it is essential that the reaction be as specific as possible to
minimize potential complications downstream (see Note 8).

3.2. PCR Clean-Up Prior to the ASPE reaction, each PCR reaction is treated
with shrimp alkaline phosphatase (SAP) to inactivate remaining
nucleotides (particularly dCTP) so that biotin–dCTP may be effi-
ciently incorporated during the primer extension reaction. Each
PCR reaction is also treated with EXO to degrade remaining PCR
primers in order to avoid any interference with the tagged ASPE
primers and the extension reaction itself.
1. To each 25 μL PCR reaction directly add 2 μL SAP (= 2

units) and 0.5 μL EXO (= 5 units) (see Note 9).
2. Samples are incubated at 37◦C for 30 min followed by a 15

min incubation at 99◦C to inactivate the enzymes.
3. Treated PCR samples are then added directly to the ASPE

reaction (see Note 10).
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Fig. 6.2. Gel image of multiplex PCR products representing patient samples separated electrophoretically on a Helixx
SuperGel 150 in 1× Tris–acetate–EDTA buffer. Lane 1, markers; Lane 2, empty; Lane 3, PCR negative control; Lanes 4–9,
patient samples. The multiplex PCR reaction was highly specific for the six desired amplimers with no spurious amplifi-
cation products detected. The amplimers were of the expected size (97–154 bp) and the PCR negative control showed
no evidence of primer dimer formation (reproduced from Ref. (20) with permission from The American Association for
Clinical Chemistry).

3.3. Multiplex ASPE Given that ASPE is a linear amplification reaction and that the
SNP site is pre-defined, design of genotyping primers for multi-
plex ASPE is much simpler than multiplex PCR primer design.
For each SNP in the multiplex panel, a wild-type and a mutant
primer, usually differing only in their 3′ base, are required (see
Note 11). These two primers may be selected to prime off of
either the 5′ or 3′ strand of the PCR product but both must be
in the same direction. Some factors, which should be considered
when selecting which strand to prime off, include the presence
of underlying polymorphisms in the ASPE primer binding region
and secondary structure within the 3′ end of the primer. Melting
temperature (Tm) and primer length should also be taken into
consideration when designing ASPE primers; however, a wider
Tm range is permitted since linear ASPE is less impacted by Tm
as compared to multiplex PCR. For the thrombophilia panel, the
gene-specific sequence of each ASPE primer ranged from 18 to
22 bases in length with melting temperatures ranging from about
52 to 65◦C.

Once the allele-specific primers have been designed, they
must be tagged with universal sequences complementary to
those coupled to the xTAGTM microspheres making up the bead
array. Universal xTAGTM sequences as well as information on
how to assign tags and select microsphere sets are available on
the Luminex website (http://www.luminexcorp.com/uploads/
data/xTAG%20Protocols%20FAQs/xtagmicrosphere71008.pdf).

For the thrombophilia panel, chimeric ASPE primers con-
sisting of the 24mer universal tag sequence 5′ to the allele-
specific (18–22mer) sequence were synthesized on a 250 nmol
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scale by Integrated DNA Technologies. Primers were unmodified
and were purified by polyacrylamide gel electrophoresis (PAGE)
(see Note 12). Individual, lyophilized ASPE primers were recon-
stituted to approximately 100 μM in sterile ddH2O. Recon-
stituted primers were scanned between 200 and 800 nm on a
Beckman DU640 spectrophotometer and absorbance was mea-
sured at 260 nm to calculate oligo concentration using extinc-
tion coefficients provided by the supplier. ASPE primer stocks
were stored at –20◦C. ASPE primer sequences are given in
Table 6.2.
1. Multiplex ASPE is carried out using 5 μL of treated PCR prod-

uct in a final volume of 20 μL.
2. Each reaction consists of 1× buffer (20 mM Tris–HCl, pH

8.4, 50 mM KCl), 1.25 mM MgCl2, 5 μM biotin–dCTP, 5
μM each of dATP, dGTP and dTTP, 1.5 units Platinum Tsp
and 25 nM ASPE primer pool (i.e., each ASPE primer present
at 500 fmol/reaction) (see Note 13).

3. The ASPE reactions are incubated in a PCR cycler under the
following conditions:

Initial denaturation: 96◦C, 2 min

40 cycles at: 94◦C, 30 s; 54◦C, 30 s; 74◦C, 60 s.

Hold temperature: 4◦C until use (see Note 14).

Table 6.2
ASPE primer sequences (5′ to 3′) (20)

Gene Allele Sequence

factor V Wild-type Tag-GGACAAAATACCTGTATTCCTC

Mutant Tag-GGACAAAATACCTGTATTCCTT

factor II Wild-type Tag-CAATAAAAGTGACTCTCAGCG

Mutant Tag-CAATAAAAGTGACTCTCAGCA

MTHFR 677 Wild-type Tag-GAGAAGGTGTCTGCGGGAGC

Mutant Tag-GAGAAGGTGTCTGCGGGAGT

MTHFR 1298 Wild-type Tag-ACAAAGACTTCAAAGACACTTT

Mutant Tag-ACAAAGACTTCAAAGACACTTG

TFPI Wild-type Tag-GGCTGTATTTTTTTCCAGC

Mutant Tag-GGCTGTATTTTTTTCCAGT

factor XIII Wild-type Tag-GACGCCCCGGGGCACCAC

Mutant Tag-GACGCCCCGGGGCACCAA
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4. The ASPE component of the assay was optimized for sev-
eral parameters affecting specificity and signal output. These
parameters included cycling conditions, annealing tempera-
ture, buffer conditions, ASPE primer concentrations, and PCR
reaction volume added to the ASPE reaction. However, the
main optimization required at the ASPE step is the balancing
of median fluorescence intensity (MFI) signals generated for
each allele of a given SNP following array hybridization. This
is achieved by redesigning ASPE primers either by lengthen-
ing them at the 5′ end of the gene-specific portion to increase
MFI or shortening them (at their 5′ end) to reduce nonspe-
cific MFI generated for an absent allele. Typical MFIs are usu-
ally >1000 for present alleles and, as a rough measure, absent
alleles should generate MFIs that are <10% the specific MFI
generated for the present allele of any given SNP.

3.4. Universal Array
Sorting and Detection

1. Prepare the universal array by combining the 12 xTAGTM

microsphere populations selected to correspond to the 12
ASPE primers. Resuspend the beads in hybridization buffer
(0.22 M NaCl, 0.11 M Tris (pH 8.0), and 0.088% (v/v)
Triton X-100) so that each bead population is present at 56
beads/μL (see Note 15).

2. Briefly vortex and sonicate the bead mix. For each hybridiza-
tion reaction, combine 45 μL of the bead mix (approximately
2500 beads of each of the 12 anti-tag bearing bead popula-
tions) with 5 μL of the ASPE reaction in a microwell plate and
seal.

3. Heat samples to 96◦C for 2 min in an MJ Research PTC-200
followed by a 1 h incubation at 37◦C.

4. To remove excess biotin–dCTP and excess primers follow-
ing hybridization, the reactions are filtered using a 1.2 μm
Durapore� Membrane (Millipore Corp). A vacuum manifold
is required for this step. Prepare the membrane by first wash-
ing twice with 200 μL wash buffer (0.2 M NaCl, 0.1 M Tris
(pH 8.0), and 0.08% (v/v) Triton X-100).

5. To the hybridized samples, add 100 μL wash buffer and then
transfer the entire 150 μL volume to the filter plate. Apply the
vacuum to filter the reactions. Again, wash with 200 μL of
wash buffer.

6. Resuspend the beads in 150 μL reporter solution (see Note
16) and incubate for 15 min at room temperature.

7. Transfer the filter plate to the Luminex xMAP� for detec-
tion. Before reading the samples, ensure that the instrument
has been calibrated. Setup a run file by selecting and naming
the 12 required bead populations. Ensure that a gate setting
has been established and set acquisition parameters to measure
100 events per bead population and a 100 μL sample volume
(see Note 17).
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Fig. 6.3. Patient study results. For each sample, the NET MFI for the wild-type allele (NET MFIwt) is given on the x-
axis and the NET MFI for the mutant allele (NET MFImut) is given on the y-axis. Based on allelic ratio, the assay easily
discriminates wild-type (�), mutant (�), and heterozygous (+) samples with the large separation between signals greatly
reducing the risk of miscalls. Although two MTHFR 1298 calls and one MTHFR 677 call appear as outliers, the calculated
mutant allelic ratios for these samples fell within defined ranges for heterozygous calls. The variation in signal intensities
between the different SNPs is likely due to the different priming efficiencies of the ASPE primers and/or the number of
incorporated biotin–dCTP nucleotides. The variation observed between samples with the same call for any given SNP is
attributed to differences in DNA sample quality or the presence of underlying polymorphisms (reproduced from Ref. (20)
with permission from The American Association for Clinical Chemistry).

3.5. Data Analysis For each DNA sample tested, MFI units are collected by the
Luminex xMAP� instrument for each of the 12 bead populations
corresponding to each allele within the assay. The data collected
requires very minimal processing and genotype calls may easily be
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made for each SNP directly from the raw data. However, for each
allele, NET MFI may be calculated by subtracting the ‘no target’
(PCR negative control) MFI values from the MFI values for each
allele of a given sample. The genotype may then be determined
based on the mutant allelic ratio:

Mutant allelic = (NET MFI)mutant allele
(NET MFI)mutant allele + (NET MFI)wild−type alleleratio

In other words, the mutant allelic ratio represents the frac-
tion of the total MFI signal for a given SNP attributed to the
presence of the mutant allele. By setting cut-off values, the allelic
ratio is used to discriminate homozygous wild-type, homozygous
mutant and heterozygous SNP calls. Cut-off values are empirically
determined for each individual SNP. Typically, the mutant allelic
ratio ranges from 0.00 to 0.10 for homozygous wild-type calls,
0.30–0.70 for heterozygous calls and 0.90–1.00 for homozygous
mutant calls (see Note 18). The results of a patient study gener-
ated using the 6-SNP thrombophilia genotyping assay appear in
Fig. 6.3.

4. Notes

1. A 10× buffer stock solution (2 M NaCl, 1 M Tris (pH
8.0), and 0.8% (v/v) Triton X-100) may be prepared
and then diluted to 1.1× for the hybridization buffer
and 1.0× for the wash buffer. The 10× buffer stock and
the 1.1× hybridization buffer may be stored long-term at
4◦C. The 1.0× wash buffer should be maintained at room
temperature.

2. Short amplicons are amplified with higher efficiencies so that
shorter cycling times may be used. By designing the ampli-
con so that the SNP is in the center, ASPE primers may be
designed in either direction with enough length to incorpo-
rate multiple biotin labels.

3. In addition to checking individual primer pairs for 3′
sequence complementarity, all PCR primers within a
multiplex reaction should be examined (either visually or
using appropriate software) for potential alignments.

4. For the ‘no target’ control, water is used. The control mon-
itors carryover contamination and gives an indication as to
whether PCR primers are being consumed in nonspecific
interactions such as primer dimer formation.

5. Before combining all PCR primers into a single multiplex
reaction, test each primer pair individually first to ensure
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that a single product of the correct size is being generated.
For this purpose, basic PCR reaction conditions (1× buffer,
2 mM MgCl2, 200 μM dNTPs, 0.2 μM PCR primers, 1 unit
Pt Taq) and standard thermal cycling will suffice since single-
plex reactions are relatively robust. Following amplification,
run the products out on an agarose gel to verify size and con-
firm that only a single-specific product is being generated for
each primer pair. BLAST searches and other sequence align-
ment programs are extremely useful tools in determining
whether nonspecific sequence complementarity exists. How-
ever, empirical determination of PCR primer specificity is
even more powerful since it is assessed in the context of the
reaction conditions being used.

6. For multiplex PCR, all primer pairs are initially combined
at equimolar concentrations. For example, begin with all
primer pairs in the multiplex at 0.2 μM. Run the multiplex
reactions out on a gel and begin adjusting primer concen-
trations either up or down (by about 0.1 μM increments)
to even out band intensities. However, it should be noted
that band intensity on a gel is not always directly propor-
tional to the median fluorescence signal generated follow-
ing hybridization and detection by the Luminex xMAP�.
At this point, primer concentrations should only be adjusted
roughly to either intensify an extremely weak band or weaken
an extremely strong band which is dominating the multiplex
reaction.

7. At this point, PCR products may proceed to the next step or
may be held at 4◦C until use. It is recommended that PCR
products not be stored longer than 48 h prior to use.

8. Electrophoresis may be carried out using either commercially
available high-resolution gel systems or in-house prepared
high-resolution agarose gels. Gel electrophoresis is only used
during work-up of the assay and is therefore amenable to any
variety of procedures. In the case of the thrombophilia panel,
the only requirement is that the gel system used be capable
of resolving four basepair differences. The Helixx SuperGel
150 system used here is capable of resolving single basepair
differences within products.

9. Due to the small volumes of highly viscous enzymes being
pipetted, a master mix containing both SAP and EXO may
be prepared. Combine enough of each enzyme to cover the
total number of reactions being run. Mix the two enzymes
by very brief vortexing and spin down briefly. Add 2.5 μL of
the enzyme mixture to each reaction. Ensure that the added
enzymes are thoroughly mixed with PCR reactions.

10. Treated PCR products should be used for ASPE as soon as
possible. Long-term storage of SAP/EXO- treated products
is not recommended.
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11. For the initial round of ASPE primer design, the wild-type,
and mutant primers for any given SNP are usually of equal
length.

12. As PAGE purification is not performed by all oligo
houses, alternate purification methods suitable for 40–50mer
sequences may be used provided they guarantee utmost
purity and an intact 3′ base. The success of the ASPE reaction
is highly dependent on primer quality.

13. The enzyme used in the ASPE reaction must be suitable for
genotyping. In other words, it should lack 3′–5′ exonuclease
activity and have minimal terminal transferase activity. The
safest method of selecting an alternate enzyme for ASPE is
empirical testing using known wild-type, mutant, and het-
erozygous samples.

14. At this point, ASPE products may proceed to the next step or
may be held at 4◦C until use. It is recommended that ASPE
products not be stored longer than 48 h prior to use.

15. xTAGTM microspheres are supplied at two concentrations,
either at 2.5 × 105 or 6.25 × 106 beads/mL. While prepar-
ing the array, protect the microspheres from light as much as
possible. A large volume of the liquid array may be prepared
and stored at 4◦C. As indicated in the method, the bead array
is added in a 45 μL volume and contains 2500 beads of each
of the 12 populations (56 beads/μL). To prepare 4.5 mL of
the bead array (enough for 100 reactions), 2.5 x 105 beads
are required. For each bead population, pipette either 1 mL
of the less concentrated stock or 40 μL of the more con-
centrated stock into individual microcentrifuge tubes. Cen-
trifuge the beads at 10 000 × g for 1 min to pellet the beads.
Remove the supernatant, being careful not to disturb the pel-
let, and resuspend each bead population in a small volume of
hybridization buffer (about 100 μL). Combine the 12 bead
populations into a single vesicle and bring volume up to 4.5
mL with hybridization buffer. Store the bead mix at 4◦C in
the dark until use.

16. The reporter solution is prepared just prior to the end of
the hybridization reaction by diluting the 1 mg/mL stock
solution 1000× in wash buffer to a final concentration of
1 μg/mL. Given that streptavidin has a very high affinity
for plastic, the phycoerythrin conjugate should be diluted in
glass and kept in the dark until use.

17. Details regarding instrument calibration, file set-up and gate
setting are provided in the User’s manual supplied with the
Luminex xMAP� instrument.

18. As with any hybridization-based assay, underlying polymor-
phisms occurring in the allele-specific primer binding regions
(other than those being queried) may affect the fluorescence
signals generated and consequently, the calls made.
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Chapter 7

Pyrosequencing of Toll-Like Receptor Polymorphisms
of Functional Relevance

Parviz Ahmad-Nejad

Abstract

Inflammation is becoming increasingly recognized and discussed as an important pathobiochemical origin
in many disease entities such as atherosclerosis, cancer, or infections and genetically determined suscepti-
bility to danger signals may influence the development of inflammatory diseases. Members of the ‘toll-like
receptor’ (TLR) family are pivotal molecules in the activation of the innate immune system and specif-
ically recognize structurally conserved pathogen-associated molecular patterns. Since their discovery a
growing number of single nucleotide polymorphisms (SNPs) have been identified, functionally charac-
terized and in part linked to multiple diseases. Here we report several protocols for Pyrosequencing�
approaches to genotype functionally relevant SNPs in TLR-genes and further molecules of the innate
immune system.

Key words: toll-like receptor; lipopolysaccharide; pathogen-associated molecular pattern;
Pyrosequencing�; single nucleotide polymorphism; genotyping.

1. Introduction

The delineation of members of the toll-like receptor (TLR)
family within the recent years has lead to a new level in under-
standing the innate immune systems (1). TLRs sense pathogen-
associated molecular patterns (PAMPs). To date ten members of
the TLR family are described in man (1). While TLR4 complexed
with MD-2 senses lipopolysaccharide (LPS) of gram-negative
microbes as a bacterial danger signal (2), TLR2 recognizes bacte-
rial lipoproteins (BLP) (3), heat shock proteins (HSP) (4–6), and
fungal-derived structures such as zymosan/mannane-activated
(7). For TLR9, it was demonstrated that it recognizes bacterial
unmethylated CpG-DNA (8), and bacterial flagellin is considered
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as ligand for TLR5 (9). More recent publications show that
specific stimuli for TLR7 and 8 exist. Specifically the low-
molecular antiviral substance R848 triggers immune cells signals
via human TLR7 and 8 (10–12). TLR engagement leads to the
production and secretion of proinflammatory cytokines like IL-6,
IL-12, and TNFα in cells of the innate immune system. Further-
more mitogen-activated protein kinases (MAPK) and transcrip-
tion factors like NF-κB and AP-1 are activated. Thus TLRs are
directly involved in the very first recognition of microbial danger
signals. As with many other genes single nucleotide polymor-
phisms (SNPs) have been reported in public databases (13) for
members of this ancient receptor family and many of this poly-
morphisms have already been functionally characterized (14–17).
A few of these SNPs have been linked to disease entities, but for
the majority no genotyping methods are currently available.

In the recent years Pyrosequencing� has emerged as
a valuable technique in molecular diagnostics (18–20).
Pyrosequencing� is a bioluminometric DNA sequencing
method based on the sequencing-by-synthesis principle. This
real-time DNA sequencing approach employs a cascade of
four enzymatic reactions producing sequence peak signals.
In this report we describe genotyping methods based on the
Pyrosequencing� technology for all currently known, function-
ally relevant TLR sequence variations and further important
SNPs in innate immune system genes (Fig 7.1).

2. Material

2.1. PCR 1. Water, 500 ml (Sigma-Aldrich, Deisenhofen, Germany), store
at 4◦C (see Note 1).

2. dNTPs (10 mM) (Fermentas MBI, St Leon-Rot, Germany),
store at –20◦C.

3. GoTaq Flexi DNA polymerase Kit (Promega, Mannheim,
Germany), store at –20◦C), contains: GoTaq polymerase 500
U, MgCl2 (25 mM), 5x Flexi-buffer green (see Note 2).

4. PCR-SOFTSTRIPS (0.2 ml) (Biozym, Oldendorf, Germany).
5. Oligonucleotides (Table 7.1).
6. PCR-cycler (Mastercycler Ep gradient S; Eppendorf, Ham-

burg, Germany).

2.2. Pyrosequencing 1. Pyro-Gold-Star Kit 5x96 (Biotage, Uppsala, Sweden)
includes enzymes and substrates

2. Streptavidin SepharoseTM HP (Amersham Biosciences,
Uppsala, Sweden).

3. PSQ-Reagent-Cartridge (Biotage).
4. LiChrosolv (Merck, Darmstadt, Germany).
5. PCR-plates (Eppendorf).
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6. PSQ 96 Plate Low (Biotage).
7. Annealing buffer (Biotage).
8. Binding buffer (Biotage).
9. Ethanol (70%).

10. Denaturation buffer, 500 ml (Biotage).
11. Washing buffer, 200 ml (Biotage).
12. Oligonucleotides for sequencing (Table 7.1).
13. Laboratory shaker (e.g., Variomag Monoshake, H+P

Labortechnik AG, Oberschleißheim, Germany)
14. Pyrosequencing system (Biotage).

3. Methods

3.1. Isolation of
Human DNA from
Peripheral Blood

The PCR-assays which will be described in the following report
will work on human DNA extracted either manually using DNA
extraction kits by various manufacturers or automated techniques.
Generally, it is sufficient to isolate DNA from 200 μl of periph-
eral, K-EDTA anticoagulated blood to achieve a final concen-
tration between 10 and 40 ng/μl. Purity of the isolated DNA
should be verified once by photometry. The aim is to achieve a
ratio OD260/280 between 1.8 and 2.0.

3.2. PCR Except for the DNAse-free water, which is stored at 4◦C, all other
components should be stored at –20◦C. Generally, setting up of
the PCR is to be separated locally from the subsequent sequenc-
ing reaction to strictly avoid contaminations in the following runs.
All pipetting is to be performed with DNAse- and RNAse-free fil-
ter tips and it is strongly recommended to wear laboratory coats
and using vinyl or latex hand gloves for pipetting the PCR-master
mixes. All pipetting must be prepared on ice.

No matter if single-plex or duo-plex assays will be prepared,
labeled, and unlabeled lyophilized oligonucleotides will be resus-
pended with DNAse-free water to a final concentration of 10
pmol/μl. In each PCR-run at least one no-template control must
be included to monitor PCR-contamination. Furthermore a het-
erozygous sample should also be included as a positive control
(see Note 3).

Note that the MgCl2 concentration varies from PCR to PCR
depending on the primers used. All primers were designed using
the Pyrosequencing� Assay Design Software (version 1.0.6). The
concentration determined for each TLR-PCR is listed in Table
7.1 (see Note 4).
1. Prepare 48 μl of a master mix containing: 10 μl 5x Flexi-

buffer; X μl MgCl2 (25 mM) (calculate the volume to obtain
final concentration given in Table 7.1); 1.0 μl Primer 1 (for-
ward); 1.0 μl Primer 2 (reverse); 1.0 μl dNTPs (10 mM each);
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0.2 μl GoTaq polymerase; X μl H2O (depending on the vol-
ume of MgCl2 ).

2. Vortex and spin down quickly.
3. Transfer master mix to a labeled PCR-tube and add either 2 μl

of DNA or 2 μl H2O for the no template control.
4. Samples are cycled under the following conditions (see

Note 5):

Initial denaturation: 95◦C, 3 min

45 cycles: 95◦C, 30 s; X◦C, 45 s; 72◦C, 60 s

Final extension: 72◦C, 5 min

Hold temperature 4◦C until further use.

Please note that the annealing temperature varies depending
on the primers used. The best annealing temperature for each
PCR is listed in Table 7.1.

5. The PCR-product can now be used for a Pyrosequencing�
run directly or might be stored at –20◦C.

3.3. Pyrosequencing

3.3.1. Preparation for the
Sequencing Reaction

It is strongly recommended performing the sequencing reaction
in different and separate room from the pre-PCR-area (see Note
6). All buffers and reagents necessary should be stored at 4◦C
until usage. For the sequencing reaction all reagent should be
available at room temperature.
1. Resuspend enzyme and substrate components of the Pyro-

Gold-Star Kit in 620 μl water at room temperature.
2. Thaw and spin down the sequencing primer at a concentration

of 10 pmol/μl.
3. Fill the vacuum-prep-station with 70% ethanol, NaOH (0.2

M), washing buffer, and water.
4. Turn on the vacuum-prep-pump and the heating plate.

3.3.2. Preparation of the
PSQ-plate low

1. For a single-plex assay mix 1.6 μl sequencing primer and 38.4
μl annealing buffer per analyzed sample/patient and transfer
into a well of the PSQ-plate low (see Note 7).

2. For a duo-plex assay mix 1.6 μl sequencing primer 1, 1.6 μl
sequencing primer 2 and 36.8 μl annealing buffer per analyzed
sample/patient and transfer into a well of the PSQ-plate low.

3. Transfer 40 μl annealing buffer without any sequencing primer
in one well of the PSQ-plate low to control the sequencing
reaction for false positive signals.

4. Place the plate to the right-hand side of the vacuum-prep-
station.

3.3.3. Preparation of the
PCR-plate

1. Mix the following reagents in each cavity of a separate 96-
well PCR-plate: 20 μl H2O; 40 μl sepharose beads mixture
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consisting of 3 μl beads (well-mixed) and 37 μl binding buffer;
20 μl PCR-product

2. Prepare one well with 40 μl H2O and 40 μl sepharose
beads mixture to monitor unspecific signals generated by the
sequencing primer.

3. Shake the PCR-plate on a laboratory shaker for at least 5–10
min at room temperature.

4. Place the PCR-plate to the left-hand side of the vacuum-prep-
station.

3.3.4. Denaturation and
Annealing for the
Sequencing Reaction

1. Take the vacuum-prep-tool, place it into the PCR-plate and
turn it on. EacH2Of the following steps should be done for
5 s to guarantee an optimal preparation for the subsequent
sequencing reaction.

2. Wash in 70% ethanol for 5 s.
3. Let dry for 5 s.
4. Denature for 5 s.
5. Let dry for 5 s.
6. Incubate in washing buffer.
7. Let dry for 30 s.
8. Place the vacuum-prep-tool carefully above the PSQ-plate

low. Keeping a distance of approximately 0.5 mm between
the vacuum-prep-tool and the bottom of the well of the PSQ-
plate turn the vacuum-off. The beads will now be falling into
the designated PSQ-plate low wells.

9. Carefully shake the vacuum-prep-tool to remove all aspirated
beads.

10. The PSQ-plate low which is now containing the beads and
the single-stranded PCR-product is now heated to 80◦C for
2 min.

11. Take the PSQ-plate low from the heater and let it stand for 5
min at room temperature.

12. During this time prepare the reagent cartridge as recom-
mended by the manufacturer.

13. Sequencing can now be performed with the PSQTM 96 MA
(Biotage, Uppsala, Sweden). The determination of peaks
and the generation of pyrogram� will be done by the
Pyrosequencing Software (PSQ96MA, Version 2.1.1, Bio-
tage, Uppsala, Sweden) automatically but the results should
be validated for each probe and the controls by the investiga-
tor (Figs. 7.2 and 7.3) (see Note 8).

3.4. Troubleshooting Concerning troubleshooting with new tests based on
Pyrosequencing� technology the following controls can be
performed to check for unspecific signals:
1. Primer-dimers: Sequencing primer + annealing buffer with-

out PCR-product biotinylated PCR-primer + annealing buffer
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Fig. 7.2. Representative pyrogram� results for different functionally relevant TLR-SNPs (2a–m).
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Fig. 7.3. Representative pyrogram� results for different functionally relevant sequence variations in NOD2 (CARD15)
(2n–t) and TIRAP (2u–w).
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without PCR-product sequencing primer + biotinylated PCR-
primer + annealing buffer without PCR-product

2. Potential annealing of the biotinylated PCR-primer: Biotiny-
lated PCR-primer + annealing buffer with PCR-product

3. 3´-end loops of the specific PCR-product:
PCR-product + annealing buffer

4. PCR-background:
PCR-negative control + sequencing primer + annealing buffer
PCR-negative control + biotinylated PCR-primer + annealing
buffer
PCR-negative control + annealing buffer

4. Notes

1. Unless stated otherwise, all solutions should be prepared in
water that has a resistivity of 18.2 M� cm and total organic
content of less than five parts per billion. This standard is
referred to as “water” in the text.

2. Hot-start DNA polymerases such as the GoTaq DNA poly-
merase (Promega, Mannheim, Germany) reduce the genera-
tion of unspecific PCR-products. The green indicator/loading
dye does not interfere with downstream techniques and the
bioluminometric Pyrosequencing� procedure.

3. For rare mutations the use of positive controls makes sense to
monitor false negative determinations. To generate such pos-
itive controls plasmids might be used but should be handled
with great care to avoid contaminations.

4. All oligonucleotides should be designed carefully using the
manufacturer’s software accompanying the instrument. Primer
design should strictly avoid mispriming or hairpin structures
which might be generated in the PCR or the following
sequencing reaction.

5. In general PCRs for genotyping assays on a Pyrosequencing�
instrument have three important characteristics: (1) genera-
tion of short PCR-amplicons (usually <200 bp); (2) including
one biotinylated primer; (3) running a high number of cycles
within the PCR (>40 cycles).

6. Since the PCR-tube will be opened for Pyrosequencing� after
the PCR-amplification the technique generally bears a great
risk for PCR-contamination as compared to other genotyping
methods. A strict separation of pre- and post-amplification lab-
oratory area as described in reference literature is therefore an
indispensable prerequisite to avoid false determinations (21).

7. Pyrosequencing enables the investigator to perform duo-
plex or tri-plex genotyping assays out of one multiplex-PCR.
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Table 7.2
Different master mixes to optimize the PCR-
conditions for subsequent pyrosequencing

Master mix (μl)

Component I II III

H2O 31.8 29.8 30.8

5x Buffer 10 10 10

MgCl2 (25 mM) 3 5 3

Primer forward (10 μM) 1 1 1.5

Primer reverse (10 μM) 1 1 1.5

dNTPs (each 10 mM) 1 1 1

goTaq (500 U) 0.2 0.2 0.2

Genomic DNA (10–40 ng/μl) 2 2 2

Fig. 7.4. Nine different PCR-protocols have been tested simultaneously in a MasterCycler EP gradient S.

Besides the fact that multiplex PCR must be validated we
recommend to start with single-plex runs first and subse-
quently try to establish multiplex-assays by merging both
assays.

8. Like in capillary sequencing Pyrosequencing� assays are PCR-
based. Therefore it is important to optimize the PCR as a basic
technique first in setting up genotyping methods. It is recom-
mended to determine the concentration of MgCl2 , primers,
and the annealing temperature necessary to yield the best
results and document the run by agarose gel-electrophoresis
(Table 7.2 and Fig. 7.4).
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Chapter 8

Multiplex HLA-Typing by Pyrosequencing

Ying Lu, Julian Boehm, Lynn Nichol, Massimo Trucco,
and Steven Ringquist

Abstract

Class I and II loci of the human leukocyte antigens (HLA) represent the most polymorphic region of
the genome. Evolutionary pressure has resulted in a large number of allelic variants of these loci ensuring
the high frequency of heterozygous genotypes observed in human populations. Molecular techniques,
including sequencing, are capable of precisely defining HLA alleles. Sequencing by synthesis method-
ology employed by pyrosequencing represents a complementary approach to other molecular methods
of HLA genotyping. Out-of-phase sequencing of HLA alleles by pyrosequencing can resolve certain
cis/trans ambiguities that would otherwise require the sequencing of cloned DNA. Genotyping of HLA
loci for the presence of specific amino acid variants is beneficial for proper matching of organ donor to
recipient, the monitoring of HLA associated genetic risk to autoimmune diseases, population genetic
studies, as well as evaluation of the genetics of human host–human pathogen interaction.

Key words: DNA sequencing, histocompatibility antigens, immunogenetics, sequence-based typing,
transplantation.

Abbreviations: Expressed Sequence Tag, EST; Human Leukocyte Antigen, HLA; Polymerase Chain
Reaction, PCR; Single Nucleotide Polymorphism, SNP; Single Stranded Binding Protein, SSBP

1. Introduction

Human leukocyte antigens (HLA) class I and class II loci are
located in a roughly four megabase segment on chromosome 6
at cytogenetic location 6p21.3 (1, 2). The HLA encoding region
can be subdivided into three physical regions encoding the class
I, class III, and class II molecules (3) (Fig. 8.1). The physio-
logic function of the HLA proteins is to present antigenic peptides
from the cytoplasm onto the cell surface. The genes encoding the
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Fig. 8.1. Organization of the HLA class I, class III, and class II loci located on human chromosome 6p. Selected loci
are shown. The class I and class II regions encode the major immunogenetic loci HLA-A, -B, -C and HLA-DR, -DQ, -DP,
respectively. Loci located in the class III region are not related to class I or class II loci structurally or functionally.

HLA class I and class II proteins constitute the most highly poly-
morphic genetic system in humans (Table 8.1). Allelic variations
have been identified for most of the HLA loci with HLA-B being
the most polymorphic having over 900 reported alleles (4). The
numbers of confirmed HLA alleles is consistently rising (4), there
being as many as 1,910 and 889 alleles reported for the class I
and class II HLA loci, respectively.

Determination of genetic polymorphisms within the HLA
loci is essential for successful transplantation of tissue during solid
organ and bone marrow transplantation. In transplant genetics,
matching donor and recipient for bone marrow transplantation

Table 8.1
HLA allele and protein variants

HLA locus Allelic variants Protein variants

Class I loci

HLA-A 580 462

HLA-B 921 789

HLA-C 312 249

Class II loci

HLA-DRA 3 2

HLA-DRB1 501 423

HLA-DQA1 34 25

HLA-DQB1 86 64

HLA-DPA1 23 14

HLA-DPB1 127 114

Numbers of allelic and protein variants were obtained from the IMGT/HLA
database (4).
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generally means determination of an appropriate immunological
antigen match based on each of two alleles at HLA class I loci
HLA-A and -B as well as class II loci HLA-DRB1, -DQB1, and
-DPB1 (5) (Table 8.2). In human population genetics, HLA
allele frequency differences have been observed when compar-
ing geographically distinct human populations and have identi-
fied probable patterns associated with ancient human migration
patterns as well as recent admixture events (6). Changes in the
frequency of HLA alleles are currently being observed due to
selective pressure from viral pathogens, such as, HIV and suscep-
tibility to AIDS (7, 8). Genome-wide association scans as well as
population studies associate HLA-B*5701 with AIDS resistance
observed in some HIV positive patients (9). The frequency of
this allele has been reported to be increasing in populations where
HIV prevalence is endemic (8). Evidence for a role of HLA alleles
has also been observed in preference for mate selection observed

Table 8.2
Frequently occurring HLA haplotypes observed in Caucasians

Selected HLA class I haplotypes Selected HLA class II haplotypes

HLA-A HLA-B HLA-C Frequency HLA-DRB1 HLA-DQA1 HLA-DQB1 Frequency

*0101 *0801 *0701 0.070 *1501 *0102 *0602 0.142

*0201 *4402 *0501 0.054 *0301 *0501 *0201 0.131

*0301 *0702 *0702 0.041 *0701 *0201 *0202 0.111

*0201 *0702 *0702 0.033 *0101 *0101 *0501 0.091

*0201 *4001 *0304 0.025 *1101 *0501 *0301 0.056

*0101 *5701 *0602 0.022 *1301 *0103 *0603 0.056

*0201 *0801 *0701 0.020 *0401 *0302 *0301 0.053

*2601 *3801 *1203 0.017 *0401 *0301 *0302 0.042

*0201 *1501 *0303 0.015 *0404 *0301 *0302 0.039

*0301 *3501 *0401 0.015 *0701 *0201 *0303 0.037

*3101 *4001 *0304 0.015 *1302 *0102 *0604 0.034

*1101 *3501 *0401 0.013 *1104 *0501 *0301 0.027

*2902 *4403 *1601 0.013 *0801 *0401 *0402 0.022

*2402 *3501 *0401 0.011 *1401 *0104 *0503 0.020

*0201 *3501 *0401 0.011 *0102 *0101 *0501 0.014

*1201 *0501 *0301 0.011

HLA class I and II haplotypes with observed frequencies greater than 1% are shown. Haplotype frequencies are
summarized from Cao et al. (15) and Klitz et al. (16).
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in humans (10). People as well as other animals have the ability
to recognize HLA peptides as olfactory cues that enable social
recognition (11). Selective pressure to maintain population-wide
high frequencies of HLA heterozygous individuals has been con-
nected with human population survival in the face of otherwise
lethal infectious diseases (12,13).

The basis for HLA polymorphism resides in stable inherited
variations of the genomic DNA sequence present in the coding
regions of the HLA genes (Fig. 8.2). Polymorphisms are clus-
tered into discrete hypervariable regions directing changes in the
amino acid sequence of the protein (14). While most HLA alle-
les occur in all ethnic groups, they vary in frequency among these
populations (15,16). Numerous ambiguities occur when genotyp-
ing HLA alleles by sequence-based typing (17). This is primarily
due to the presence of cis/trans combinations of alleles that occur
in certain allelic pairs in heterozygous individuals (4, 18). As a
result of the method’s intrinsic sequencing by synthesis approach,
pryosequencing yields out-of-phase sequence information from
individual alleles (19). Out-of-phase pyrosequencing allows many
of the cis/trans pairs to be resolved into their individual hap-
lotypes. Thus, providing high-quality data, focused genotyping
results, as well as improved HLA resolution (18,20–22).

2. Materials

2.1. Collection and
Purification of DNA
from Whole Blood

1. Vacutainer tubes with EDTA anticoagulant may be purchased
from Becton-Dickinson Inc., Franklin Lakes, NJ. A trained
phlebotomist should be available to perform blood draws from
volunteers. This step may require approval by the local Insti-
tutional Review Board.

2. QIAamp DNA blood mini kit (Qiagen, Inc., Valencia, CA) is
used to extract DNA from whole blood. This kit may also be
used for preparing DNA from purified cells.

3. Dry blood spots are prepared by spotting whole blood onto
S&S 903 Paper (Schleicher and Schuell Inc., Keene, NH).

4. Biotech grade ethanol and methanol are purchased from
Thermo Fisher Scientific (Waltham, MA).

5. Punches of 1.5 mm in diameter can be obtained using a
hand-operated paper puncher or a Wallac Delfia DBS Puncher
(Perkin-Elmer Life Sciences Inc., Turku, Finland).

2.2. Estimation of
DNA Concentration

1. PicoGreen dsDNA quantification kit is obtained from Invit-
rogen Corp. (Carlsbad, CA). The fluorescence-based assay
will provide precise measurement of DNA concentration from
whole blood-isolated genomic DNA.
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2. 10x TE buffer (pH 8) is prepared by dissolving in 1 l distilled
water, 12.1 g Tris base and 3.72 g disodium EDTA. Adjust
pH with concentrated HCl to pH 8 (see Notes 1 and 2).

2.3. Polymerase
Chain Reaction (PCR)

1. 10× Taq buffer consists of 500 mM KCl, 100 mM Tris–
HCl (pH 8.3), 0.01% (w/v) gelatin and can be obtained
from Applied Biosystems (Foster City, CA). Store frozen
at –20◦C.

2. Magnesium chloride solution is prepared as a 25 mM solu-
tion by dissolving 0.5 g MgCl2–hexahydrate in 100 ml distilled
water. The solution should be transferred as 1 ml aliquots and
stored frozen at –20◦C.

3. Deoxynucleotide triphosphate solution consists of 10 mM
dNTP mixture of dATP, dCTP, dGTP, and TTP can be
purchased from Applied Biosystems (Foster City, CA). Store
frozen at –20◦C.

4. Taq DNA polymerase (5 units/μl) can be purchased from
Applied Biosystems (Foster City, CA). Store frozen at –20◦C.

5. DNA oligonucleotide primers for PCR can be purchased
from Integrated DNA Technologies, Inc. (Ames, IA), Invit-
rogen (Carlsbad, CA), Operon (Alameda, CA), or another
provider of high-quality DNA oligonucleotides. Desalted
primers should be dissolved in 1× TE buffer (pH 8) at 10
μM concentration. Store in 1× TE buffer (pH 8) at 4◦C.

6. Biotinylated DNA oligonucleotide primers containing a 5′-end
biotin-TEG modification can be purchased from Integrated
DNA Technologies, Inc. (Ames, IA), Invitrogen (Carlsbad,
CA), Operon (Alameda, CA), or another provider of high-
quality DNA oligonucleotides. HPLC-purified biotinylated
primers should be dissolved in 1× TE buffer (pH 8) at a
concentration of 10 μM. Store in 1× TE buffer (pH 8) at 4◦C.

2.4. Agarose Gel
Electrophoresis

1. Agarose (low electroendosmosis) can be obtained from Roche,
Inc. (Indianapolis, IN).

2. One liter of a solution of 5× TBE buffer should be prepared
using 54 g Tris base, 27.5 g boric acid, and 3.72 g disodium
EDTA. 5x TBE may be stored at room temperature for several
months.

3. Ethidium bromide solution (10 mg/ml) can be purchased
from Sigma Chemical Company (Saint Louis, MO) (see
Note 3).

2.5.
Pyrosequence-Based
Typing

1. Streptavidin-coated beads (GE Healthcare Bio-Sciences,
Corp., Piscataway, NJ).

2. 96-well MultiScreen-HV 0.45 μm hydrophilic, low protein
binding, Durapore membrane (Millipore Corp., Bedford,
MA).
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3. Binding buffer is 10 mM Tris–HCl (pH 7.6), 2 M NaCl,
1 mM EDTA, 0.1% Tween 20. This solution is prepared by
mixing 1.2 g Tris base, 116.9 g NaCl, and 0.34 g disodium
EDTA in 900 ml distilled water. Adjust the solution to pH 7.6
with concentrated HCl. Prepare the final solution by addition
of 1 ml Tween 20 and adjust the volume to 1 l with distilled
water. Store the solution at room temperature.

4. Denaturation solution is 0.2 M NaOH. Prepared by dissolving
8 g NaOH in 1 l distilled water. Store at room temperature.

5. Washing buffer consists of 10 mM Tris–acetate (pH 7.6). The
solution is prepared by dissolving 1.2 g Tris base in 800 ml
distilled water and is titrated to pH 7.6 with 4 M acetic acid.
The final volume is then adjusted to 1 l with distilled water.
Store the washing buffer at room temperature.

6. Annealing buffer is composed of 20 mM Tris–acetate (pH
7.6), 2 mM magnesium acetate. Prepare by dissolving 2.42
g Tris base and 0.43 g magnesium acetate-tetrahydrate in 900
ml distilled water. Adjust pH to 7.6 using 4 M acetic acid. Add
distilled water to adjust the final volume to 1 l. Store at room
temperature.

7. E. coli single-stranded DNA binding protein can be obtained
from Promega Corp., Madison, WI. Store frozen at –20◦C.

8. 96-well tray formatted MultiScreen-HV 0.45 μm hydrophilic,
low-protein binding, Durapore membranes are purchased
from Millipore Corp., Bedford, MA.

9. Pyrosequencing reagents (PSQ 96 MA sample preparation kit
and PSQ 96 SQA reagent kit) and instrumentation may be
purchased from Biotage, AB (Charlottesville, NC).

3. Methods

Pyrosequencing was developed for the analysis of expressed
sequence tags (ESTs) in order to enable accurate sequencing of
short stretches of DNA. The methodology has found increasing
acceptance as a method for analysis of single nucleotide poly-
morphisms (SNPs), insertion/deletion polymorphisms, and for
investigating sites of DNA methylation (23–25). Pyrosequencing
allows increased resolution of allelic pairs due to its ability to accu-
rately resolve heterozygous nucleotides by enabling out-of-phase
sequencing (26). Performed by stepwise addition of dNTPs,
pyrosequencing enables synthesis of the nascent nucleotide chain
that is extended one nucleotide residue per dispensation event.
Sequencing by DNA synthesis is performed through a chain of
enzymatic reactions involving DNA polymerase, apyrase, ATP
sulfurylase, and luciferase (27, 28). Each nucleotide is dispensed
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independently to the reaction mix. The graphic display depicting
the incorporation of a particular nucleotide is in the form of
nucleotide dispensation event (x-axis) versus the intensity of emit-
ted light (y-axis) and is referred to as a pyrogram (Fig. 8.3).
The pyrosequencing reaction is quantitative, in that increased
light intensity is produced upon incorporation of multiple
nucleotides. Thus, DNA sequence is determined by examination
of light intensity emitted immediately after nucleotide dispensa-
tion. Polymorphic residues are identified from nucleotide incor-
poration patterns consistent with known genotype possibilities
(e.g., homozygous AA, heterozygous AB, and homozygous BB)
(see Note 4).

3.1. Collection and
Storage of Whole
Blood Obtained by
Venous Puncture from
Human Subjects

1. Collection of whole blood by vein puncture. Sterile vein punc-
ture can be used as a method of obtaining whole blood suitable
for DNA extraction and pyrosequencing. This step should be
performed by a trained phlebotomist on volunteers who have
been recruited in a manner specified by the local Institutional
Review Board (see Note 5).

2. Whole blood (at least 5 ml) can be drawn into Vacutainer tubes
containing EDTA as an anticoagulant.

3. Samples can be processed immediately or aliquots can be
stored frozen at –80◦C. When transferring blood samples bio-
hazard safety precautions should be observed, such as working
within a biohazard laminar flow hood, wearing latex gloves,
and eye protection. Disposal of used laboratory materials
should follow the local regulations of the institution in which
the work is being performed.

3.2. Collection and
Storage of Dry Blood
Spot from Human
Subjects

1. An alternative approach to collection of human sample is to
transfer whole blood directly to filter paper to generate dry
blood spots for storage and DNA purification. This process
uses a sterile needle to deliver a finger prick in order to induce a
minimum amount of bleeding, 20–50 μl is sufficient. This step
should be performed by a trained phlebotomist on volunteers
who have been recruited in a manner specified by the local
Institutional Review Board (see Note 5).

2. Whole blood from the site of bleeding can be transferred
directly by pressing the finger onto S&S 903 paper.

3. The blood spotted S&S 903 paper is allowed to dry overnight
in a biosafety hood.

4. Dry blood spots are sealed from moisture and stored at
room temperature. A zip lock plastic bag is sufficient for this
step. The sealed samples can be stored in #10 sized mailing
envelopes. This is a convenient method to separate and avoid
contamination of samples that have been collected from differ-
ent individuals.
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Fig. 8.3. Pyrograms of HLA-DQB1 alleles obtained from DNA isolated from a family trio pedigree. A. HLA-
DQB1*0301+*0501, paternal DNA. B. HLA-DQB1*0302+*0302, maternal DNA. C. HLA-DQB1*0301+*0302, offspring
DNA. DNA was prepared from whole blood and PCR amplified using HLA-DQB1-specific primer SR25 and SR24. The
sequencing primer was SR26 and the pyrosequence step used the nucleotide dispensation order indicated in Table 8.9.
The residues marked by an asterisk symbol indicate the position of hypervariable residues unique to the three genotypes.
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3.3. Purification of
DNA from Whole
Blood Collected by
Venous Puncture

1. DNA can be extracted from fresh as well as frozen whole
blood. QIAamp DNA mini kit has been used for DNA iso-
lation. The method typically yields greater than 0.5 μg of
purified genomic DNA per 75 μl of whole blood. The DNA
isolation protocol is modified from the QIAamp DNA Blood
Mini Kit Handbook provided by Qiagen, Inc., for use with
whole blood collected with EDTA as an anticoagulant. The
following items are recommended precautions before start-
ing the DNA isolation protocol:
a. Equilibrate whole blood samples to room temperature

before starting.
b. Prepare a 56◦C heating block.
c. Equilibrate buffer AE to room temperature.
d. Prepare buffers AW1, AW2, and QIAGEN protease

according to the instructions in the QIAamp DNA Mini
Kit Handbook.

2. In a 1.5 ml centrifuge tube, thoroughly mix 20 μl QIA-
GEN protease with 75–200 μl whole blood. If less than
200 μl whole blood is used, add an appropriate volume of
phosphate-buffered saline solution.

3. Add 200 μl buffer AL and vortex for 15 s.
4. Incubate the mixture for 10 min at 56◦C followed by brief

centrifugation to remove droplets from the inside of the lid.
5. Add 200 μl of absolute ethanol to the protease-treated blood

sample and mix by vortexing. Briefly centrifuge in order to
remove droplets from the inside of the lid.

6. Transfer the solution to a QIAamp mini column placed in 2
ml collection tubes. Seal the tubes and centrifuge at 6,000 x
g for 1 min.

7. Transfer the QIAamp mini column to a new 2 ml collection
tube. Seal the tube and centrifuge at 6,000 x g for 1 min.

8. Add 500 μl buffer AW1 to the column. Seal the column and
centrifuge at 6,000 x g for 1 min. Place the column into a
clean 2 ml collection tube.

9. Add 500 μl buffer AW2 to the QIAamp mini column. Seal
the column and centrifuge at 20,000 x g for 3 min. Place in
new collection tube and centrifuge at 20,000 x g for 1 min.

10. Repeat step 10 and transfer the QiAamp mini column to a
new 1.5 ml centrifuge tube.

11. Add 50 μl of distilled water by transferring directly onto
the center of the membrane of the column. Seal the column
and incubate at room temperature for 5 min. Centrifuge at
6,000 x g for 1 min.

12. Store purified DNA samples either refrigerated or frozen at
–20◦C. Prior to use in PCR amplification the concentration
of the DNA samples should be determined. This will be help-
ful when optimizing the amount of DNA template required
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during the PCR step, allowing careful management of limited
samples.

3.4. Isolation of DNA
from Dried Blood
Spots

1. Purification of genomic DNA from dried blood spot samples
follows the protocol outlined by the Qiagen QIAamp DNA
Mini Kit and QIAamp DNA Blood Mini Kit Handbook.
Multiple 3.2 mm diameter punches can be prepared from
each dried blood spot. This can be accomplished by using
a hand-operated paper puncher or a motor-operated Wal-
lac Delfia DBS Puncher. The hand-operated paper puncher
and Wallac Delfia DBS Puncher are equipped with a 3.2 mm
punch head. Specimens can be punched directly into sample
collection trays. Six 3.2 mm diameter punches per tube are
sufficient for each extraction.

2. The following items are recommended before starting the
DNA isolation protocol:
a. Prepare 85, 70 and 56◦C heating blocks.
b. Equilibrate buffers AW1 and AW2 to room temperature.

3. Using a 3.2 mm diameter punch head transfer six punches of
the dried blood spot to a 1.5 ml centrifuge tube. Add 180 μl
buffer ATL.

4. Place the tube in an 85◦C heating block for 10 min. Follow-
ing the incubation briefly centrifuge to remove droplets from
the lid.

5. Add 20 μl proteinase K and mix thoroughly. Incubate the
sample at 70◦C for 10 min. Briefly centrifuge to remove
droplets from the inside of the lid.

6. Add 200 μl absolute ethanol. Mix thoroughly and centrifuge
to remove droplets from the lid.

7. Transfer the sample to the QIAamp spin column and place
the column into a 2 ml collection tube. Seal the column and
centrifuge at 6,000 x g for 1 min. Transfer the column to a
clean 2 ml collection tube and discard the filtrate.

8. Open the column and add 500 μl buffer AW1 to the center
of the membrane. Seal the column and centrifuge at 6,000 x
g for 1 min. Transfer the column to a clean 2 ml collection
tube and discard the filtrate.

9. Open the column and add 500 μl buffer AW2 to the center
of the membrane. Seal the column and centrifuge at 20,000 x
g for 3 min.

10. Transfer the column to a clean 1.5 ml centrifuge tube. Open
the column and transfer 100 μl buffer AE to the center of
the membrane. Centrifuge at 6,000 x g for 1 min in order to
elute the DNA sample from the column.

11. Store purified DNA samples either refrigerated or frozen at
–20◦C. Prior to use in PCR amplification the concentration
of the DNA samples should be determined. This will allow
the laboratory to optimize the amount of DNA template
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required during the PCR step and enable management of
limited samples.

3.5. Determining the
Concentration of
Purified DNA

1. DNA concentration can be determined using the PicoGreen
dsDNA quantitation kit (Invitrogen, Carlsbad, CA). The
method allows estimation of DNA concentration by compar-
ison of fluorescent signal obtained from each sample against
the dilution series of a DNA standard. Signal can be measured
with a fluorescent microplate reader using excitation wave-
length 484 nm, emission wavelength 538 nm, and a 530 nm
bandpass filter. The DNA quantification protocol is modified
from the method provided by Invitrogen Corp., Carlsbad,
CA for use in a 96-well tray.

2. The following items compose the recommended precautions
to be observed before starting the DNA concentration
protocol:

3. Allow the PicoGreen reagents, DMSO stock solution, and
DNA samples to warm to room temperature.

4. Prepare TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH
7.5) for use in diluting DNA samples and assay reagents.

5. Use plastic rather than glass containers to prepare samples
and reaction mixtures to avoid possible absorption of the
fluorescent dye to glass surfaces.

6. Protect the solutions from exposure to light as the PicoGreen
reagent is susceptible to photobleaching.

7. Use all solutions within a few hours of their preparation.
8. Freshly prepare an aqueous working solution of the

PicoGreen reagent by preparing a 200-fold dilution of the
concentrated DMSO solution in 1X TE (pH 8). For 20
assays, mix 0.1 ml PicoGreen dsDNA quantitation reagent
with 19.9 ml 1X TE (pH 8).

9. Prepare two stock solutions of lambda DNA. Using the 0.1
mg/ml lambda DNA standard provided with the PicoGreen
dsDNA quantitation kit the high-range standard stock
solution is prepared by mixing 30 μl lambda DNA with 1.47
ml 1x TE (pH 7.5). The low-range standard stock solution
is prepared by mixing 3 μl of the high-range standard with
1.5 ml 1x TE (pH 7.5).

10. The high-range standard DNA curve for a range of 1 ng/ml
to 1 μg/ml can be prepared from the 2 μg/ml high-range
DNA standard stock solution as given in Table 8.3.

11. The low-range standard DNA curve for a range of 250 pg/ml
to 25 ng/ml can be prepared from the 50 ng/ml low-range
DNA standard stock solution as given in Table 8.4.

12. Preparation of the purified DNA samples for quantification is
performed using each of the purified DNA samples as given
in Table 8.5.
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Table 8.3
Preparation of the high-range standard DNA curve for a range of 1 ng/μl to 1 μg/ml

Concentration 1× TE buffer High-range DNA standard (2 μg/ml) Diluted picogreen
reagent (ml)

1 μg/ml – 1 ml 1

100 ng/ml 900 μl 100 μl 1

10 ng/ml 990 μl 10 μl 1

1 ng/ml 999 μl 1 μl 1

No DNA control 1 ml – 1

Table 8.4
Preparation of the low-range standard DNA curve for a range of 250 pg/μl to 25
ng/ml

Concentration 1× TE buffer High-range DNA standard (50 ng/ml) Diluted picogreen
reagent (ml)

25 ng/ml – 1 ml 1

2.5 ng/ml 900 μl 100 μl 1

250 pg/ml 990 μl 10 μl 1

No DNA control 1 ml – 1

13. DNA prepared for the standard curve and the dilutions
of sample DNA are mixed thoroughly and 0.2 ml of each
is transferred to a 96-well microplate suitable for use in a
fluorescence plate reader. Incubate these reactions for 2–5
min at room temperature.

14. Fluorescent signals are measured in a fluorescent microplate
reader. The excitation wavelength is 484 nm, emission
wavelength is 538 nm, and the instrument should use a 530
nm bandpass filter.

Table 8.5
Preparation of the purified DNA samples for quantification

Dilution factor 1× TE buffer (μl) DNA sample (μl) Diluted picogreen reagent (μl)

1:2 50 50 100

1:20 90 10 100

1:200 99 1 100
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15. Linear regression can be used to analyze the background
corrected signals. Concentration of the sample DNAs are
estimated from the relationship of concentration and signal
obtained from the standard curves (see Section 3.6.). If
none of the sample signals correspond to the signal range
measured for the standard then appropriate fresh dilutions of
the sample should be prepared. In the event that more than
one of the sample dilutions is within range of the standard
curves their estimated concentrations may be reported as the
mean concentration.

16. Adjust the concentration of the samples to 2 ng/μl using 1×
TE buffer. Store diluted DNA samples in cryotubes frozen
at –20◦C.

3.6. Estimation of
Sample DNA
Concentration

The concentration of an unknown, along with the associated con-
fidence limits, can be estimated from linear regression of the rela-
tionship between a set of known concentration standards and the
fluorescent signal obtained from the PicoGreen assay (29). The
calculations are performed in two parts: (A) linear regression anal-
ysis of the concentration (x-axis) and observed signal (y-axis) fol-
lowed by estimation of the concentration of the unknown; and
(B) determination of the 95% confidence limits of this estimate.
The mathematical steps used are described in the following:

Part A: Estimating the concentration of an unknown using a
standard curve:

Examples of experimental data obtained from the PicoGreen
assay.

Background corrected sample data for the DNA standard:

DNA concentration (Xi) 1,000 100 10 1 25 2.5 0.25

Fluorescent signal (Yi) 4,707.0 456.2 60.5 20.6 138.8 28.0 17.7

Background corrected sample data for the unknown DNA
sample:

Fluorescent signal of the unknown (YUK) = 100.0
1. Step 1A: Determination of sample size, sums, means, sum of

squares, and sum of products:

Sample size (N) = 7

Sum of X (XS) = 1,301 Sum of Y (YS) = 6,204

Mean X (XM ) = 162.68 Mean Y (YM) = 775.5

Sum of squares X (XSS) = 825,482 Sum of squares Y (YSS)
= 18,180,979

Sum of products (XYSP) = 3,873,640
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2. Step 2A: Calculate the regression coefficient (bYX ):
bYX = XYSP/XSS
bYX = 3,873,640 / 825,482 = 4.69

3. Step 3A: Calculate the y-intercept (a):
a = YM − (bYX * XM)
a = 775.5 − (4.69)*(162.68) = 12.53

4. Step 4A: Determine the explained sum of squares (ESS).
ESS = (XY SP)2/(XSS)
ESS = (3, 873, 640)2/8, 25, 482 = 18, 177, 364

5. Step 5A: Determine the unexplained sum of squares (U SS):
USS = � [Yi − a +(bYX * Xi)]2 = 780.01

6. Step 6A: Estimate the concentration of the unknown sample
(EUK):
EUK = (YUK − a) / bYX
EUK = (100.0 − 12.53) / 4.69 = 18.65

Part B: Determine the 95% confidence limits:
7. Step 1B: Determine the value of t0.05[n−2]:

The value of t0.05[n−2] is determined using a look-up table of
critical t-values (30) (partially reproduced in Table 8.6). For
the sample data specified in Part 1 the degrees of freedom is
(N − 2) = 5 and therefore t0.05[n−2] = 2.571.

8. Step 2B: Calculate the unexplained error around the regres-
sion line s2YX : s2YX = USS / (N − 2)
s2YX = (780.01 / 5) = 156

9. Step 3B: Calculate the standard error of the regression coef-
ficient sb: sb = (s2YX / XSS)1/2

sb = (156 / 825,482)1/2 = 0.01375

Table 8.6
Critical t-values for the determination of the t0.05[n−2]
value (partially reproduced from 30)

Degrees of freedom Alpha (0.05) 2-tailed t-test

1 12.706

2 4.303

3 3.182

4 2.776

5 2.571

6 2.447

7 2.365

8 2.306

9 2.262

10 2.228
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10. Step 4B: Calculate the value of D:
D = b2

YX t2
0.05[n−2] ∗ s2

b
D = (4. 69)2 − (2. 571)2 ∗ (0. 01375)2 = 21. 99

11. Step 5B: Calculate the value of H:
H = (t0.05[n−2]/D) ∗ (s2

YX ∗ (D ∗ ((N + 1)/N )+
(YUK − YM)2/XSS))1/2

H = (2. 571/21. 99) ∗ (156 ∗ (21. 99 ∗ ((7 + 1)/7)+
(100. 0 − 775. 5)2/825, 482))

1/2

H = 0. 1169 ∗ (156 ∗ (25. 1314 + 0. 5528))1/2

H = 0. 1169 ∗ (4, 006. 7352)1/2 = 7. 3996
12. Step 6B: Calculate the 95% confidence limits L1 and L2:

L1 = XM + (bYX ∗ (YUK − YM)/D) − H
L1 = 162. 68 + (4. 69 ∗ (100. 0 − 775. 5)/21. 99) −
7. 3996
L1 = 162. 68 + ( − 144. 07) − 7. 3996 = 11. 21
L2 = XM + (bYX ∗ (YUK − YM)/D) + H
L2 = 162. 68 + (4. 69 ∗ (100. 0 − 775. 5)/21. 99) +
7. 3996
L2 = 162. 68 + ( − 144. 07) + 7. 3996 = 26. 01

13. The estimated concentration of the unknown is reported as
EUK = 18.65 (see Step 6A) with 95% confidence intervals
L1 = 11.21 and L2 = 26.01 (as reported in Step 6B).

3.7. Polymerase
Chain Reaction

1. Amplification of HLA loci follows the protocol described by
Ringquist et al. (18, 20). The reactions are performed in 50
μl volumes using the PCR forward and biotinylated reverse
primers indicated in Table 8.7.

2. The following solutions should be prepared for use during
PCR amplification of HLA loci and can be stored at –20◦C
until needed:
a. 10× Taq buffer: 500 mM KCl, 100 mM Tris–HCl (pH

8.3), 0.01% (w/v) gelatin.
b. Magnesium chloride solution: 25 mM MgCl2.
c. Deoxynucleotide triphosphate solution: 10 mM dNTP mix-

ture.
d. Forward primer: 10 μM forward PCR primer in TE (pH 8)

buffer.
e. Biotinylated primer: 10 μM biotinylated reverse PCR

primer in TE (pH 8) buffer.
3. Thaw reagents in an ice-water bath or by gentle warming to

room temperature. Excessive incubation at warmer tempera-
tures may reduce the shelf life of the reagents. Mixtures are
prepared using DNA purified from whole blood or extracted
from dried blood spots (Table 8.8).

4. Thermal cycling conditions are 96◦C incubation for 3 min fol-
lowed by 32 cycles at 96, 55, and 72◦C incubated for 30 s at
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Table 8.7
DNA oligonucleotide primers for PCR amplification of HLA-DQB1 alleles

Name Sequence (written 5′ to 3′)a Length (bp) Commentb

Forward strand PCR amplification

SR25 TTTGACCCCGCAGAGGA
TTTCGTG

283 -DQB1 forward primer use
with SR22 or SR24

SR22 Biotin-TEG-CTCTCC
TCTGACRGATCCC

-DQB1 reverse primer, alleles
*05/06 use with SR25

SR24 Biotin-TEG-CTCGCC
GCTGCAAGGTCGT

-DQB1 reverse primer, alleles
*02/03/04 use with SR25

Reverse strand PCR amplification

YL22 CTCTCCTCTGACRGATCCC 283 -DQB1 forward primer for
*05/06

YL24 CTCGCCGCTGCA AGGTCGT -DQB1 forward primer for
*02/03/04

YL25 Biotin-TEG-TTTGACCCCGC
AGAGGATTTCGTG

-DQB1 reverse primer used
with yl22 and yl24

aIn PCR primers SR22 and YL22 nucleotide residue 13 is designated R corresponding to the presence of equal molar
amounts of A and G at this position. This can be accomplished by ordering the oligonucleotides as separate syntheses
or by incorporation of mixed residues at this position during a single synthesis;
bOligonucleotide primers SR22 / YL22 and SR24 / YL24 are used for amplification of HLA-DQB1 group-specific
alleles from *05/06 and *02/03/04, respectively.

Table 8.8
Mixture for PCR amplification of HLA loci

Solution DNA purified
from whole
blood (μl)

DNA purified from
dried blood spot
(μl)

10× Taq buffer 5 5

MgCl2 (25 mM) 4 4

dNTP (10 mM) 4 4

Forward primer (10 μM) 1 1

Biotinylated primer (10 μM) 1 1

Distilled water 29.8 14.8

Taq DNA polymerase (5 U/μl) 0.2 0.2

DNA sample (2 ng/μl) 5 –

Dry blood spot extract – 20
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each step. It is recommended that thermal cycling be followed
by a final incubation for 10 min at 72◦C. Samples can be stored
at 4◦C or frozen prior to pyrosequencing (see Note 6).

3.8. Viewing the
Results of PCR
Amplification by
Agarose Gel
Electrophoresis

1. Quality control of PCR amplification of HLA loci can be
assessed by gel electrophoresis using 1.5% agarose gel elec-
trophoresis. The following protocol for agarose gel elec-
trophoresis corresponds to that described by Sambrook et al.
(31). Begin by sealing the edges of a clean electrophoresis
tray with laboratory tape. Place the sealed gel tray onto a
level surface.

2. Prepare a mixture of 1× TBE and powered agarose to make
a sufficient volume of gel solution to fill the tray to a level of
50–100 mm. For example, for a preparation of 1.5% agarose
in 100 ml 1× TBE use 1.5 g powered agarose. The 1× TBE
buffer is 0.9 M Tris–HCl (pH 8), 0.9 M boric acid, and 0.002
mM EDTA. A 5× solution of TBE can be prepared ahead of
time, stored at room temperature, and diluted with distilled
water prior to use.

3. Add a magnetic stir bar and heat the slurry in an Erlen-
meyer flask, loosely sealed with aluminum foil, using an elec-
tric stirrer-hot plate. Make certain that the agarose has com-
pletely dissolved. It is common for agarose gel solutions con-
taining greater than 1.2% agarose that this process may take
a few minutes of constant boiling.

4. A microwave oven may also be used to dissolve the agarose.
Caution should be observed when handling the heated
agarose solution in that it can become super-heated and cre-
ate a safety hazard by unexpectedly boiling over when the
container is handled. When using the microwave oven the
aluminum foil and magnetic stir bar should be omitted.

5. The appearance of undissolved agarose in the mixture can
be determined by observing the presence of small clumps of
semitransparent material when the mixture is stirred. This
material must be completely dissolved by heating prior to
using it to prepare a gel.

6. The dissolved agarose mixture is cooled to 60◦C and ethid-
ium bromide is added to a final concentration 0.5 μg/ml.
Thorough mixing of the ethidium bromide into the agarose
solution is required.

7. The agarose–ethidium bromide solution is poured into the
sealed gel tray. Air bubbles can be removed from the gel by
a pasteur pipette. The gel comb is added to the mixture and
the agarose is allowed to solidify upon cooling.

8. After the agarose has solidified remove the gel comb and the
sealing tape. The gel tray can be placed in the electrophore-
sis chamber. Add the minimum volume of 1× TBE to the
electrophoresis chamber required to cover the gel.
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9. DNA samples can be mixed with gel-loading buffer. 6X load-
ing buffer 0.25% bromophenol blue, 0.25% xylene cyanol FF,
30% (v/v) glycerol is recommended but other equally appro-
priate loading buffers are available (29). PCR amplification
should generate enough DNA so that 5 μl of the amplicon
mixed with 1 μl of 6× gel-loading solution should be suf-
ficient to visualize the product. All of the mixture is loaded
into the appropriate wells.

10. DNA size standards for agarose gel electrophoresis may be
purchased from commercial vendors (e.g., Bio-Rad Labo-
ratories, Hercules, CA or New England Biolabs, Ipswich,
MA). These are available in a number of variations. PCR
products to be examined using pyrosequencing are typically
less than 500 bp in length. This makes the 100 bp lad-
der standards convenient for the purpose of evaluating the
product.

11. After loading the size standard and samples onto the gel,
the lid of the electrophoresis tank should be closed and the
electrical leads connected. DNA is negatively charged and
will migrate toward the anode (red lead). Apply a voltage
of between 1 and 5 V/cm. For a 20 cm gel box this would
be between 20 and 100 V.

12. Once the gel has run sufficiently the lead dye should have
migrated roughly 3 cm into the agarose. Turn off the electric
current and remove the gel tray from the tank. Be careful not
to allow the agarose gel to slip off of the tray as it will likely
tear. The DNA bands may be visualized by ultraviolet light
and the data recorded by photography or captured by video
imaging. Avoid excessive exposure of eyes and skin to the UV
irradiation as it can cause retinal damage and burning of the
skin.

13. Confirmation of successful PCR amplification occurs when a
product of the expected length is observed. Products of other
lengths or multiple products are considered evidence that the
PCR amplification did not provide the proper material to pre-
pare template for pyrosequencing.

3.9. Pyrosequencing
of HLA Loci Using the
PSQ 96MA Instrument

1. HLA pyrosequencing can be performed on a PSQ 96MA or
PSQ HS 96A system (see Note 7). Pyrosequencing reactions
are performed using reagents provided with the PSQ 96MA
sample preparation kit and PSQ 96 SQA reagent kit. Reference
DNA can also be obtained from human lymphoblastoid cell
line of known HLA identity (see Note 8).

2. Materials to prepare prior to the pyrosequencing protocol:
a. Prepare an 80◦C heating block.
b. Binding buffer: 10 mM Tris–HCl (pH 7.6), 2 M NaCl,

1 mM EDTA, 0.1% Tween 20.
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c. Annealing buffer: 20 mM Tris–acetate (pH 7.6), 2 mM
magnesium acetate.

d. Denaturation solution: 0.2 M NaOH.
e. Washing buffer: 10 mM Tris–acetate (pH 7.6).

3. Samples are prepared using 10 μl of amplified DNA from the
PCR mixtures. These are mixed with 4 μl of streptavidin-
coated beads and the volume adjusted to 50 μl with binding
buffer.

4. Place the mixture of PCR product and streptavidin-coated
beads onto an Eppendorf thermal mixer and vortex at room
temperature using 1,400 rpm for 10 min.

5. Transfer the streptavidin-coated beads to a 96-well
MultiScreen-HV membrane. Collect the biotinylated
PCR product streptavidin-coated bead complex by vacuum
filtration.

6. Beads are suspended in 150 μl denaturation buffer and incu-
bated for 2 min at room temperature. Denaturation buffer is
removed by vacuum filtration.

7. Immediately after removal of denaturation buffer, and while
still under vacuum, the pH of the PCR product–bead complex
is neutralized by addition of 200 μl washing buffer. Repeat
this step for a total of two washings.

8. Resuspend beads in 50 μl of annealing buffer and transfer 45
μl to the pyrosequencing reaction tray.

9. Add the appropriate pyrosequencing primer to each well in
a volume of 5 μl using 3 μM stock solution of primer. Rec-
ommended pyrosequencing primers are listed in Table 8.9.
Annealing was performed by incubation at 80◦C for 2 min
prior to pyrosequencing. Single-stranded binding protein
(SSBP) is added at a final concentration of 4 μg per pyrose-
quencing reaction (see Notes 9 and 10).

3.10. Pyrosequencing
of HLA Loci Using the
PSQ HS 96A
Instrument

1. DNA profiling of HLA genotypes can also be performed
using the PSQ HS96A system. This instrument differs from
the PSQ 96MA in that it uses a smaller reaction volume
and a corresponding low volume 96-well pyrosequencing
reaction tray (see Note 7). Figure 8.3 illustrates a set of
pyrograms obtained from a trio of family members con-
sisting of father (panel A), mother (panel B), and off-
spring (panel C). Reference DNA can also be obtained from
human lymphoblastoid cell line of known HLA identity (see
Note 8).

2. Materials to prepare prior to the pyrosequencing protocol:
a. Prepare a 90◦C heating block.
b. Binding buffer: 10 mM Tris–HCl (pH 7.6), 2 M NaCl, 1

mM EDTA, 0.1% Tween 20.
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c. Annealing buffer: 20 mM Tris–acetate (pH 7.6), 2 mM
magnesium acetate.

d. Denaturation solution: 0.2 M NaOH.
e. Washing buffer: 10 mM Tris–acetate (pH 7.6).

3. Prepare the binding reaction mixture by combining 38 μl
binding buffer, 35 μl distilled water, and 2 μl streptavidin-
coated beads for each well. Mix thoroughly by brief vortex.

4. Prepare the pyrosequencing primer mixture by combining
10.8 μl annealing buffer and 1.2 μl pyrosequencing primer
solution (stock concentration of primer is 3 μM) for each
well. Mix thoroughly by brief vortex.

5. Transfer 75 μl of the binding reaction mixture (prepared dur-
ing step 3) and 5 μl of PCR product to each well of the
pyrosequencing suction tray.

6. Seal the pyrosequencing suction tray and shake using an
Eppendor thermal mixer at 1,400 rpm for at least 10 min
at 23◦C.

7. Transfer 12 μl of pyrosequencing primer mix (prepared dur-
ing step 4) to each well of the pyrosequencing reaction tray.
Set aside the reaction tray until step 14.

8. In order to prepare for the series of washing steps place
pyrosequencing vacuum tool in the first distilled water
trough. Turn on vacuum.

9. Remove the pyrosequencing suction tray from the thermal
mixer. Hold the pyrosequencing vacuum tool upright until
distilled water stops flowing through it.

10. Slowly place pyrosequencing vacuum tool into the pyrose-
quencing suction tray. Make sure that all liquid is removed.

11. Place the pyrosequencing vacuum tool in the 70% ethanol
trough; after liquid starts visibly flowing wait for 5 s, then
hold it upright until the flowing stops.

12. Repeat step 11 for denaturation solution (incubate for 5 s
prior to vacuum filtration) and washing buffer (incubate for
10 s prior to vacuum filtration).

13. Turn off the pyrosequencing vacuum tool and unplug it to
completely release the vacuum.

14. Slowly place pyrosequencing vacuum tool into the pyrose-
quencing reaction tray (prepared during step 7) and wiggle
tool back and forth to dislodge beads into the pyrosequenc-
ing reaction tray.

15. Place pyrosequencing reaction tray on the 90◦C heat block
for 2 min. Remove from the heating block and allow it to
cool for 15 min to room temperature.

16. Reconnect the pyrosequencing vacuum tool and place it in
the last distilled water trough. Rinse the vacuum appara-
tus by allowing roughly 10 ml of distilled water to pass
through.
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17. Turn off the pyrosequencing vacuum tool, drain off all liq-
uid from the vacuum apparatus, and place it in the storage
trough.

4. Notes

1. Preparation of aqueous solutions: All solutions are prepared
in deionized water (18.2 m� cm) filtered free of organic con-
tent. It is critical to keep reagents and laboratory equipment
as clean as possible, this will help avoid strong background
signals that can occur during the PCR or pyrosequencing
stages.

2. When titrating solutions using concentrated acid care should
be taken to avoid exposure to fumes or contact with liquid.
Safe use of caustic chemicals is aided by wearing protective
clothing (e.g., eye protection, gloves, and lab coat) and by
proper use of a chemical fume hood.

3. Disposal of ethidium bromide: Ethidium bromide is a car-
cinogenic compound and should be handled with appropriate
care. Dilute solutions of ethidium bromide should be decon-
taminated before disposal. For 0.5 μg/ml solutions of ethid-
ium bromide the method described by Lunn and Sansone
(32) and an alternate method described by Bensaude (33) are
recommended. Treatment of dilute solution of ethidium bro-
mide with bleach (hypochlorite) is not recommended. The
latter method has been shown to convert the dye into a com-
pound that is mutagenic (31,34).

4. Pyrosequencing provides distinct advantages for genetic typ-
ing. Samples can be assayed in 96-well trays making it com-
patible with common laboratory automation instruments.
Pyrosequence-based typing strategies can be designed using
a minimal number of nucleotide dispensation events. An
entire 96-well tray can be assayed at a rate of roughly 1
min per base and approximately 20 min for a 20 nucleotide
sequence. This is sufficient for analysis of most HLA
alleles when primers are placed adjacent to hypervariable
regions. Moreover, out-of-phase pyrosequencing of alleles
(18, 26) allows unequivocal genotyping of allelic combina-
tions that are ambiguous by conventional sequence-based
typing techniques as well as those spaced too far apart
to allow resolution by oligonucleotide hybridization-based
approaches.

5. Since the study may involve the drawing of small volumes
of blood there is minimal risk to the participants. The
risks that are present are primarily those related to blood
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collection, which may include bleeding, bruising, hematoma,
or possible infection at the sight of phlebotomy as well as
fainting.

6. Validation of PCR primers by gradient thermal cycler amplifi-
cation: Optimization of PCR conditions is conveniently per-
formed using a temperature gradient capable thermal cycler.
This instrument can be purchased from the MJ Research
division of Bio-Rad Laboratories Inc.. Hercules, CA. A range
of PCR annealing temperatures can be examined and the rel-
ative yield of PCR product determined by comparing the
intensity of DNA bands after ethidium bromide staining of
bands separated by 1.5% agarose gel electrophoresis.

7. The pyrosequencing PSQ 96MA and PSQ HS 96A instru-
ments can be used for DNA profiling of HLA alleles. The
PSQ HS 96A instrument has roughly 2-fold greater sensitiv-
ity but is best used in pyrosequencing reactions requiring a
read length of less than 30 nucleotides. For longer reads the
96MA system has been superior.

8. Recommended DNA standards for use during pyrosequenc-
ing of HLA samples: Human lymphoblastoid cell lines of
known HLA identity can be obtained from the Interna-
tional Histocompatibility Working Group Cell and Gene
Bank (Seattle, WA). These samples have been genotyped for
HLA class I and class II loci (35).

9. Validation of pyrosequencing primers: Pyrosequencing reac-
tions can give background signals from self-priming of the
3′-end of the template strand or by self-annealing of the
sequencing primer. The validation of the pyrosequencing step
can be performed in order to examine the signals due to these
events. A set of negative control reactions should be exam-
ined to estimate background pyrosequencing signal. A rec-
ommended set of negative control samples are listed in the
following:
a. Negative control 1: Sequencing primer alone in the pyrose-

quencing reaction.
b. Negative control 2: Pyrosequencing of the no DNA tem-

plate containing PCR negative control with sequencing
primer.

c. Negative control 3: Pyrosequencing of the no DNA tem-
plate containing PCR negative control without sequencing
primer.

10. Extending the pyrosequencing read length: Pyrosequencing
has enabled DNA sequence reads of up to 150 residues
(18, 20, 26, 28). Optimization of the pyrosequencing reac-
tion conditions has been reported to improve read length
(28, 36) and focuses primarily on the use of enantiomer pure
2’-deoxyadenosine-5′-O’-(1-thiotriphosphate) and the use of
single-stranded DNA binding protein (26,28).
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Chapter 9

High-Throughput Multiplex HLA-Typing by Ligase Detection
Reaction (LDR) and Universal Array (UA) Approach

Clarissa Consolandi

Abstract

One major goal of genetic research is to understand the role of genetic variation in living systems. In
humans, by far the most common type of such variation involves differences in single DNA nucleotides,
and is thus termed single nucleotide polymorphism (SNP). The need for improvement in throughput
and reliability of traditional techniques makes it necessary to develop new technologies. Thus the past
few years have witnessed an extraordinary surge of interest in DNA microarray technology. This new
technology offers the first great hope for providing a systematic way to explore the genome. It permits a
very rapid analysis of thousands genes for the purpose of gene discovery, sequencing, mapping, expres-
sion, and polymorphism detection. We generated a series of analytical tools to address the manufacturing,
detection and data analysis components of a microarray experiment. In particular, we set up a universal
array approach in combination with a PCR-LDR (polymerase chain reaction-ligation detection reaction)
strategy for allele identification in the HLA gene.

Key words: Chitosan, amino-modified oligonucleotides, ligation detection reaction, universal array,
human leukocyte antigen, single nucleotide polymorphisms.

1. Introduction

The completion of the large-scale sequencing of human genome
has revealed a huge number of single nucleotide polymorphisms
(SNPs), which in turn has opened new perspectives for the char-
acterisation of disease-related molecular markers. A wide vari-
ety of different methods for scoring SNP markers have become
available, but no consensus approach, so far, has been found
(1, 2). The molecular information that can be accessed by DNA
analysis is generating the need for highly parallel and minia-
turised techniques. Specifically, methods with high accuracy to
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be used in a high-throughput setting are needed for systematic
surveys of the frequency and exact location of sequence vari-
ation and their influence on cellular behaviour. Among many
others, DNA microarray technology is expected to fulfil the
basic requirement for such a technology: flexibility, parallelisa-
tion, miniaturisation, and thus cost effectiveness. A key require-
ment for a scoring method for genomic SNPs is that it should
be able to distinguish unequivocally between homozygous and
heterozygous allelic variants in the diploid human genome. Thus
the human leukocyte antigen (HLA) complex, which is char-
acterised by the most extensive SNP patterns of its loci in the
human genome, may represent a valid model system to develop
a DNA microarray format for any polymorphisms detection,
including multiplex genotyping of SNPs and large-scale muta-
tions screening (3). In the case of the traditional hybridisation
reaction, the intensity of fluorescence bound to each oligonu-
cleotide probe is intended to reveal which sequence is per-
fectly complementary to the query sequence. However, these
approaches have not always been successful. During the hybridi-
sation process, a disruption of secondary structure could occur:
that is to say that perfectly matched sequence may assume a sec-
ondary structure that is eliminated in variant sequences. This
structural change may lead to binding of a variant target to a
perfectly matched probe with a higher binding affinity than true
perfect-match target. Another consequence of direct hybridisa-
tion is the formation of stable duplexes by looping out of a non-
complementary sequence during hybridisation. Either of these
illegitimate hybridisations could produce false negative signals
on an array. Alternative approaches, involving enzyme process-
ing on the microarray have been developed, such as minisequenc-
ing (4). In comparative studies it has been suggested that these
enzyme-mediated allele recognition methods can show higher
discrimination between competing alleles (5). Ligation detection
reaction (LDR) has been applied in combination to a universal
DNA array to detect K-ras mutation in tumour and cell line DNA
(6, 7) as well as on BRCA genes (8). “Zip-code” arrays consist
of selected oligonucleotides with similar hybridisation characteris-
tics and minimal cross-hybridisation. Sequences with possible sec-
ondary structure are eliminated. This kind of array is “universal”
because the sequences, complementary to immobilised probes,
could be appended to any set of specific primers in the course of
target-DNA processing. This methods combines a multiplex PCR
and a multiplex LDR with zip-code hybridisation. A thermostable
DNA–ligase links two adjacent oligonucleotides annealed to a
complementary target if the nucleotides are perfectly base-paired
at a junction. The assay allows for accurate detection of single-
base mutations present at 1% or even less of the wild-type
sequence.
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This approach provides for an accurate, inexpensive, and
high-throughput assay that does not exhibit false positive or false
negative signals, thus making it highly suitable for gene-based
testing in high-incidence, low-complexity diseases.

2. Materials

All chemicals and solvents are purchased from Sigma-Aldrich
(Italy) and used without further purification.

All HPLC-purified oligonucleotides are purchased from
Thermo Fisher Scientific (Ulm, Germany) and purity is checked
by MALDI mass spectrometry. Lyophilised oligonucleotides are
dissolved in bidistilled water to a final concentration of 100 μM
and stored frozen at –20◦C until use.

2.1. Sample
Preparation

1. Extraction kit (QIAamp DNA Blood Mini Extraction Kit, Qia-
gen, Hilden, Germany) for the isolation of genomic DNA
from whole blood of healthy persons (National Cancer Insti-
tute, IST, Advanced Biotechnology Center, Department of
Oncology, Biology and Genetics, University of Genoa, Italy).

2. Primer3(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3
www.cgi), a free software for the PCR primer design.

3. PCR “upper mix”: 5× Buffer I, 2.5 mM dNTPs, 1.5 U Ampli-
Taq PE DNA polymerase (Perkin Elmer Life Sciences, Boston,
MA), 10 nM primer forward.

4. PCR “lower mix”: 10 nM Primer reverse, 250 ng of genomic
DNA, and ddH2O up to 50 μl.

5. Ampliwax gem (Perkin Elmer Life Sciences, Boston, MA).
6. GeneAmp, PCR System 9700 (Applied Biosystem, Foster City,

CA, USA).
7. GFX PCR DNA purification kit (Amersham Pharmacia

Biotech Inc, Piscataway, NJ).
8. BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA,

USA).

2.2. Universal Array
(UA) Preparation

1. Slide washing solutions pre-silanisation: 1 M NaOH; 1 N HCl;
96% ethanol; acetone; methanol; ddH2O.

2. Silanisation solution: 1% 3-Glycidoxypropylsilane (GOPS) in
95% ethanol.

3. Polymer solution: 10 g of chitosan (400 Kda) are dissolved in
a liter of 50 mM HCl. 10% polymer (0,1% w/v) is added to
10% phosphate-buffered saline (PBS).

4. Activation solution: 0.2% solution of 1,4-phenylene diisothio-
cyanate (PDITC) in 90% N,N-dimethylformamide, and 10%
pyridine.

5. Printing buffer: 150 mM sodium phosphate, pH 8.5.
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6. Deactivation solution: 50 mM ethanolamine; 0.1 M Tris
(pH 9); 0.1% sodium dodecyl sulphate (SDS).

7. Slide washing solution after spotting and surface deactivation:
4x saline sodium citrate (SSC) and 0.1% SDS.

8. MicroGrid II Compact Arrayer (BioRobotics Ltd, Cambridge,
UK).

9. Home-made saturated NaCl humidification chamber.

2.3. Ligation
Detection (LDR) and
Hybridisation
Reactions

1. ARB (www.arb-home.de), a publicly available software for the
LDR probe design.

2. LDR mix: buffer (1×): 20 mM Tris–HCl (pH 7.5); 20 mM
KCl; 10 mM MgCl2; 0.1% Igepal; 0.01 mM rATP; 1 mM
dithiothreitol (DTT) (Stratagene, La Jolla, CA, USA); 2 pmol
of each discriminating oligo; 2 pmol of each common probe;
10 fmol of purified PCR products; 4 U of Pfu DNA ligase
(Stratagene).

3. Hybridisation mix: 5× SSC and 0.1 mg/ml salmon sperm
DNA.

4. Hybridisation washing solution: 1× SSC and 0.1% SDS.
5. Home-made multiple sample chambers: (8-well chamber)

using Press-To-Seal silicone isolaters (Schleicher & Schuell,
Germany).

6. Temperature controlled system (Shack’n’Stack, Hybaid,
England).

7. Centrifuge 5415 D (Eppendorf, AG, Hamburg, Germany).

2.4. Signal Detection
and Statistical Data
Analysis

1. ScanArray� 4000 laser scanning system (Perkin Elmer Life
Sciences, Boston, MA).

2. ScanArray 3.1 software (Perkin Elmer Life Sciences, Boston,
MA).

3. Methods

The principle of the LDR combined to a UA format has been pre-
viously illustrated (7). We used this molecular tool to accurately
genotype a highly polymorphic region, such as the HLA gene.
The overall process requires a careful probe design for targeting
the selected polymorphisms, the fabrication of a UA, the prepara-
tion of PCR-specific products, the set up of the LDR reaction, the
demultiplexing of LDR products onto UA by hybridisation, the
measurement of the fluorescent signals and, finally, the statistical
data analysis (Fig. 9.1).

3.1. Sample
Preparation

1. Genomic DNA from the blood of healthy persons is pro-
vided by the National Cancer Institute, IST, Advanced
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Fig. 9.1. Outline of the LDR method for detection of HLA polymorphisms. Cy3 or Cy5 fluorophores are employed to
distinguish polymorphisms. The common probe is phosphorylated in 5′-terminal position and contains a sequence com-
plementary to the zip-code (cZip code) in 3′ end. After hybridisation of the common probe and the discriminating oligonu-
cleotide to the target sequence, ligation occurs only if there is perfect complementarity between the two oligonucleotides
at the junction. The resulting reaction solution is hybridised onto a UA.

Biotechnology Center (Department of Oncology, Biology and
Genetics, University of Genoa, Italy). DNA is isolated from
whole blood by means of an extraction kit (QIAamp DNA
blood mini extraction kit, Qiagen, Hilden, Germany), accord-
ing to the manufacturer‘s protocol, and is used as template for
PCR amplification of the targets.

2. In order to selectively amplify the HLA gene, it is funda-
mental to design primers, which are specific for the HLA
loci of interest. PCR primer pairs to amplify SNP-containing
regions are designed using Primer3 software (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi) (see
Note 1).
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3. PCR reactions are performed by a “hot start” method using
the “upper mix”, the “lower mix”, 250 ng of genomic DNA,
and ddH2O up to 50μl. PCR is performed by heating the
lower mix containing the Ampliwax gem at 65◦C for 2 min and
then cooling at 4◦C for a few minutes before adding the upper
mix. PCR is carried out in the thermal cycler by the following
thermal profile: eight cycles, each consisting of denaturation
at 98◦C for 5 s, annealing at 63◦C for 30 s, and extension
at 72◦C for 2 min, followed by 32 cycles each consisting of
denaturation at 98◦C for 5 s, annealing at 58◦C for 30 s, and
extension at 72◦C for 2 min (9).

4. The PCR products are purified by using the GFX PCR DNA
purification kit, according to the manufacturer‘s protocol (see
Note 2). The purified HLA-PCR products of each individ-
ual are eluted in 50 μL of autoclaved water. They are always
controlled and precisely quantified by capillary electrophore-
sis using the BioAnalyzer 2100 (Agilent Technologies) (see
Note 3).

3.2. Universal Array
Preparation

1. Glass slides are cleaned by soaking in 1M NaOH for 2 h on a
shaker followed by rinsing with bidistilled water, immersed in
1N HCl solution overnight on a shaker and then rinsed again
in bidistilled water (see Note 4). Slides are, then, immersed in
96% (v/v) ethanol for 10 min and then washed three times
with bidistilled water. They are immersed in acetone for 10
min, removed and dried.

2. Slides are treated with the silanisation solution for 1 h. Excess
silane is removed by dipping the slides in 95% (v/v) ethanol
for 1 min. Finally, they are dried at 150◦C in a temperature-
controlled system for 20 min (see Note 5).

3. The polymer solution is prepared by dissolving 10 g of chi-
tosan (400 Kda) in a liter of HCl 50 mM. The solution is
heated at 70◦C, stirred for 1 h and then filtered. Treated slides
are left in a water solution containing 10% (v/v) PBS and 10%
polymer (0.1% w/v) for 1 h on a shaker. Slides are washed
repeatedly with bidistilled water (see Note 6), centrifuged at
800 rpm for 3 min and dried for 10 min at 45◦C in an oven.

4. Slides are activated by immersion into a 0.2% (v/v) solution of
PDITC in 90% (v/v) N,N-dimethylformamide and 10% (v/v)
pyridine. The activation reaction is carried out at room tem-
perature for 2 h (see Note 7). After washing with methanol
and acetone (2 min each), the activated slides are dried and
stored, until use, in a dark closed box under vacuum.

5. Zip-code oligonucleotides, synthesised with 5′-amino modi-
fied and a 10mer 5′-poly (A) linker (see Note 8), are diluted
in printing buffer (150 mM sodium phosphate, pH 8.5) at a
final concentration of 50 μM. They are spotted onto activated
slides by contact printing using the MicroGrid II Compact
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(BioRobotics Ltd, Cambridge, UK) and optimised protocols.
The humidity during spotting is 80% and the temperature
kept at ∼ 25◦C. Eight subarrays are positioned in an “array
of arrays” conformation of four rows and two columns on the
microscope slides. Zip-codes are printed in quadruplicate dis-
tributed within the printing area; two zip-codes, namely 63
and 66, are associated to ligation and hybridisation control,
respectively; as negative control (blank) printing buffer is used.
Each UA is a subarray consisting of 208 spots of 13 rows × 16
columns (Fig. 9.2 and see Note 10).

6. The spotting is performed using a contact system (Micro-
Grid II Compact, Biorobotics, UK). Printed slides are placed,
overnight at room temperature, in a saturated NaCl humidi-
fication chamber (see Note 11). The deactivation step is car-
ried out by treatment with a solution consisting of 50 mM
ethanolamine, 0.1M Tris (pH 9), 0.1% SDS at 50◦C for
15 min in order to block residual reactive groups. After rinsing
twice with distilled water, the spotted surfaces are immersed
into a 4× SSC/0.1% SDS solution (pre-warmed to 50◦C) for
15 min on a shaker. Finally, printed surfaces are washed twice
with distilled water and spun at 800 rpm for 3 min (10).

3.3. Ligation Probe
Design

1. A preliminary phase implies the set up of a database consist-
ing of the specific sequences retrieved from public repositories
such as IMGT-HLA database (www.ebi.ac.uk/imgt/hla).

2. By means of a specific software, called ARB (www.arb-
home.de) and working in a Linux environment, it is possi-
ble to organise a database by using the imported and aligned
sequences and creating clusters. Using ARB-HLA SNPs clus-
ters, allele-specific probes are designed surrounding the poly-
morphic sites (SNPs) of interest. Selection of polymorphic sites
within the HLA genomic region are based on the method of
Olerup for SSP primers designing (11).

3. All probes for LDR (i.e., common probe and discriminat-
ing oligonucleotide) are designed to analyse the chosen poly-
morphic sites. Each allele-specific probe is designed to have
the 3′-position placed just over the polymorphic site, single
based modification is discriminated by a labelled discriminat-
ing oligonucleotide and a common probe. For each SNP,
two discriminating probes labelled with two distinct fluo-
rochromes (Cyanine 3 and Cyanine 5) and a common probe
are designed. Each zip-code is randomly assigned to a par-
ticular polymorphic site and the zip-code complement (cZip
code) is attached to the 3′-terminal position of the related
common probe. The possible hairpin loop formation in the
common probe-cZip sequences is verified by proper software
analysis.
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4. A HLA control sequence is designed in a conserved region,
representing an internal reference (HR) for the normalisation
process and HLA genotyping calculations.

3.4. Ligation
Detection Reaction

1. Ligation reaction is carried out in a final volume of 20 μL
containing 20 pmol/μL Tris–HCl (pH 7.5), 20 pmol/μL
KCl, 10 pmol/μL MgCl2, 0.1% IgePal, 0.01 pmol/μL rATP,
1 pmol/μL DTT, 2 pmol of each discriminating oligo, 2 pmol
of each common probe, and 10 fmol of purified PCR products.
The reaction mixture is pre-heated for 2 min at 94◦C, spun in
a microcentrifuge for 1 min, then 1 μl of 4U/μl Pfu DNA
ligase (Stratagene, La Jolla, CA) is added. The LDR is cycled
for 30 rounds of 94◦C for 30 s and 65◦C for 4 min in a ther-
mal cycler (GeneAmp, PCR System 9700, Applied Biosystem,
Foster City, CA, USA).

3.5. LDR Capture by
Hybridisation onto UA

1. The LDR mix (20 μl) is diluted to obtain 70 μl of hybridi-
sation mixture containing 5× SSC buffer and 0.1 mg/ml
salmon sperm DNA. The mix, after heating to 94◦C for 2 min
and chilling on ice (see Note 12), is applied onto the sub-
array under a home-made multiple sample chamber (8-well
chamber), using press-to-seal silicone isolaters (Schleicher
& Schuell, Germany). Hybridisation is carried out in the
dark at 65◦C for 1.5 h, in a temperature-controlled system
(Shack’n’Stack, Hybaid, England).

2. After removal of the chamber, the slide is washed for 15 min
in pre-warmed (65◦C) solution of 1× SSC buffer and 0.1%
(v/v) SDS buffer on gentle shaking (Shack’n’Stack, Hybaid,
England). Finally, the slide is spun at 800 rpm for 3 min.

3.6. Signal Detection
and Statistical Data
Analysis

1. Fluorescent signals are measured with a ScanArray� 4000 laser
scanning system and ScanArray 3.1 software (Perkin Elmer
Life Sciences, Boston, MA) using the green laser for Cy3 dye
(λex 543 nm/λem 570 nm) and the red laser for Cy5 dye
(λex 633 nm/λem670 nm). Both the laser and the photomulti-
plier (PMT) tube gain vary between fluorochromes and exper-
iments. Typical settings for the laser and PMT gain are 75%
for Cy3 and 65% for Cy5 (see Note 13).

2. Spot analysis of 5 μm resolution TIFF images are carried
out by using QuantArray Quantitative Microarray Analysis
software supplied with the scanner. The quantitation method
chosen is the “fixed circle” method: the spot mask and back-
ground mask are constructed using the parameters of the spot
diameter and the background inner and outer diameters. The
spot intensities are calculated using the mean intensity option.
The local backgrounds are subtracted from the intensity of
each spot. This software generates an export file in Excel for-
mat: we operate a statistical analysis of these data.
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3. Data analysis of each experiment is performed by the fol-
lowing calculations: (1) the average fluorescent intensity (IF)
of quadruplicate spots background subtracted for each chan-
nel; (2) the coefficient of variation between the quadruplicate
spots; (3) the IF ratios of averaged IF of Cy3 and Cy5 channels
of HLA internal reference (IFcy3/IFCy5 = RHR). Each IF sig-
nal derived from a given spot is subjected to two adjustments:
a channel correction is carried out dividing Cy3 channel IF
signal by RHR; then, to compare results derived from different
UA experiments, we normalise the corrected IF (cIF) of each
spot using the HR (see Note 14).

3.7. Genotype
Determination

To define the genotype for each allele HLA, we calculate the
allelic fraction which estimates the relative amount of allele 1 Cy3-
labelled in the target mixture by the relative proportion of the cor-
rected intensities of fluorescent signal of each allele 1 Cy3 labelled

Fig. 9.3. Relationship between allelic fraction and fluorescent intensities for all probes. Cluster diagram shows the geno-
type assignment for 27 polymorphisms identified in 62 individuals. Allelic fractions AF=cIFCY3/(cIFcy3+ cIFCY5) versus
the total normalised and corrected Cy3 and Cy5 fluorescent intensities (IFCy3+IFCy5) are plotted for each polymorphic
site. Allelic fractions between 0.47 and 0.62 are scored as heterozygous while fractions ≤ 0.20 and ≥ 0.94 are scored
as homozygous (with permission from Ref. 12).
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and allele 2 Cy5 labelled (allele1-cIFCY3/(allele1-cIFcy3+ allele2-
cIFCY5). Cluster analysis is performed on the entire collection of
HLA single base modifications under study. The allelic fraction
values are then plotted versus the normalised IF signal and clus-
tering to three possible genotypes are computed. In Fig. 9.3,
the very well-defined clusters, corresponding to the three possi-
ble genotypes, obtained from the analysis of 62 different human
samples, are shown: allelic fractions ranging from 0.02 to 0.20 for
allele 2 homozygous samples, 0.94–1.00 for allele 1 homozygous
samples and 0.47–0.62 for heterozygous samples (12).

4. Notes

1. To obtain good performances in the amplification reactions,
it is important to verify that the oligonucleotide primers cho-
sen have minimal free energy for primer–dimer or self-hairpin
formation. Primer3 software has many different input param-
eters that tell primer3 exactly what characteristics make good
primers for own goals.

2. It is possible to use any kit able to purify a PCR product
obtaining sufficient yield (50 fmol) in order to perform the
consequent LDR.

3. The Agilent Technology provides chips and reagents
designed for sizing and analysis of DNA fragments with a
quantitative range of 0.5–50 ng/μl. DNA chip contains an
interconnected set of micro-channels that is used for separa-
tion of nucleic acid fragments based on their size as they are
driven through it electrophoretically.

4. It is better to carry out the complete chemical treatment from
beginning to end under an extractor fan.

5. All the solutions required for the chemical treatment of the
glass slides are made fresh: re-used solutions can be invalidate
the final outcome of the processing.

6. The slides are immersed in the bidistilled water about five
times in order to eliminate the excess of the solution.

7. It is fundamental to conserve the PDITC in a dry place to
avoid the humidity that could be damage the reagent.

8. Zip-codes sequences are chosen among those described by
Chen (Chen et al., 2000) and Gerry (Gerry et al., 1999).
It is important that all the oligonucleotides employed are
purified by HPLC and that their quality is checked by
MALDI mass spectrometry. These services can be required to
the Thermo Fisher Scientific (http://www.thermo.com/).
The zip-code oligonucleotides are synthesised with a 10mer
5′-poly (A) linker for two main reasons: this tail functions
as spacer from the surface and permits a quality control of
the oligonucleotide coupling onto the slides. It is possible
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to perform a hybridisation on one of the eight subarrays on
each slide with 1 μM 5′ Cy3 labelled p(dT)10 in a solution
containing 5× SSC buffer and 0.1 mg/mL DNA salmon
sperm. The reaction is carried out at RT for 30 min. After
incubation, slides are immersed for 5 min in 2× SSC buffer
and 0.1% SDS buffer and fluorescent signals are controlled
by laser scanning following the procedures described in Sec-
tion 3.6.

9. To control the performance of each step of genotyping DNA
microarray, it is better to include spot replicates and various
controls.

10. The resulted spots are 160–180 μm in diameter and a 300
μm center-to-center distance between two adjacent spots. In
this way, it is possible to identify until 47 SNPs. Using the
same layout and maintaining the four replicates, it is possible
to add other 20 zip-codes. Obviously, reducing the number
of replicates (two instead of four for each zip-code), it is pos-
sible to double the number of SNPs identifiable.

11. To obtain a chamber with a relative humidity of approxi-
mately 75%, solid NaCl must be added to water as needed
to form a 1 cm deep slurry in the bottom of a plastic con-
tainer with an airtight lid. Overnight incubation has shown
the best results. If possible incubate for a minimum of 4 h
and a maximum of 72 h.

12. The denaturation step is crucial to permit the accessibility
during the hybridisation reaction.

13. The processed arrays must be scanned taking care that the
fluorescent signals are not saturated to permit the subsequent
analysis.

14. A signal to background ratio >3 is taken as a threshold for
including a spot within the calculation. A CV < 5% is taken
as an index of good quality of the replicated spots (the over-
all success rate for the samples was 99.7%). The differences in
performance of the entire process, consisting of PCR, LDR,
and UA hybridisations, are normalised by adjustments of the
signal intensity of each spot for each fluorochrome relative to
the signal obtained from the HLA internal reference. Spuri-
ous signal (signals coming from spots expected to be negative
that passed the S/N>3 threshold) are always below 1, thus
preventing any miscall of the genotype.
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Chapter 10

Medium- to High-Throughput SNP Genotyping Using
VeraCode Microbeads

Charles H. Lin, Joanne M. Yeakley, Timothy K. McDaniel,
and Richard Shen

Abstract

Recent breakthroughs in multiplexed SNP (single nucleotide polymorphism) genotyping technology
have enabled global mapping of the relationships between genetic variation and disease. Discoveries
made by such whole-genome association studies often spur further interest in surveying more focused
subsets of SNPs for validation or research purposes. Here we describe a new SNP genotyping platform
that is flexible in assay content and multiplexing (up to 384 analytes), and can serve medium- to high-
throughput applications. The Illumina BeadXpress platform supports the GoldenGate Genotyping Assay
on digitally inscribed VeraCode microbeads to allow streamlined workflow, rapid detection, unparalleled
data reproducibility and consistency. Thus, it is a highly valuable tool for biomarker research and valida-
tion, pharmaceutical development, as well as the development of molecular diagnostic tests.

Key words: High-throughput genotyping, biomarker validation, SNP, randomly assembled microar-
rays, allele-specific extension and ligation, universal capture oligonucleotides, universal arrays.

1. Introduction

Highly multiplexed SNP genotyping technologies have begun to
transform the landscape of human genetics research by reveal-
ing the association between genetic variation and disease with
unprecedented data quality and quantity (1). Following this
discovery-driven phase, more focused efforts to finely map or val-
idate the newly identified biomarkers are often employed. The
ideal technology tool for targeted genotyping, while requiring
lower assay multiplexing, must be consistent in performance,

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
C© 2009 Humana Press, a part of Springer Science+Business Media
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Fig. 10.1. Workflow of the GoldenGate Genotyping Assay on the VeraCode/BeadXpress platform. The schematic
diagram illustrates the two-day assay workflow which can be broken down into several defined processes with
optional stopping points, as indicated. Dashed boxes indicate the steps that must be performed in a dedicated pre-PCR
area. The assay begins with chemical biotinylation of the input genomic DNA (step 1), followed by immobilization
of the resulting biotinylated DNA to streptavidin-coated paramagnetic particles and simultaneous annealing of the
assay oligonucleotides (step 2). The allele-specific oligonucleotides (ASO1 and ASO2) differ by the 3′ base and
contain distinct universal priming sequences P1 and P2 as 5′ overhangs. The LSO contains an address sequence
that identifies a specific SNP in a given assay, as well as a universal priming sequence P3 as a 3′ overhang. For
robustness, the artificially created address sequences have been pre-screened bioinformatically to avoid cross-
hybridization between themselves or with the human genome. The assay described here allows up to 384 multiplexing,
meaning that 384 triplets of assay oligonucleotides can be annealed at once under the specified conditions. After
unbound oligonucleotides are washed away, allele-specific extension and ligation of the hybridized oligonucleotides
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flexible in content, fast in data turnaround, and affordable for
studies involving large volumes of samples.

The GoldenGate Genotyping Assay with VeraCode
microbeads was developed to fulfill those demands. Here,
the same proven, robust GoldenGate Genotyping Assay bio-
chemistry (2, 3), which was used to generate nearly 70% of the
Phase I International HapMap Project data, remains a central
component of the new assay format. As illustrated in Fig. 10.1,
allelic variants are captured as products of an extension–ligation
reaction (steps 1–3), which in turn are labeled with respective
fluorescent dyes and amplified at the same time in a universal
polymerase chain reaction (PCR; step 4). The dye-labeled strand
of the PCR product is hybridized to patented Illumina VeraCode
microbeads (steps 5–6), instead of a BeadArray array matrix (2,3).
When analyzed by the high-throughput, two-color BeadXpress
Reader (step 7), VeraCode beads allow immediate association of
allele-specific fluorescence signals to the SNP loci being interro-
gated through the inscribed holographic barcodes (Fig. 10.2).
Major advantages of this approach include: (a) bypassing the
decoding process required during manufacturing that maps SNP
loci to physical locations in a bead array (2); (b) rapid reaction
kinetics of solution-based assays; and (c) array customization as
achieved simply by pooling together only the required number
of VeraCode bead types.

Flexibility and ease of use of the VeraCode technology system
certainly have broadened the potential of the GoldenGate Geno-
typing Assay into many areas including pharmaceutical devel-
opment, pre-clinical, and clinical research. Using the method
described in Section 3, up to 96 samples can be processed at a
time in a typical PCR microplate by a single user without automa-
tion. For each DNA sample, a few to 384 SNP loci can be ana-
lyzed in parallel, translating into a maximum of 36,864 genotype
calls. Most impressively, across such a wide multiplexing range,
the VeraCode GoldenGate Genotyping Assay exhibits exquisite
consistency, reproducibility and success rate (Fig. 10.3).

�

Fig. 10.1. (continued) is performed (step 3). The allelic variant that matches the genomic sequence is preferentially
extended to produce a synthetic template which then gets amplified in the subsequent universal PCR, with universal
primers P1, P2, and P3 (step 4). P1 and P2 are universal primers labeled with Cy3 (green, shown as open circles) and Cy5
(red, shown as solid squares) fluorescent dyes, respectively. In contrast, P3 is a universal primer biotinylated at the 5′ end.
After PCR, the fluorescent strand is purified away from the non-fluorescent strand (step 5), and is hybridized to VeraCode
beads through the address sequence (step 6). Finally, VeraCode beads are scanned by the high-throughput, two-color
BeadXpress Reader (step 7). Scan data can be further analyzed using the BeadStudio software package (Illumina).
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Fig. 10.2. Using the VeraCode technology to allow rapid, multiplex association of hybridization signals to SNP loci.
The inset is a microscopic image of VeraCode beads (rod-shaped), each measuring 240 μm in length by 28 μm in
diameter. Each VeraCode bead is inscribed with a specific barcode (VeraCode bead code) and its surface is available for
the attachment of a single type of capture oligonucleotides complementary to a specific address sequence, introduced
during the extension–ligation step (Fig. 10.1, step 3). Thus, the bead codes and the addresses are in a one-to-one
relationship. The relationship between the addresses and SNP loci can vary from one test panel to another as needed
(see below), but is known through the oligonucleotide manifest generated by the user in the assay design process.
During the scan, each VeraCode bead is individually scanned for the barcode and green/red fluorescence, resulting in
immediate association of the hybridization signal to a single SNP locus being analyzed in this assay. About 30 beads
for each bead type are included in one assay and each bead is optically sampled up to a dozen times, leading to about
300 independent data points for each analyte. This strong bead and data redundancy has greatly enhanced both the
precision and accuracy of the VeraCode GoldenGate Genotyping Assay. Custom test panels up to 384 loci each can
therefore be made on demand simply by reassigning SNP contents to the address sequences. This “universal array”
approach eliminates the requirement to create a new “custom array” for every new custom assay (2).

2. Materials

2.1. Input DNA Commercial kits are available from multiple vendors (e.g., QIA-
GEN) for extracting genomic DNA from blood or buccal sam-
ples. Successes in using such samples have been reported for
the GoldenGate Genotyping Assay (4, 5). High-purity DNA
(A260/A280 = 1. 7 − 1. 9) is generally desirable, whereas some
degree of DNA degradation is tolerable by the assay (2). In
addition, highly accurate genotyping results have been obtained
with whole-genome amplified DNA samples (6) and DNA sam-
ples derived from formalin-fixed, paraffin-embedded (FFPE)
tissues (Fan et al., unpublished data). We recommend using
PicoGreen reagent (Invitrogen) to quantitate genomic DNA
samples, followed by normalization to 50 ng/μL final with TE
buffer (see Section 3).
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Fig. 10.3. Data quality and assay design success rates of the VeraCode GoldenGate
Genotyping Assay. (A) Sample clustering for two representative loci selected from
96-plex (left panel) and 384-plex (right panel) experiments, respectively. Each image
consists of 95 data points corresponding to the 95 DNA samples analyzed. The x-axis
represents a normalized value of the Cy5/Cy3 ratio (allele B vs allele A), which ideally
is 0 if an AA homozygote and 1, if a BB homozygote. The y-axis represents a normal-
ized value of the sum (R) of green and red fluorescence intensities. The AA, AB, and BB
clusters were generated using BeadStudio (Illumina); and the images were enhanced for
publication with Illustrator (Adobe). The number of samples belonging to each genotype
cluster is also indicated. Dark shaded areas indicate the three call zones. (B) Typical per-
formance of 96- and 384-plex assays. Metrics are defined as follows: call rate, (number
of calls made) / (number of calls attempted, excluding bad samples or assignable errors);
reproducibility, (number of calls agreeing between sample replicates) / (total number of
calls made in each sample replicate); heritability, (number of child alleles consistent with
parental alleles) / (total number of child alleles); sample success rate, (number of sam-
ples called) / (number of samples attempted); locus success rate, (number of SNP loci
called) / (number of SNP loci attempted).

2.2. Assay
Oligonucleotides

Two allele-specific oligonucleotides (ASO1 and ASO2) and one
locus-specific oligonucleotide (LSO) are required for each SNP
locus to be genotyped. The proprietary Assay Design Tool
(ADT; Illumina), which has designed hundreds of thousands
of successful GoldenGate assays, can assist researchers to design
and optimize assay probes for custom contents. ADT evalu-
ates assay probes based on Tm, self complementarity, as well as
the sequences flanking the targeted SNP for neighboring poly-
morphisms, and any degree of repetitiveness or homology to
the rest of the genome. Most ASOs designed by ADT have a
Tm of 57–62◦C; and the LSOs, 54–60◦C. LSOs additionally
must be synthesized with 5′-phosphate to allow ligation
(Fig. 10.1, step 3).
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2.3. VeraCode Bead
Plates

VeraCode Bead Plates pre-loaded with 96 and 384 bead types in
the 96-sample microplate format are available from Illumina. In
addition, universal capture bead sets are available for researchers
who would like to create their own test panels at any multiplexing
level between 1 and 144.

2.4. Equipment 1. User-supplied: lab coats and gloves (especially for use in the
pre-PCR area; see Note 1); two microtiter plate centrifuges
with g-force range of 8–3,000 × g (one for pre-PCR use, the
other for post-PCR use); sealing roller (for pre-PCR use; Bio-
Rad); 96-well thermal cycler with heated lid (for post-PCR
use; Bio-Rad); cap mat applicator (for post-PCR use; Corn-
ing); vacuum flask assembly and regulator (for post-PCR use;
QIAGEN); multichannel pipettes (for both pre- and post-PCR
use; 5–200 μL).

2. Illumina-supplied: raised bar magnet (for pre-PCR use);
microplate vortexer (for pre-PCR use; see Note 2); heat
sealer with 96-well adaptor base (for pre-PCR use); 96-well
microplate heat block with heated lid (for pre-PCR use); vor-
tex incubator for optimal hybridization to VeraCode beads (for
post-PCR use); BeadXpress Reader and accessories.

2.5. Reagents and
Consumables

1. User-supplied: 96-well 0.2 mL skirted microplates (Bio-
Rad); microseal ‘A’ film (Bio-Rad); microplate clear adhe-
sive film (Phenix Research); thermo-seal heat sealing foil
sheets (ABgene); non-sterile solution basins (55 mL; Labcor
Products); aerosol filter pipette tips (5–200 μL); serological
pipettes (10, 25, and 50 mL); MultiScreen filter plates (0.45
μM, clear polystyrene; Millipore); 96-well polypropylene V-
bottom plates (Corning Costar); 96-well cap mats (Corning).

2. User-supplied: Titanium Taq DNA polymerase (Clontech);
TE buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA); iso-
propanol; 0.1 N NaOH; deionized H2O; 10% bleach (plain,
unscented household bleach).

3. Illumina-supplied: all the proprietary VeraCode GoldenGate
Genotyping Assay reagents used in the protocol described
below contain sufficient volume for processing 96 samples
at a time, using a multichannel pipette and solution basins.
When processing smaller sample batches using a solution
basin, dead volume, and pipetting error losses can increase. If
that becomes an issue, single-pipette the reagents into each
well. To store remaining reagents, we recommend freezing
aliquots, rather than repeatedly freezing and thawing the sup-
plied reagent tubes.
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3. Methods

The GoldenGate Genotyping Assay with VeraCode microbeads
can be broken down into several defined processes, offering the
users potential stopping points should they wish to do so. Note
that Sections 3.1–3.7 also match the steps shown in Fig. 10.1.
Also note that the following protocol is based on a full plate
(96 samples).

3.1. Biotinylation of
Genomic DNA

Genomic DNA is first biotinylated in a heat-activated chemical
reaction. The resulting biotinylated DNA is then cleaned up by
isopropanol precipitation to remove excess biotinylation reagent
(Fig. 10.1, step 1). Preheat the heat sealer and heat block (to
95◦C).

1. Set up genomic DNA samples (5 μL of 50 ng/μL per well)
in a 96-well 0.2-mL skirted microplate (plate name: SUD).

2. Use a multichannel pipette to add 5 μL biotinylation reagent
(MS1; Illumina) to the DNA samples. Change pipette tips
after each dispense.

3. Seal the SUD plate with a thermo-seal foil sheet using a heat
sealer. Pulse-centrifuge at 250 × g to collect the contents.

4. Vortex at 2,300 rpm for 20 s. Pulse-centrifuge at 250 × g.
5. Incubate in the preheated 95◦C heat block for exactly 30 min

(see Note 3).
6. Pulse-centrifuge at 250 ×g. Meanwhile, reset the heat block

to 70◦C if planning on performing the steps in Section 3.2.
on the same day.

7. Remove the foil carefully. Add 5 μL precipitation reagent
(PS1; Illumina) to each well (see Note 4). Vortex at 2,300
rpm for 20 s or until the solution is uniformly blue (see Note
5). Pulse-centrifuge at 250 ×g.

8. Add 15 μL isopropanol to each well. Vortex at 1,600 rpm
for 20 s or until the solution is uniformly blue. Centrifuge
at 3,000 ×g for 20 min. (DNA should appear as a faint blue
pellet at the bottom of each well.)

9. Invert the plate and carefully smack it down a few times onto
paper towels to blot off the supernatant. Air-dry the plate
upside down at room temperature (RT) for another 15 min.

10. Resuspend the pellet in 10 μL resuspension reagent (RS1;
Illumina) by vortexing at 2,300 rpm for 1 min. Pulse-
centrifuge at 250 ×g. The SUD plate at this stage can be
stored at 4◦C overnight (see Note 6).

3.2. Immobilization of
Biotinylated DNA and
Annealing of Assay
Oligonucleotides

In a single temperature ramp-down incubation, allele- and
locus-specific GoldenGate Genotyping Assay oligonucleotides are
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annealed to the biotinylated genomic DNA template, which is
simultaneously immobilized to streptavidin-coated paramagnetic
beads (Fig. 10.1, step 2). Unbound oligonucleotides are
removed by several washes afterwards.
1. Take a new 96-well 0.2-mL microplate (plate name: ASE),

and add to each well 30 μL oligonucleotide annealing
reagent (OB1, vortexed thoroughly after thawing; Illumina)
and 10 μL of the oligonucleotide pool (OPA, 1.2 mL needed
for 96 samples; Illumina).

2. Use a multichannel pipette to transfer the entire contents (10
μL) from the first column of the SUD plate to the corre-
sponding wells in the ASE plate. Discard the pipette tips.

3. Repeat the previous step for columns 2–12. Change tips
between columns.

4. Heat-seal the ASE plate with a thermoseal foil sheet. Vortex
the ASE plate at 1,600 rpm for 1 min or until the beads are
fully resuspended.

5. Place the plate in the preheated 70◦C heat block. Switch the
temperature setting immediately to 30◦C, and allow the plate
to cool down passively (see Note 7).

6. Remove the plate from the heat block. Pulse-centrifuge at
250 ×g. Meanwhile, reset the heat block to 45◦C.

7. Place the plate on a raised bar magnet until beads are cap-
tured completely (about 2 min). Use a multichannel pipette
to remove and discard the supernatant (see Note 8).

8. Add 50 μL AM1 (wash buffer; Illumina). Vortex at 1,600
rpm for 20 s or until beads are fully resuspended. Place the
plate on the magnet until beads are captured completely.
Remove and discard the supernatant.

9. Repeat AM1 wash once.
10. Add 50 μL UB1 (wash buffer; Illumina) (vortexing the plate

is optional for UB1 washes). Place the plate on the magnet
until beads are captured completely. Remove and discard the
supernatant.

11. Repeat UB1 wash once. Immediately proceed to the steps in
Section 3.3.

3.3.
Extension–Ligation
and Elution

Allele-specific extension and ligation reactions of the hybridized
oligonucleotides take place simultaneously in a single incubation
(Fig. 10.1, step 3). The extended-and-ligated product forms
a synthetic template that is next eluted from the immobilized
genomic DNA and transferred to a PCR reaction plate.
1. Add 37 μL extension–ligation reagent (MEL; Illumina) to

each well. Vortex at 1,600 rpm for 1 min or until beads are
fully resuspended. Incubate in the preheated 45◦C heat block
for exactly 15 min.

2. During this incubation, user should proceed to setting up
the PCR plate: add 64 μL Titanium Taq DNA polymerase
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(Clontech) and 50 μL uracil DNA glycosylase (UDG; Illu-
mina) to one tube of fully thawed PCR master mix (MMP;
Illumina). Vortex the tube briefly to mix the contents. Use a
multichannel pipette to aliquot 30 μL of the resulting master
mix to each well of a new 96-well 0.2-mL microplate (plate
name: PCR). Set aside the plate until use (preferably in the
dark (e.g., a drawer) to protect the fluorescent primers in the
master mix).

3. Remove the ASE plate from the heat block. Reset the heat
block to 95◦C. Place the ASE plate on the magnet until beads
are captured completely. Remove and discard the supernatant.

4. Add 50 μL UB1 (vortexing is optional). Place the plate on
the magnet until beads are captured completely. Remove and
discard the supernatant.

5. Add 35 μL IP1. Vortex at 1,800 rpm or until beads are fully
resuspended.

6. Incubate the ASE plate in the preheated 95◦C heat block for
exactly 1 min. Place the plate back onto the magnet until beads
are captured completely.

7. Use a multichannel pipette to carefully transfer 30 μL super-
natant (see Note 9) from the first column of the ASE plate to
the PCR plate. Mix the contents by gently pipetting up and
down a few times. Discard the pipette tips.

8. Repeat the previous step for columns 2–12. Change tips
between columns.

9. Use a microseal ‘A’ film (Bio-Rad) to seal the plate with the
help of a sealing roller. The PCR plate can be transported
to a thermal cycler in the post-PCR area, and must never be
brought back to the pre-PCR area.

3.4. Universal PCR During the PCR, each extended-and-ligated product is amplified
with one of the two fluorophore-labeled universal primers (P1 or
P2, depending on the allele variant present; Fig. 10.1, step 4)
and a biotinylated universal primer (P3).
1. The settings below should be used for the thermal cycler: 37◦C

for 10 min (see Note 10); 95◦C for 3 min; 34 thermal cycles
(95◦C for 35 s; 56◦C for 35 s; 72◦C for 2 min); 72◦C for 10
min; 4◦C for 5 min; 10◦C for as long as needed.

3.5. Generation of
Single-Stranded DNA
for Hybridization to
VeraCode Beads

The non-fluorescent strand of PCR product is removed through
its 5′ biotin group (introduced by the universal primer P3;
Fig. 10.1, step 5).
1. Pulse-centrifuge the PCR plate at 250 ×g. To each well, add

20 μL of paramagnetic bead mix (MPB, fully resuspended by
vortexing and inverting several times; Illumina).

2. Use a multichannel pipette set to 85 μL, gently mix the sam-
ples in the first column by pipetting up and down a few times,
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and then transfer the entire contents to the corresponding
wells of a new filter unit assembly (see Note 11). Discard the
pipette tips.

3. Repeat the previous step for columns 2–12. Change tips
between columns.

4. Cover the filter unit assembly with the accompanying lid. Incu-
bate at RT, protected from light, for 1 h.

5. Centrifuge at 1,000 ×g for 5 min. Add 50 μL UB2 (wash
buffer; Illumina) to the upper plate of the assembly slowly and
gently, without disturbing the beads.

6. Centrifuge at 1,000 ×g for 5 min. Meanwhile, take a new
96-well V-bottom plate and dispense 30 μL of hybridization
reagent (MH2; Illumina) into each well (plate name: INT).

7. When centrifugation is finished, discard the bottom part of the
filter unit assembly, and replace with the INT plate. Confirm
that the A1 position of the filter plate matches the A1 position
of the INT plate.

8. Add 30 μL 0.1N NaOH to the upper plate of the assembly
slowly and gently, without disturbing the beads. Immediately
centrifuge the assembly at 1,000 ×g for 5 min (see Note 12).

9. The INT plate contains the single-stranded DNA ready to
hybridize to VeraCode beads (see below). Alternatively, the
INT plate can be stored at –20◦C until use. The lid and upper
plate of the filter unit assembly can be discarded.

3.6. Hybridization to
VeraCode Beads

The address sequence attached to the extended-and-ligated prod-
uct by the LSO (Fig. 10.1, steps 2 and 3) directs hybridization
to a specific type of VeraCode bead. Each VeraCode bead type
is manufactured with a high-density coat of oligonucleotides; the
sequence of which is the reverse complement of a unique address
sequence (Fig. 10.1, step 6).
1. Preheat the vortex incubator to 45◦C. Remove the VeraCode

Bead Plate (plate name: VBP) from 4◦C. Pulse-centrifuge at
250 ×g to ensure that all the bead pellets remain at the bottom
of the plate.

2. Neutralize 3 mL MH2 with 3 mL 0.1N NaOH in a solution
basin. Use a multichannel pipette to add 50 μL of neutralized
MH2 into each well of the INT plate.

3. Remove the cap mat from the VBP plate, and save the cap mat
for subsequent use. Use a multichannel pipette set to 100 μL,
gently mix the first column of samples in the INT plate by
pipetting up and down, and then transfer 100 μL to the cor-
responding wells of the VBP plate. Discard the pipette tips.

4. Repeat the previous step for columns 2–12. Change tips
between columns.

5. Reapply the cap mat to the VBP plate with a cap mat appli-
cator. Secure the plate in the preheated vortex incubator. Use
another 96-well plate as a balance.
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6. With the incubator lid closed, shake the VBP plate at 850 rpm
for 3 h at 45◦C.

7. Pulse-centrifuge at 250 ×g to collect any condensation.
8. Add 200 μL VeraCode bead wash buffer (VW1; Illumina), and

make sure to agitate the bead pellets. Gently swirl the plate in a
circular motion on the bench top. Aspirate off the supernatant
with the vacuum manifold (at 50 mbar).

9. Repeat VW1 wash once. The VBP plate is ready to be scanned
by a BeadXpress Reader. Alternatively, the VBP plate can be
stored at RT, protected from light, for up to 72 h.

3.7. Scanning
VeraCode Bead Plate

The VeraCode Bead Plate is scanned in the BeadXpress Reader
(Fig. 10.1, step 7).
1. Connect and initialize the BeadXpress Reader from the com-

puter. Prime the fluidics.
2. Load the VBP plate onto the tray. Make sure that the plate is

correctly oriented with A1 of the plate matching the engraved
A1 on the reader tray.

3. Load VeraCode assay scan settings (see Note 13). Start the
scan (see Note 14 for example scan times).

4. GoldenGate Genotyping Assay data consists of green and red
fluorescence intensity values for each VeraCode bead type (cor-
responding to a specific SNP locus), and can be analyzed by
the BeadStudio software package (Illumina; see Note 15).

4. Notes

1. Due to the serious concern of retrograde contamination by
amplicons generated in the universal PCR (Fig. 10.1, step
4), the GoldenGate Genotyping Assay requires the steps
before the universal PCR (steps 1–3) to be performed in a
physically separate, dedicated lab area. In addition, the pre-
PCR area should be routinely cleaned and monitored for
contaminant levels. Every lab must establish procedures for
preventing PCR amplicon contamination and train new users
properly. The procedures should include, but may not be
limited to, the following guidelines: (a) store all area-specific
supplies separately, and do not share supplies between areas;
(b) when working in the pre-PCR area, users should wear
gloves and lab coats (which are meant to stay in the pre-
PCR area) at all times; (c) users should decontaminate the
bench top with 10% bleach before and after use; (d) wipe
contamination hot spots (e.g., door/refrigerator/freezer
handles, computer mouse, and keyboards) often with 10%
bleach; (e) mop floors with freshly diluted 10% bleach weekly;
and (f) anything that falls to the floor is treated as con-
taminated, and non-disposable items that fall to the floor
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should be decontaminated with 10% bleach immediately.
Care should be taken, however, not to overwhelm the area
with bleach fumes because they can degrade the fluorescent
dyes on the PCR primers. As an added precaution, oligonu-
cleotide pools received from Illumina contain internal con-
trols which can serve as an indicator when significant con-
tamination has occurred.

2. The displayed speed of the pre-PCR microplate vortexer may
differ from the actual speed. It is important to use a digital
stroboscope to calibrate the vortexer periodically for the fol-
lowing speeds: 1,800, 2,000, and 2,300 rpm. Each lab may
want to establish its own lookup table for displayed and actual
speeds. Using an uncalibrated vortexer may cause the samples
to splash and increase the likelihood of cross-contamination.

3. Use the heated lid for all incubations done in the heat block
to minimize condensation.

4. From this step on, unless noted otherwise, dispensing reagent
into the sample plate can be done for all columns using the
same set of eight pipette tips if the tips touch only the top
edge of the wells. However, if it is suspected that the tips
may have become contaminated with the contents of the well,
they should be discarded and replaced immediately.

5. Unless noted otherwise, always use a clear adhesive film with
the help of a sealing roller to seal the plate before vortexing.

6. For long-term storage –20◦C is recommended. However, if
stored frozen, the contents of the plate need to be fully resus-
pended prior to use after thawing.

7. Cooling from 70 to 30◦C takes approximately 2.5 h. Alter-
natively, the plate may be left in the heat block at 30◦C
overnight for up to 16 h.

8. If an Illumina-recommended raised bar magnet is used, the
beads in odd-numbered columns will be pulled to the right
wall of the wells, and the beads in even-numbered columns,
to the left. When removing unwanted supernatant from a
plate using a multichannel pipette, the pipette should be
set to a volume slightly greater than the volume of super-
natant to be removed (e.g., 60 μL if removing 50 μL of
supernatant). Next, push the tips almost down to the bot-
tom of the wells, gently touching the side opposite where the
beads are captured (left if odd-numbered columns, and right
if even-numbered columns) but not touching the bead pel-
lets. By doing so, it is not necessary to change pipette tips
until the entire plate has been processed. Remember to visu-
ally inspect the pipette tips upon drawing the liquid. If beads
are visible (brownish-turbid), return the liquid into the same
wells, change pipette tips and allow the magnet to re-capture
the beads.
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9. The supernatant now contains the extended-and-ligated
product, while leaving the biotinylated genomic DNA tem-
plate behind on the paramagnetic beads.

10. The PCR master mix (MMP) contains dUTP instead of
dTTP. The incorporation of dUTP does not affect down-
stream analysis, but offers an effective measure for controlling
PCR contamination that would otherwise affect the accu-
racy of the assay. An initial incubation of 37◦C for 10 min
in the PCR cycling conditions allows UDG to digest away
any dUTP-incorporated PCR product existing prior to the
current PCR (= contaminant).

11. The filter unit should be assembled in this order, from bot-
tom up: a 96-well V-bottom plate (Corning); filter plate
adaptor (Illumina); MultiScreen filter plate; and lastly the lid
(Millipore).

12. Due to the sensitivity of the fluorescent dyes to 0.1 N
NaOH, proceed with this step quickly. Prolonged incubation
with NaOH is unnecessary. Almost instantly, the fluorescent
strand is dissociated from the complementary strand that gets
retained by the streptavidin-coated paramagnetic beads. Cen-
trifugation must proceed within 5 min to prevent damage to
the assay products.

13. Instructions for scan settings and a template file are provided
with the BeadXpress Reader.

14. For 96-plex assays, the BeadXpress Reader scans about
80 samples per hour (= 128 genotype calls per minute). For
384-plex assays, the BeadXpress Reader scans about 24 sam-
ples per hour (= 154 genotype calls per minute).

15. The genotyping module of the BeadStudio software pack-
age consists of several features that allow automatic sample
clustering and genotype calling for custom SNP genotyping
assays.
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Chapter 11

The Use of Maternal Plasma for Prenatal RhD
Blood Group Genotyping

Kirstin Finning, Pete Martin, and Geoff Daniels

Abstract

Alloimmunization to the blood group antibody anti-RhD (anti-D) is the most common cause of
hemolytic disease of the fetus and newborn. Knowledge of fetal D type in women with anti-D makes
management of the pregnancy much easier and avoids unnecessary procedures in those women with a
D-negative fetus. Fetal D typing can be performed by detection of an RHD gene in cell-free DNA in the
plasma of D-negative pregnant women. The technology involves real-time quantitative polymerase chain
reactions targeting exons 4, 5, and 10 of RHD, with the exons 4 and 10 tests performed as a multiplex.
Testing for SRY in multiplex with the RHD exon 5 test provides an internal control for the presence of
fetal DNA when the fetus is male. Fetal D typing has become the standard of care in England in pregnant
women with a significant level of anti-D.

Key words: Blood groups, Rh, D, fetal testing, free fetal DNA, hemolytic disease of the fetus
and newborn.

1. Introduction

1.1. Fetal RHD
Genotyping for
Assessing Risk of
Hemolytic Disease of
the Fetus and
Newborn

Hemolytic disease of the fetus and newborn (HDFN) results
from the immune destruction of fetal erythroid cells by maternal
IgG antibodies, following their transfer across the placental bar-
rier (1). Alloimmunization against the RhD (D or RH1) red cell
surface antigen was the commonest cause of fetal and neonatal
morbidity and mortality prior to introduction of prophylaxis with
RhD immunoglobulin (Ig) in the 1960s. Despite the success of
anti-D immunoglobulin prophylaxis in substantially reducing the
prevalence of HDFN caused by anti-D, some D-negative women
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still produce anti-D. In the UK alone about 500 fetuses develop
HDFN each year, leading to 25–30 deaths (2).

The most common use of molecular blood group genotyping
is for predicting the D type of the fetus of a woman with anti-
D, to assist in assessing the risk of HDFN (3–5). If the fetus is
D-positive, it is at risk from HDFN and the appropriate manage-
ment of the pregnancy can be arranged; if it is D-negative, there
is no risk and unnecessary invasive procedures can be avoided.
The usual source of fetal DNA is now cell-free fetal (cff) DNA in
maternal plasma. This fetal DNA represents 3–6% of free DNA in
the mother’s blood (6) and cannot be separated from the mater-
nal DNA, creating complications in testing and providing suitable
controls. The use of cff-DNA avoids the invasive procedures of
amniocentesis and chorionic villus sampling. At the International
Blood Group Reference Laboratory in England, we have devel-
oped a method for testing for RHD in cff-DNA and use this to
provide a service for fetal blood group genotyping in alloimmu-
nized pregnant women (5,7).

After anti-D, the next most common causes of HDFN are
anti-K (KEL1) and anti-c (RH4), and anti-E (RH3) and anti-C
(RH2) are occasionally implicated (1). We have also developed
methods for predicting K, c, C, and E phenotypes from testing
cff-DNA in maternal plasma (8), but these will not be described
here.

1.2. Genetics of RhD Rh phenotypes are controlled by RHD and RHCE a pair of
homologous genes on chromosome 1, which have ten exons each
and share about 94% identity (9). In people of European origin,
the D-negative phenotype almost always results from homozy-
gosity for a complete deletion of RHD (10). Most D-positive
people are either homozygous or hemizygous for RHD. Variant
haplotypes exist in which all or part of a RHD is present, but
no D antigen is expressed on the red cells, and in which some
or most of RHD is missing, yet some D epitopes are expressed
(9). Fortunately, most of these RHD variants are rare, but there
is one, RHD�, that is particularly important because it is com-
mon in people of African origin (11). RHD� contains all ten
exons, but is inactive because of two inactivating mutations: a
37 bp duplication in exon 4 and a nonsense mutation in exon
6. There are also four characteristic single nucleotide changes in
exons 4 and 5. Another abnormal gene that is relatively com-
mon in Africans and produces no D antigen, despite the presence
of some RHD exons, is RHD–CE–DS . This hybrid gene com-
prises exons 1 and 2, the 5′ end of exon 3, and exons 9 and
10 from RHD, and the 3′ end of exon 3 and exons 4–8 from
RHCE (12).
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2. Materials

2.1. Maternal Blood
Processing

1. Conical tubes, 15 mL (BD Biosciences, B9320 Erem-
bodegem, Belgium, 352096).

2. Screwcap microtubes, 1.6 mL (BioQuote, York, UK 14201).
3. Aerosol-resistant disposable filter pipette tips (Anachem Ltd,

Luton, Bedfordshire, UK, RT-1000F, RT-100F).

2.2. Extraction of DNA
from Maternal Plasma

1. QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany).
Contains buffer AL, wash buffers AW1, AW2, QIAamp spin
columns, lysis tubes and elution tubes (see Note 1). Store at
room temperature.

2. Qiagen protease (Qiagen). Store at 4◦C.
3. Collection tubes, 2 mL (Qiagen).
4. Ethanol, 100% (Sigma, Steinheim, Germany). Store at room

temperature.
5. Aerosol-resistant disposable filter pipette tips (Anachem RT-

1000F, RT-200F, RT-100F).
6. Microtubes, 1.5 mL (Anachem).

2.3. Real-Time
Quantitative PCR

1. Primers and probes are listed in Table 11.1 (also see Note 2).
Reconstitute primers and probes with nuclease-free water to
1mM and store at –30◦C. Make 5 μM working solutions of
each primer and probe and store at –30◦C. Probes should be
protected from light during storage.

2. TaqMan Universal PCR Master Mix 2× (Applied Biosystems,
Foster City, CA, USA). Store at 4◦C.

3. Nuclease-free water (Sigma). Aliquot and store at room tem-
perature for up to 12 months.

4. Microtubes, 1.5 mL (Anachem).
5. Human male genomic DNA (Promega, Madison, USA).

Dilute in nuclease-free water to 20 ng/μL and store at –30◦C
in 20 μL aliquots. This is DNA prepared from pooled male
blood. It will provide the DNA for standard curve generation
and will also be the “positive control” (D POS) for the RHD
exons and SRY.

6. Control DNAs (prepared in house from whole blood). Dilute
to and store at the following concentrations: female D-
negative (2 ng/μL), the “negative control” (D NEG) for all
RHD exons and SRY; RHD�-positive DNA (0.1 ng/μL), a
negative control (RHD�) for RHD exon 4 and 5.

7. Optical reaction PCR plates, 96-well (Applied Biosystems) and
MicroAmp Optical Caps (Applied Biosystems). Store at room
temperature in sealed plastic bags.

8. Aerosol-resistant disposable filter pipette tips (Anachem RT-
1000F, RT-200F, RT-100F, RT-10GF).
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Table 11.1
Primers and probes for real-time PCR detection of DNA in maternal plasma

Name Sequence (5′ to 3′) Specificity

RHDEX4 F CTG CCA AAG CCT CTA CAC G RHD

RHDEX4 R ATG GCA GAC AAA CTG GGT GTC RHD

RHDEX4 P (FAM)-TTG CTG TCT GAT CTT TAT
CCT CCG TTC CCT-(TAMRA)

RHD

RHDEX5 F CGC CCT CTT CTT GTG GAT G RHD

RHDEX5 R GAA CAC GGC ATT CTT CCT TTC RHD

RHDEX5 P (FAM)-TCT GGC CAA GTT TCA ACT
CTG CTC TGC T-(TAMRA)

RHD

RHDEX10 F CCT CTC ACT GTT GCC TGC ATT RHD, RHD�

RHDEX10 R AGT GCC TGC GCG AAC ATT RHD, RHD�

RHDEX10 P (VIC)-TAC GTG AGA AAC GCT CAT GAC
AGC AAA GTC T-(TAMRA)

RHD, RHD�

SRY F TGG CGA TTA AGT CAA ATT CGC SRY

SRY R CCC CCT AGT ACC CTG ACA ATG TAT T SRY

SRY P (VIC)-AGC AGT AGA GCA GTC AGG
GAG GCA GA-(TAMRA)

SRY

CCR5 F TAC CTG CTC AAC CTG GCC AT CCR5

CCR5 R TTC CAA AGT CCC ACT GGG C CCR5

CCR5 P (FAM)-TTT CCT TCT TAC TGT CCC CTT
CTG GGC TC-(TAMRA)

CCR5

3. Methods

DNA is extracted from maternal plasma and amplified by real-
time PCR to detect the presence of fetal RHD and/or SRY genes
if the baby is D-positive and/or male. Three exons of the RHD
gene are targeted: the primers for exons 4 and 5 are designed to
amplify only the RHD gene and not RHD�; the primers for exon
10 will amplify both genes (see Note 3). The amplification of a
ubiquitous gene, CCR5, is used to confirm the successful extrac-
tion of maternal DNA, to quantify the amount of maternal DNA
in the sample and to highlight the potential presence of maternal
silent RHD genes. The fetus is predicted to be D-positive
or D-negative depending on the cycle threshold (Ct) values
obtained for the RHD assays (see Note 4). Control wells are run
concurrently to ensure the assays are performing optimally.
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Gloves should be worn at all times when handling samples
and reagents and should be changed frequently between steps
and if they become contaminated. Pipette tips should be changed
between liquid transfers to avoid cross-contamination. For the
same reason, open only one tube at a time. Briefly pulse spin
microtubes after mixing steps to remove droplets from the top
of the tube and the tube lid.

3.1. Maternal Blood
Processing ( see
Note 5)

1. Two 6 mL EDTA blood tubes are pooled into a 15 mL tube
and centrifuged at 4,000 × g for 10 min.

2. The plasma layer is carefully removed to a new 15 mL tube
leaving at least 1 mL plasma above the buffy coat. Mix the
transferred plasma by inverting the tube several times, then
transfer 1 mL aliquots of plasma into labeled 1.6 mL micro-
tubes.

3. Centrifuge microtubes at 4,600 × g for 10 min in a microfuge.
4. Remove 800 μL aliquots of plasma into fresh microtubes with-

out disturbing the cell pellet. Aliquots of plasma may either be
used immediately or stored at –30◦C until required.

3.2. DNA Extraction
from Maternal Plasma

1. Use one 800 μL plasma aliquot per patient and allow to thaw
at room temperature if frozen (see Note 6).

2. Add 60 μL Qiagen protease to the plasma and mix by vor-
texing.

3. Add 400 μL buffer AL to each of two 1.5 mL (lysis) tubes,
then add 430 μL of the plasma/protease mix to each tube.
Mix by vortexing.

4. Incubate tubes in a waterbath at 56◦C for 15 min.
5. Add 400 μL ethanol to each tube and mix by vortexing.

Leave for 5 min at room temperature.
6. Using one spin column per patient, load 600 μL lysate to the

spin column and microcentrifuge for 1 min at ≥6,000 × g.
7. Remove spin column to new 2 mL collection tube and repeat

step 6 until all the lysate has been spun through the column
(four centrifugation spins in total). Remove spin column to a
new collection tube.

8. Add 500 μL wash buffer AW1 to the column and centrifuge
at full speed (15,000–20,800 × g) for 1 min.

9. Remove spin column to a new collection tube and add 500
μL wash buffer AW2. Centrifuge at full speed (15,000–
20,800 × g) for 1 min.

10. Remove spin column to a new collection tube and centrifuge
at full speed (15,000–20,800 × g) for 3 min to dry the col-
umn completely.

11. Remove spin column to a new 1.5 mL (elution) tube. Add
55 μL nuclease-free water directly to the center of the spin
column membrane. Close the lid and incubate for 1 min
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at room temperature. Centrifuge at full speed (15,000–
20,800 × g) for 1 min to elute the DNA. Discard spin col-
umn and close lid of elution tube. The DNA can be used
directly in PCR or stored for several hours at 4◦C or on ice.
Freezing the DNA once extracted is not recommended as this
may result in loss of fetal DNA.

3.3. Real-Time PCR 1. Prepare DNA standards for standard curve generation (see
Note 7).
a. Thaw an aliquot of male human DNA (20 ng/μL; stan-

dard 1) at room temperature.
b. Make a standard curve DNA dilution series. Add 45 μL

nuclease-free water to each of three 1.5 mL tubes.
c. Add 5 μL standard 1 to one tube containing 45 μL water

to make standard 2 (2 ng/μL). Mix well.
d. Add 5 μL standard 2 to one tube containing 45 μL water

to make standard 3 (200 pg/μL). Mix well.
e. Add 5 μL standard 3 to one tube containing 45 μL water

to make standard 4 (20 pg/μL). Mix well.
2. Thaw aliquots of the negative controls (D NEG and RHD�)

at room temperature.
3. Prepare PCR reaction mixes:

a. Prepare the RHD exon 4 + 10 reaction mix. Four × 20
μL of each reaction mix is needed per patient sample,
plus 14 × 20 μL for controls. The final reaction volume
should be increased by 10% to allow for loss during pipet-
ting. A bulk mix should be made by multiplying up for
the required volume (e.g., for one patient sample, make a
20 × 20 μL bulk mix). For 1 × 20 μL RHD exon 4 + 10
reaction mix the following reagents should be combined
in a clean 1.5 mL tube and mixed by vortexing: 12.5 μL
TaqMan Universal PCR Master Mix, 1.5 μL RHD exon
4 forward primer (5 μM), 1.5 μL RHD exon 4 reverse
primer (5 μM), 1.5 μL RHD exon 10 forward primer (5
μM), 1.5 μL RHD exon 10 reverse primer (5 μM), 0.25
μL RHD exon 4 probe (5 μM), 0.25 μL RHD exon 10
probe (5 μM), 1.0 μL nuclease-free water.

b. Prepare the RHD exon 5 + SRY reaction mix, making a
bulk mix as described in step 3a. For 1 × 20 μL RHD
exon 5 + SRY reaction mix, the following reagents should
be combined in a clean 1.5 mL tube and mixed by vor-
texing: 12.5 μL TaqMan Universal PCR Master Mix, 1.0
μL RHD exon 5 forward primer (5 μM), 1.0 μL RHD
exon 5 reverse primer (5 μM), 1.5 μL SRY forward primer
(5 μM), 1.5 μL SRY reverse primer (5 μM), 0.25 μL
RHD exon 5 probe (5 μM), 0.5 μL SRY probe (5 μM),
1.75 μL nuclease-free water.
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c. Prepare the CCR5 reaction mix. Reaction mix of 2 ×
20 μL is required for each patient sample. In addition,
12 × 20 μL mix is needed for the DNA standard curve.
The final reaction volume should be increased by 10% to
allow for loss during pipetting. A bulk mix should be made
by multiplying up for the required volume (e.g., for one
patient sample, make a 16 × 20 μL bulk mix). For 1 ×
20 μL CCR5 reaction mix the following reagents should
be combined in a clean 1.5 mL tube and mixed by vor-
texing: 12.5 μL TaqMan Universal PCR Master Mix, 1.0
μL CCR5 forward primer (5 μM), 1.0 μL CCR5 reverse
primer (5 μM), 0.5 μL CCR5 probe (5 μM), 5.0 μL
nuclease-free water.

4. Prepare the 96-well reaction plate: Load 20 μL of the rel-
evant PCR reaction mixes into the wells of a 96-well PCR
plate; a suggested plate plan showing allocation of wells for
each patient sample, the controls, and standards for each of
the assays is indicated in Table 11.2 (see Note 8).
a. Load 5 μL of maternal plasma DNA to the wells assigned

to patient test samples.
b. Load 5 μL control DNA and standard DNA to the appro-

priate wells.
c. Load 5 μL nuclease-free water to each no-template con-

trol (NTC) well.
5. Seal plate and centrifuge at 1,000 rpm for 1 min to remove

air-bubbles and to ensure all liquid is pooled in bottom of the
wells.

6. Run the PCR using the following reaction conditions: 50◦C
for 2 min; 95◦C for 10 min; 45 cycles with 95◦C for 15 s and
60◦C for 1 min.

3.4. Interpretation of
Results

1. Analyze the reaction (see Note 9): A negative result (no PCR
amplification) is indicated by a Ct value of 45. A positive result
(PCR product produced) is indicated by a Ct value <42.

2. Control and quality validation:
a. Negative control and NTC: not more than one replicate

should have a Ct value <42. If more than one negative
control or more than one NTC control has a Ct <42,
this could indicate the PCR is contaminated; the assay has
failed and results are unreliable (see Note 10).

b. Positive controls: all replicates should have Cts <42 for
all RHD exons and for SRY, otherwise this could indicate
that the reaction is not performing optimally and results
will be unreliable.

c. The slope of the standard curve should be between –3.5
and –4.5 for accurate DNA quantitation. The predicted
mean amount of maternal plasma DNA per well should
be <10 ng. If it is higher than this, the plasma contains
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excessive amounts of maternal DNA, which could interfere
with detection of fetal DNA (see Note 11).

3. Check the amplification plots for each RHD exon, SRY, and
CCR5 for patient samples. The fetus is predicted to be D-
positive if at least 2/4 replicates for RHD exons 4, 5, and
10 are positive (i.e., Ct value <42), with an additional three
positive replicates from any of the RHD exons (meaning that
a total of at least 9/12 replicates must be positive) (Fig. 11.1
and see Note 12).

Fig. 11.1. Real-time PCR amplification plots obtained from DNA in maternal plasma; the presence of four positive repli-
cates for each of RHD exons 4, 5, and 10, and the lack of positive replicates for SRY, indicate that the fetus is D-positive
(and female).
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4. If, however, the difference between any Ct value for RHD
exon 10 and CCR5 (Ct exon 10 – Ct CCR5) is less than 2,
this could indicate that the mother has an unexpressed RHD
gene and the test results may be unreliable (Fig. 11.2). Fur-
ther investigation of the maternal genome should be carried
out using the frozen buffy coat (see Note 13).

Fig. 11.2. Real-time PCR amplification plots obtained when the mother has an unexpressed RHD gene. If the difference
in Ct values between RHD exon 10 and CCR5 (Ct exon 10 – Ct CCR5) is less than 2, this could identify the presence of
a maternal silent gene (either RHD�, RHD-CE-DS, or a D-variant RHD gene). In the example shown, low Ct values were
obtained for all RHD exons suggesting that the mother has a largely intact RHD gene; further investigation showed her to
have a weak D phenotype and therefore it was not possible to determine the fetal RHD genotype from maternal plasma.
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5. The fetus can be predicted to be D-negative if no replicates, or
only 1/12 replicates, are positive. The remaining 11/12 repli-
cates should be negative (i.e., Ct values of 45) (Fig. 11.3 and
see Note 14). If the fetus is predicted to be D-negative, the
SRY result may be used to confirm the presence of fetal DNA
if the fetus is male. We recommend that at least 2/4 replicates
of SRY should be positive (Ct values <42) to confirm the pres-
ence of fetal DNA (see Note 15).

Fig. 11.3. Real-time PCR amplification plots obtained from DNA in maternal plasma. The lack of any positive replicates
for each of RHD exons 4, 5, and 10, but the positive replicates for SRY, indicate that the fetus is D-negative (and male).
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6. If RHD exon 10 replicates are positive, but exons 4 and 5
are negative, this could indicate that the fetus has a D-variant
RHD gene, has RHD�, or has the hybrid RHD-CE-DS gene.

4. Notes

1. The kit contains lysis, elution, and collection tubes. How-
ever, extra amounts of these are required to deal with the
larger volume of plasma than that intended in the manufac-
turer’s protocol. Sterile nuclease-free 1.5 mL microtubes can
be used in place of the lysis and elution tubes. Additional col-
lection tubes are available from Qiagen. It is not advisable to
reuse the collection tubes as eluate may be transferred to the
bottom of the spin column, which can result in a reduction
in DNA yield.

2. We suggest using HPLC or PAGE purified primers, as they
give an increased batch-to-batch consistency of performance.
FAM-labeled probes can be purchased from a variety of
sources (e.g., Sigma-Genosys); VIC-labeled probes are only
available from Applied Biosystems. In our experience, the
performance of FAM and VIC labeled probes in multiplex
reactions is superior to that of probes labeled with other dyes.

3. Fetal RHD genotyping may also be accomplished by target-
ing alternative exons, exon 7 being a popular choice (4).
However, if the test population were likely to contain indi-
viduals of black African descent, we would strongly recom-
mend that an assay, such as that for exon 5 as described here,
is also used to prevent false-positive results arising from the
presence of RHD�.

4. TaqMan real-time PCR relies upon PCR primers to define
the specificity of the reaction and a probe with reporter
and quencher dyes attached. If the target DNA sequence is
present, the increase in PCR product formation is monitored
by the increase in probe reporter dye fluorescence through-
out each cycle and converted by the software into an amplifi-
cation plot (increase in reporter dye fluorescence versus PCR
cycle). The cycle at which the reporter dye reaches a thresh-
old level of fluorescence (Ct) is dependent on the starting
amount of target DNA present. The more target DNA is
present in a sample at the start of PCR, the lower the Ct
value.

5. Maternal blood should be processed within 48 h of venipunc-
ture to reduce the amount of maternal DNA in the plasma
resulting from breakdown of maternal white cells. At each
stage, the centrifuge settings should be set to minimize phys-
ical disruption to the blood, i.e., slow speed increase and no
brake on slowdown. After the initial centrifugation, any sign
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of hemolysis should be noted as this may reduce the quality
of the DNA. Care should be taken not to disturb the buffy
coat layer when transferring tubes from the centrifuge and
when withdrawing plasma. It is advisable to take and store
at –30◦C a small amount of maternal buffy coat (e.g., 50
μL buffy coat mixed with 150 μL water) for later analysis of
maternal genome if necessary.

6. The plasma should be completely thawed before use. If a
cryoprecipitate is seen in the plasma, centrifuge the tube at
4,600 × g for 1 min to pellet the precipitate and remove the
plasma to a fresh tube.

7. The standard DNA should be made up just prior to setting
up the PCR and discarded after each assay set up. Great care
should be taken not to contaminate reagents, test DNA, or
PCR plate wells with control DNA or standard DNA.

8. Four patient samples are comfortably accommodated on one
96-well plate; five may be fitted on if non-consecutive wells
are used.

9. Using the ABI 7700 or ABI 7900 sequence detector the
baseline should be set between 3 and 15 cycles and the
threshold at 0.03 (ABI 7700) or 0.06 (ABI 7900) for both
FAM and VIC dyes. These settings may not be suitable
for other real-time PCR machines; the correct baseline and
threshold settings need to be established in-house and mea-
surements must be taken during the exponential phase of the
PCR. The settings will affect the Ct values of the test results
and possible interpretation of the results.

10. Theoretically all negative control and NTC wells should have
a Ct of 45 (i.e., no PCR amplification) because the target
DNA sequence was not present In practice, however, it is
almost impossible to prevent fluorescent signal from being
detected in these wells every time (possibly due either to con-
tamination of very small amounts of airborne DNA or arti-
facts causing non-specific amplification or fluorescence). If
contamination of the reaction is suspected, working stocks of
reagents should be discarded and fresh stocks made. If nec-
essary, purchase new reagents, primers, probes, etc.

11. We use a maximum cut-off value of 10ng DNA per well
(equivalent to 125 ng DNA per mL maternal plasma).
Although the assay may still be viable if the maternal DNA
concentration is greater than this, if the blood is received
within 48 h of venipunture the DNA concentration rarely
exceeds this.

12. For positive results, it is important to ensure that all exons
show some amplification; this will help prevent mis-typing
of rare RHD variant genes which have some RHD exons
replaced by the corresponding exon of the homologous
RHCE gene.
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13. DNA could be extracted from the maternal buffy coat and
various PCRs (and possibly DNA sequencing) carried out
to elucidate the nature of the maternal RHD gene. If the
mother is thought to carry RHD� or an RHDVI variant
gene, it may still be possible to genotype the fetus. In our
laboratory, when this situation occurs, we extract DNA from
a further aliquot of plasma and perform real-time PCR for
RHD exon 5 and SRY (as well as CCR5 as described) using
eight replicates per patient. The fetus is predicted to be D-
positive if at least 5/8 replicates are positive for RHD exon
5, and D-negative if zero or one replicate is positive.

14. In practice, if between two and four replicates (not more than
two from any exon) are positive, we repeat the assay using
freshly prepared plasma DNA. If after the repeat assay, the
total combined number of positive replicates from the two
assays is ≤4, the fetus can be predicted to be D-negative.

15. Detection of SRY is not an ideal control to confirm the pres-
ence of fetal DNA in maternal plasma, as it is only applicable
for male fetuses. Detection of paternally inherited biallelic
insertion/deletion polymorphisms which are not present in
the maternal genome may be used to indicate presence of
fetal DNA (13). However, unless the assay for the paternally
inherited marker and for the RHD are multiplexed and tested
in the same tube, there is still the possibility that a paternally
inherited marker may be detected but RHD remains unde-
tected. At present there is no universal marker to indicate the
presence of fetal DNA. It is possible that in the future dif-
ference in the methylation status of maternal and fetal genes
may be used to provide a fetal control (14).
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Chapter 12

Nanoliter High-Throughput PCR for DNA and RNA Profiling

Colin J. H. Brenan, Douglas Roberts, and James Hurley

Abstract

The increasing emphasis in life science research on utilization of genetic and genomic information under-
lies the need for high-throughput technologies capable of analyzing the expression of multiple genes
or the presence of informative single nucleotide polymorphisms (SNPs) in large-scale, population-based
applications. Human disease research, disease diagnosis, personalized therapeutics, environmental moni-
toring, blood testing, and identification of genetic traits impacting agricultural practices, both in terms of
food quality and production efficiency, are a few areas where such systems are in demand. This has stim-
ulated the need for PCR technologies that preserves the intrinsic analytical benefits of PCR yet enables
higher throughputs without increasing the time to answer, labor and reagent expenses and workflow com-
plexity. An example of such a system based on a high-density array of nanoliter PCR assays is described
here. Functionally equivalent to a microtiter plate, the nanoplate system makes possible up to 3,072
simultaneous end-point or real-time PCR measurements in a device, the size of a standard microscope
slide. Methods for SNP genotyping with end-point TaqMan PCR assays and quantitative measurement
of gene expression with SYBR Green I real-time PCR are outlined and illustrative data showing system
performance is provided.

Key words: 5′-exonuclease assay, TaqMan PCR, SNP genotyping, nanofluidic, high-throughput
genotyping, SYBR Green I real-time PCR, nanoliter PCR, quantitative PCR.

1. Introduction

The shift in life science research from de novo discovery to
utilization of genetic and genomic information underlies the need
for high throughput technologies capable of analyzing the expres-
sion of multiple genes or the presence of informative single
nucleotide polymorphisms (SNPs) across large numbers of spec-
imens. Human disease research (1–3), disease diagnosis (4, 5),
environmental monitoring and testing (6), blood testing (7, 8),
and identification of genetic traits impacting agricultural practices

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
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(9–11), both in terms of food quality and production efficiency,
are a few areas where such systems are in demand.

The polymerase chain reaction (PCR) has become the stan-
dard for detection and quantification of targeted nucleic acid
sequences in a sample. Although strategies for increasing PCR
throughput are varied (12–15), common to each is the goal of
preserving the intrinsic analytical benefits of PCR yet at the same
time enabling more PCR analyses to be performed without an
increase in labor and reagent expenses, analysis time, and work-
flow complexity.

Described here is an approach based on the simultaneously
processing of PCR assays in a high density, rectilinear array of
etched 3,072 through-holes in a thin stainless steel platen (25 mm
× 75 mm x 0.3 mm) with polymer coatings engineered to make
the inside surface of each hole hydrophilic and PCR-compatible
and the exterior surface of the plate hydrophobic (16–18). The
through-holes are grouped in 48 subarrays of 64 holes each and
spaced on a 4.5 mm pitch equal to that of wells in a 384-well
microplate (Fig. 12.1). Each 33 nanoliter hole in the nanotiter
plate is a separate and fluidically isolated container into which
primer or primer-probe pairs are deposited in such a way that
each through-hole in the plate can support a different PCR assay.
Once a platen is fully populated with primer or primer–probe
pairs, the solvent is evaporated in a controlled manner leaving the
primers immobilized on the inside surface of each through-hole.
The primer/primer-probe deposition process and quality control
is performed at BioTrove Inc., the nanotiter plate supplier, rather
than at the user’s site. The company provides plates to the user
pre-loaded with primers for their application.

The nanoplate system supports TaqMan or SYBR Green I
PCR chemistry for end-point analyses and SYBR Green I PCR
chemistry for real-time quantitative PCR (qPCR). A key advan-
tage of this system is its compatibility with commercially avail-
able DNA or RNA preparation methods developed for PCR in
microplates. The analysis workflow (Fig. 12.2) begins with the
samples arrayed in a microplate, mixed with off-the-shelf PCR
reagents and then transferred into each nanoplate subarray (or a
portion of a subarray) by a block of automated 48 pipette tips.
The high accuracy and precision of fluid dispensing with this
method is based on the combination of capillary action and the
precise dimensions of the through-holes etched in the stainless
steel platen. A great deal of flexibility in experimental design is
inherent to this fluid transfer scheme, allowing a large number
of assay–sample combinations to be analyzed starting with one
sample per nanoplate and 3,072 PCR assays interrogating that
sample or 144 samples per nanoplate and 16 PCR assays against
each sample.
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Fig. 12.1. Nanoplate design. The nanoplate is a stainless steel platen, the size of a microscope slide (25 mm × 75 mm
× 0.3 mm) with a rectilinear array of 3,072 micro-machined, 320 m diameter holes of 33 nL each. The 48 groups of 64
holes are spaced at 4.5 mm to match the pitch of the wells in a 384-well microplate. A PCR compatible poly(ethylene
glycol) hydrophilic layer is covalently linked to the interior surface of each hole and a hydrophobic fluoroalkyl layer is
bonded to the exterior surface of the platen. The surface tension differential between the interior and exterior surfaces
results in the isolated retention in each through-hole of PCR reagents and sample introduced into the nanotiter plate.

Once loaded with sample and PCR reagents, the platen is
inserted into a glass-walled cassette containing an immiscible per-
fluorinated liquid (FluorinertTM) to prevent evaporation during
thermal cycling. The cassette is hermetically sealed with UV cur-
able epoxy and is ready for thermal cycling. The workflow at this
point bifurcates depending on whether the application requires
end-point or real-time PCR. Blood typing by SNP genotyping of
adult human blood samples with 64 SNPs by TaqMan end-point
PCR is an example of DNA profiling. DNA is isolated and puri-
fied from each sample using a standard DNA prep kit for whole
blood. Measurement of 64 SNPs (one subarray) in one sample
requires a starting DNA concentration of >75 ng/uL to achieve
>0.5 ng of DNA in each TaqMan reaction after dilution of the
sample by PCR reagents and dispensing into the nanoplate. After
the cassette is sealed, it can be thermal cycled in one of several
commercially available flat block thermal cyclers to an end-point
and then imaged in a computer-controlled imager (NT Imager)
to record the VIC and FAM dye fluorescent signals that distin-
guish the homozygote and heterozygote SNP genotypes. This
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Fig. 12.2. Nanoplate workflow. The nanoplate workflow is similar for both end-point and real-time PCR applications.
Preparation of DNA and RNA samples for nanoplate analysis use commercially available preparation kits and loading the
sample and PCR master mix into the nanoplate is the same for either application. The nanoplate is then thermally cycled
to an end point and imaged or imaged during thermal cycling for real-time PCR.

workflow is readily scalable for batch processing several tens of
nanotiterplates in an 8-h day for genotyping many hundreds of
samples with a panel comprising tens of SNPs, reaching a sus-
tainable throughput of up to 98,000 SNP analyses per person per
8-hr shift.

The workflow for RNA profiling of a sample in the nanoplate
with SYBR Green I real-time PCR is similar. The example to
illustrate this application is measurement of the expression of
56 kinase genes in healthy and diseased adult human heart total
RNA samples. Including eight no assay controls, the total num-
ber of real-time PCR assays interrogating each sample is 64 or
one subarray in the nanoplate for each sample. The total RNA
concentration for each assay should be >180 ng/uL or >2.5 ng
per reaction prior to reverse transcription (RT) into cDNA. Sim-
ilar to the SNP genotyping protocol, each cDNA sample is dis-
pensed into a different well of a 384-well microplate, mixed with
PCR reagents, and transferred into an individual subarray of the
nanoplate. The loaded nanotiterplate is inserted into the cas-
sette, sealed and placed in a computer-controlled imaging thermal
cycler instrument (NT Cycler) that implements a real-time PCR
method resulting in 9,216 PCR amplifications and dissociation
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curves in less than 3.5 h. Post-acquisition data processing gener-
ates fluorescence amplification and melt curves for each through-
hole in the array, from which cycle threshold (CT) and melt
temperature (Tm) are computed for each reaction. For both SNP
genotype and real-time PCR applications, all data is stored in a
flat file (*.csv) format for ready export to a database or third party
software for further analysis.

2. Materials

2.1. SNP Genotyping
Application

1. Whole fresh or frozen human blood samples (48 × 200 μL)
treated with citrate, heparin or EDTA.

2. QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA).
3. PCR master mix with final concentrations of 1x Universal Mas-

termix (Applied Biosystems, Foster City, CA, USA), 0.5 %
glycerol (Sigma-Aldrich, St Louis, MO), 1% Pluronic F38
(BASF), 50 ng/μl BSA (Sigma-Aldrich).

4. Sixty-four TaqMan SNP PCR assays (Applied BioSystems,
Foster City, CA) at a 1 × concentration.

5. OpenArrayTM SNP Genotyping Kit (BioTrove Inc.,
Woburn, MA)
� OpenArrayTM plates (nanotiter plates) pre-loaded with

TaqMan SNP assays
� OpenArrayTM Genotyping Cases.
� Immersion Fluid.
� Case Sealing Glue.
� Plate-File CDROM specifying location of the SNP assays in

the nanotiter plate.
6. NT Imager (BioTrove Inc.)
7. Flat block thermal cycler (MJ Tower PTC-200 recom-

mended).
8. Optional: GenomiPhiTM V2 DNA Amplification Kit (GE

Healthcare, Piscataway, NJ).

2.2. Real-Time PCR
Application

1. Human heart, diseased total RNA (Clontech, Mountain View,
CA), human heart, total RNA; human fetal heart, total RNA.

2. High-capacity cDNA archive kit (Applied BioSystems, Foster
City, CA).

3. Exonuclease I (10 U/μL) (GE Healthcare, Piscataway, NJ).
4. PCR master mix with final concentrations of 1×

LightCyclerTM FastStart DNA Master SYBR Green I
(Roche Applied Science, Indianapolis, IN), 0.2 % (w/v)
Pluronic F-68 (Invitrogen, Carlsbad, CA), 1 mg/ml BSA
(Sigma-Aldrich), 2.5 mM MgCl2 (Roche Applied Science),
1:24,000 SYBR Green I (Sigma-Aldrich), 0.5 % (v/v) glycerol
(Sigma-Aldrich), 8% (v/v) formamide (Applied Biosystems).
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5. User supplied primer pairs
� Fifty-six primer pairs (400 nM concentration) targeting 56

kinase genes in this example.
6. OpenArrayTM Real-Time qPCR Kit (BioTrove Inc., Woburn,

MA)
� OpenArrayTM plates (nanotiter plates) pre-loaded with user

supplied primer pairs.
� OpenArrayTM Real-Time qPCR Cases.
� OpenArrayTM Real-Time qPCR Plate Frame and Frame

Adhesive.
� Immersion Fluid.
� Case Sealing Glue.
� Plate-File CDROM specifying location of each primer pairs

in the nanotiter plate.
7. NT Cycler (BioTrove Inc.)

2.3. Materials
Common to Both
Applications

1. Finnpipette pipettor (16-channel), 5–50 μL (VWR).
2. MatriPlate plates, 384-well, black, low volume, polypropy-

lene (MatriCal).
3. Vertical slide holder (Ted Pella Inc.).
4. AutoLoader (BioTrove Inc.)
5. Case sealing station
6. Autoloader supplies (BioTrove Inc.)
7. Plate holder
8. Plate guide set
9. Tip block

10. Box loader tips (384 surface-treated 20 μL Finn tips).

3. Methods

3.1. TaqMan PCR for
SNP Genotyping

3.1.1. TaqMan SNP
Assays

The 64 TaqMan SNP assays are loaded into the nanoplates and
dried down at BioTrove Inc. at a 1x concentration. Store plates
at –20◦C.

3.1.2. DNA Samples Isolate and purify DNA from the 48 whole blood samples per
Qiagen kit instructions. Either freeze at –20◦C or keep the
microplate on ice until ready for analysis (see Notes 1–4).

3.1.3. Preparing Source
Microplates

1. Label each microplate with a unique numeric or alphanumeric
code for entry into the SNP genotyping software for tracking
of samples transferred from the microplate into the nanoplate.

2. Thaw plate containing DNA samples at room temperature,
centrifuge the plates at 1,000 rpm for 1 min. Place samples
on ice to keep cool.
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3. Prepare 211 μL of PCR master mix (see Note 5).
4. Pipette 4 μL aliquots of master mix into 48 adjacent wells of

the MatriPlate.
5. Pipette 1 μL of DNA from each sample such that there is a dif-

ferent sample in the 48 wells of the source plate; gently aspirate
and dispense to mix.

6. Microplate layout: Dispense sample and master mix into wells
A1–A12, B1–B12, C1–C12, and D1–D12 where each well
corresponds to a subarray in the nanoplate.

7. Cover the sample plate with aluminum foil sealing tape and
centrifuge the plate for 1 min at 1,000 rpm to eliminate bub-
bles. Place the plate on ice to keep the samples cold.

3.1.4. OpenArray Loading 1. With forceps, peel off the foil exposing the 48 samples to be
loaded onto the nanoplate.

2. Place the plate guide exposing the wells from which sam-
ples will be transferred into the nanoplate. To load the first
nanoplate, the mask exposes only wells A1–A12, B1–B12, C1–
C12, and D1–D12.

3. A tip block is prepared by placing 20 μL Finn pipette tips into
each hole of the tip block with a 16-channel pipettor. Inserting
12 pipette tips at a time fills all 48 pipette tip positions in four
insertion operations.

4. The tip block is inserted into the plate guide so that each indi-
vidual pipette tip draws up fluid from each of 48 contiguous
wells in the MatriPlate. One minute of gentle vertical move-
ment of the tip block relative to the microplate ensures at least
4 μL of liquid is drawn into each pipette tip.

5. Insert the nanotiterplate into the Plate Holder and place into
the Autoloader.

6. After liquid is loaded into each pipette tip, insert the tip block
into the Autoloader. The Autoloader brings the pipette tip
block into intimate contact with the nanoplate and moves
the plate relative to the tip block to dispense liquid from
each pipette tip into the through-holes of the nanoplate (see
Note 6).

7. Fill the case three fourths with immersion fluid. This is to pre-
vent thermal evaporation of the assay during thermal cycling.

8. Remove the plate from the Autoloader, insert into the cassette,
and pipette UV curable epoxy into the case to seal. Insert the
cassette into the case sealer where the glue is exposed to UV
light to cure the epoxy forming a hermetic seal.

3.1.5. Thermal Cycler
Protocol and Imaging

1. The case is thermal cycled on a MJ Research PTC-200 peltier
thermal cycler equipped with a dual tower for simultaneously
thermal cycling of up to 32 nanoplates. The thermal cycle pro-
tocol starts with a 10 min, 91◦C polymerase activation step
followed by 50 cycles of 23 s at 51◦C; 30 s at 53.5◦C; 13 s
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Fig. 12.3. Example cluster plot for one SNP TaqMan assay. Individuals in the population analyzed are categorized based
on whether they are homozygote or heterozygote for the particular SNP genotype. The SNP genotype accuracy of TaqMan
PCR assays in the nanoplate system is >99.5% with a call rate >95%.

at 54.5◦C; 22 s at 97◦C, and 7 s at 92◦C. After temperature
cycling, the plates are held at 20◦C until they are removed for
imaging.

2. Plates are imaged in groups of three in the NT Imager at the
FAM and VIC fluorescent dye wavelengths. Instrument soft-
ware captures and processes fluorescent images of the plates
to measure the fluorescent signal from each through-hole and
display the data as cluster plots for manual or semi-automated
genotype calling by the user (Fig. 12.3).

3. SNP genotype call accuracy for TaqMan assays in the
nanoplate is >99.5 % and call rates are >95%; similar in per-
formance to the same SNP assays in a microplate (see Notes 7
and 8).

3.2. SYBR Green I
Real-Time PCR

3.2.1. Primer Design

1. Primers to detect expression of 56 kinase genes are selected
based on their classification in Gene Ontology and their pres-
ence in the RefSeq database (see Notes 9–11).

2. The primers are loaded at a concentration of 400 nM and dried
down in the nanoplates by BioTrove.

3.2.2. cDNA Preparation
from Total RNA

1. Thaw reagents in the high-capacity cDNA reverse transcrip-
tion kit, total RNA and exonuclease I.
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2. Prepare 2× RT mix from the high-capacity cDNA reverse
transcription kit with a final volume adjusted to the number
of cDNA samples to be converted plus one tenth for pipet-
ting errors. With 10 μL of RT mix for one reaction, the final
volume of RT mix would be 330 μL if 30 samples are to be
converted. For 10 μL of 2× RT solution, mix the following
reagents: 2 μL 10× RT buffer, 0.8 μL 25× dNTP mixture, 2
μL 10× random primers, 1 μL 5 U/μL MultiScribe reverse
transcriptase and 4.2 μL RNase-free water.

3. Combine equal volumes of 250 ng/μL total RNA and 2×
RT mix.

4. Incubate at room temperature for 10 min.
5. Incubate at 37◦C for 2 h
6. Put on ice for 5 min and spin.
7. Incubate at 75◦C for 10 min to inactivate the reverse tran-

scriptase.
8. Put on ice for 5 min and spin.
9. Add 3 μL of 10 U/μL exonuclease I.

10. Incubate at 37◦C for 1 h.
11. Incubate at 85◦C for 10 min to inactive the exonuclease I.
12. Put on ice and spin down.
13. The sample is now ready for addition of PCR reagents and

loading into the nanoplate or can be stored at –20◦C.

3.2.3. Preparing Source
Microplates

1. Label each microplate with a unique numeric or alphanumeric
code for entry into the real-time PCR software for tracking of
samples transferred from the microplate into the nanoplate.

2. Thaw plate containing cDNA samples at room temperature;
centrifuge the plates at 1,000 rpm for 1 min. Place samples on
ice to keep cool.

3. Prepare 185 μL of PCR master mix.
4. Pipette 3.5 μL of master mix into 48 adjacent wells of the

MatriPlate.
5. Pipette 1.5 μL of cDNA from each sample such that there is

a different sample in the 48 wells of the source plate; gently
aspirate and dispense to mix.

6. Microplate layout: Dispense sample and master mix into wells
A1–A12, B1–B12, C1–C12, and D1–D12 where each well
corresponds to a subarray in the nanoplate.

7. Cover the sample plate with aluminum foil sealing tape and
centrifuge the plate for 1 min at 1,000 rpm to eliminate bub-
bles. Place the plate on ice to keep the samples cold.

3.2.4. OpenArray Loading 1. Follow the same procedure as described for loading nanoplates
for SNP genotyping.

2. Attach the plate frames with the adhesive to the case prior to
thermal cycling. The frame keeps the case in intimate contact



170 Brenan, Roberts, and Hurley

Fig. 12.4. Example real-time fluorescence amplification curves. Real-time fluorescence amplification curves showing
expression two of 56 kinase genes in adult normal heart tissue, diseased heart tissue, and fetal heart tissue. Note the
difference in transcript abundance in ROCK1 (Rho-associated, coiled-coil containing protein kinase 1), and CCL11 ((C–C
motif) ligand 1) between the different tissues.

with the thermal block to ensure thermal uniformity during
temperature cycling.

3.2.5. Thermal Cycler
Protocol and Imaging

1. The OpenArray thermal cycling protocol consisted of 10 min,
92◦C polymerase activation step followed by 35 cycles of 15 s
at 92◦C, 1 min at 55◦C and 1 min at 72◦C (imaging step).

2. Following amplification, amplicon dissociation is measured by
cooling the PCR array to 70◦C then slowly heated to 92◦C at
1◦C/min, with images collected for every 0.25◦C.

3. Figure 12.4 shows fluorescence amplification curves indicat-
ing the expression differences of two kinase genes in the three
different heart tissues: control (adult), diseased, and fetal.

4. Notes

1. Greater than 1 ng of DNA per TaqMan assay in the nanoplate
is recommended, consistent with Applied Biosystem’s rec-
ommendation of 1–20 ng of DNA for the same assay in a
microplate. To achieve this goal, a starting concentration of
150 ng/ul is required. Adding 1 μl of the concentrated DNA
to 4 μl of PCR reagents in a microplate results in a 30.3
ng/ul final DNA concentration. This leads to the required 1
ng of DNA per reaction when dispensed into the plate.

2. If the DNA concentration is <150 ng/uL but >75 ng/uL,
the amount of DNA per reaction can be kept at 1 ng by
adding up to 2 μL of DNA sample per reaction and decreas-
ing the water volume in the master mix so each well has a
total volume of 5 μL (including the DNA sample).
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Fig. 12.5. SNP genotyping after whole genome amplification. Results for two different TaqMan SNP assays in A and B
with whole-genome amplified (WGA) samples in light grey. The starting DNA concentration in the sample is 30 ng/uL and
after WGA it is 448 ng/uL. In all cases the SNP call rate was 99% and accuracy 100%.

3. There are several options available to increase the DNA con-
centration if it is <75 ng/μl. The sample concentration can
be increased by first evaporative drying and reconstituting
with a smaller volume of buffer. Formulating the modified
master mix with a higher concentration (2× for example) of
PCR master mix allows a larger volume of sample to be added
up to a total volume of 5 μL.

4. Another option is to amplify the sample DNA with a whole-
genome amplification kit such as GenomiPhiTM V2 DNA
amplification kit. Diluting the DNA sample by 100-fold,
whole genome amplifying the diluted sample and compar-
ing the results with the unamplified DNA sample (Fig. 12.5)
shows the results are similar.

5. Volume of PCR master mix is sufficient to load one nanoplate
plus an additional 10 % volume to account for pipetting dead
volume.

6. The tips ride on a layer of liquid sandwiched between the end
of the tip and the nanoplate. Fluid does not wet the nanoplate
surface because of the hydrophobic exterior surface but is
quickly, rapidly, and precisely wicked into each through-hole
of the array because of the hydrophilic polymer coating the
inside surfaces of the through-holes themselves.

7. DNA quality and amount per reaction can affect SNP
assay performance. TaqMan assay accuracy with amount of
DNA per reaction at concentrations ranging 0.01–1 ng per
through-hole shows the accuracy of each assay exhibits a dif-
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Fig. 12.6. Effect of DNA concentration on PCR Array TaqMan SNP assay accuracy.
The plot indicates average accuracy for assays BT1000026 (square), BT1000094 (trian-
gle), or combined results from 24 different assays (circle) at indicated starting quantities
of human DNA.

Fig. 12.7. Example of improved genotype cluster separation through TaqMan probe redesign. Plots indicate clusters
from original TaqMan assay-by-design (A) and an assay differing by a single additional nucleotide to 5′-prime end of the
TaqMan probe (B).

ferent degree of sensitivity (Fig. 12.6). Some assays maintain
high accuracy essentially independent of the amount of DNA
per reaction to as low as 0.1 ng genomic human DNA (33
genomic equivalence); while others begin to lose accuracy
rapidly at <1 ng genomic DNA (<330 genomic equiva-
lence). Commensurate with this loss of accuracy is an increase
in heterozygote cluster variance that makes it more difficult
to distinguish a heterozygote from a homozygote.

8. Redesign of the TaqMan assay can also improve performance
in the nanoplate system. Shown in Fig. 12.7 are cluster
plots for a TaqMan SNP assay before (Fig. 12.7A) and
after (Fig. 12.7B) the addition of a single base to the 5′
probe end. This modification improves the FAM probe per-
formance and leads to good cluster separation.
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9. Primers are designed using Primer3 or selected from Primer-
Bank, the primers have annealing temperatures between
60 and 65◦C using nearest neighbor thermodynamics. The
primer sequences have a length of 18–25 nucleotides and GC
content of 30–60%.

10. Each primer pair is supplied phosphorylated prior to deposi-
tion in the nanotiter plate. An ionic bond between the primer
pairs and the interior surface of the through-hole prevents
carry-over until the thermal cycling process begins.

11. The primers are synthesized by a commercial supplier (Inte-
grated DNA Technologies, www.idtdna.com) and validated
according to the following protocol.
a. A product greater than 0.2 Rn for each primer set

run against a 37 tissue cDNA library (BD Quick-Clone
II Human Universal cDNA, BD BioSciences, Franklin
Lakes, NJ) in an ABI 7900 real-time thermal cycler
(Applied BioSystems Inc., Foster City, CA).

b. Amplicon product within 10% of the predicted length
measured with 4% agarose E-gels (Invitrogen, Carls-
bad, CA) from images captured with a gel imager
(AlphaImager, AlphaInnotech, San Leandro, CA) and
processed by software (Quantity One 1-D Analysis Soft-
ware; BioRad, Hercules, CA).

c. Amplicons generated from primer pairs passing the above
criteria are pooled and gel purified to remove fragments
<80 and >400 base pair in size. This pool is the source
of template in subsequent primer pair validation experi-
ments.

d. Amplicon sequence where ∼ 70% matched all or part of
the expected target sequence. Although the remainder
could not be confirmed by sequencing, these amplicons
nonetheless matched the expected size of the predicted
amplified product.

e. PCR primer efficiencies measured between 96%–110%.
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Chapter 13

RNA Stabilization of Peripheral Blood and Profiling
by Bead Chip Analysis

Svenja Debey-Pascher, Daniela Eggle, and Joachim L. Schultze

Abstract

Gene expression profiling of peripheral blood is a very attractive approach for the development of new
diagnostic markers of blood-borne but also systemic diseases as well as the development of biomarkers for
drug development. Since most cellular components of peripheral blood are specialized to quickly respond
to exogenous stimuli, sample procurement approaches are required that reduce the overall impact of ex
vivo changes in gene expression due to technical issues such as prolonged sample handling or tem-
perature changes during transportation of the blood prior to genome-wide analysis. To address these
needs, a whole blood RNA stabilization technology was combined with a bead-based oligonucleotide
microarray technology for genome-wide transcriptome analysis. Cells, and thereby also RNA is immedi-
ately stabilized after the blood draw by a commercially available device (PAXgene). Total RNA is then
extracted from PAXgene-stabilized blood and subjected to microarray analysis. In our hands, the Illu-
mina BeadChip array platform outperformed other microarray platforms. Combining RNA stabilization
of peripheral blood with bead-based oligonucleotide microarray technology is not only applicable to
small single-center studies with optimized infrastructure but also to large scale multi-center trials that are
mandatory for the development of predictive markers for disease and treatment outcome.

Key words: Transcriptome, gene expression profiling, peripheral blood, RNA stabilization, bead
chip arrays.

1. Introduction

Genome-wide gene expression profiling is the first mature
genome-wide technology to be considered for routine clinical use
(1, 2). Landmark studies in cancer research, have highlighted the
power of this technology to improve molecular diagnostics (3–5),
prediction of prognosis at diagnosis (6–10), and even prediction
of drug efficacy (11–13).

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
C© 2009 Humana Press, a part of Springer Science+Business Media
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During the last years, gene expression profiling has also been
applied to peripheral blood. Peripheral blood mononuclear cells
(PBMC) were used to study gene expression in acute myeloid
leukaemia (9), renal cell carcinoma (RCC) (14), systemic lupus
erythematosus (SLE) (15–17), bladder cancer (18), and acute
infections (19). The MIAME consortium has established guide-
lines for reporting, annotation, and data analysis of microarray
data (20) and recent reports have focused on the impact of dif-
ferent microarray platforms and lab-to-lab variability in repro-
ducibility and comparability of microarray results, suggesting the
use of highly standardized protocols from RNA amplification to
data analysis (21–28). We have recently demonstrated that sam-
ple procurement, handling and transportation also have signifi-
cant impact on data quality and therefore need to be thoroughly
standardized to optimize results from gene expression profiling
studies, particularly when analyzing peripheral blood (29–31). In
fact, significant effort will be necessary to achieve a high grade
of standardization leading to good quality gene expression data
when using PBMC in multi-center trials (32). Here we describe
a methodology that overcomes previous hurdles of gene expres-
sion profiling of peripheral blood. The PAXgeneTM Blood RNA
system, which allows standardized blood collection, is one of the
most promising techniques for whole blood sample handling in
clinical trials. PAXgeneTM derived whole blood RNA samples
are applied to a very cost-effective bead-based oligonucleotide
microarray (Illumina BeadChip) platform. Overall, the methodol-
ogy is reliable, robust, and cost-effective and can be easily applied
to genome-wide expression profiling of peripheral blood in large
clinical trials.

2. Materials

2.1. Blood Collection 1. PAXgene blood RNA system
2. BD Safety-LokTM blood collection set
3. BD VacutainerTM holder

2.2. RNA Isolation 1. PAXgene blood RNA kit (Qiagen) including following com-
ponents (see Note 1):

Buffer BR1 (resuspension buffer) 20 ml, store at room tem-
perature.

Buffer BR2 (binding buffer) 18 ml, store at room temperature.
Buffer BR3 (wash buffer) 45 ml, store at room temperature.
Buffer BR4 (wash buffer) 11 ml, add four volumes of absolute

ethanol before use, store at room temperature.
Buffer BR5 (elution buffer) 5 ml, store at room temperature.
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RNase-free water (bottle) 2 × 125 ml, store at any
temperature.

Proteinase K (green lid) 2 × 1.4 ml, store at room
temperature.

PAXgene RNA spin columns (red) 5 × 10, store at room tem-
perature.

Processing tubes (2 ml) 6 × 50, store at room temperature.
Secondary BD HemogardTM Closures 50, store at room tem-

perature.
Microcentrifuge tubes (1.5 ml), store at room temperature.
RNase-free water (tube, red lid) 2 ml, store at 4◦C.

2. RNase-free DNase set (Qiagen) including following compo-
nents:

DNase I, RNase-free (lyophilized) 1500 Kunitz units, store at
4◦C. Buffer RDD (white lid) 2 × 2 ml, store at 4◦C.

RNAse-free water, 1.5 ml.

3. Ethanol absolute (molecular biology grade).
4. Microcentrifuge tubes (1.5 or 2 ml).
5. Sterile, RNase-free pipet tips.

2.3. cDNA and cRNA
Synthesis for Bead
Chip Analysis

1. Illumina TotalPrep RNA amplification kit including following
components:

T7 Oligo(dT) primer, 26 μl, store at –20◦C.
First strand buffer (10×), 51 μl, store at –20◦C.
dNTP mix, 205 μl, store at –20◦C.
RNase inhibitor, 26 μl, store at –20◦C.
ArrayScriptTM, 27 μl, store at –20◦C.
Second strand buffer (10×), 252 μl, store at –20◦C.
DNA polymerase, 51 μl, store at –20◦C.
RNase H, 26 μl, store at –20◦C.
T7 Reaction buffer (10×), 64 μl, store at –20◦C.
T7 enzyme mix, 64 μl, store at –20◦C.
Biotin–NTP mix, 64 μl, store at –20◦C.
RNase-free water, 1.75 ml, store at any temperature.
Control RNA (1 mg/ml HeLa total RNA), 10 μl, store at

–20◦C.
RNase-free water, 10 ml, store at any temperature.
Wash buffer (30 ml), add 24 ml absolute ethanol before use,

room temperature.
cDNA binding buffer, 7 ml, store at room temperature. (see

Note 2).
cRNA binding buffer, 9 ml, store at room temperature.
cRNA filter cartridges, 24, store at room temperature.
cRNA collection tubes, 48, store at room temperature.
cDNA filter cartridges, 24 + tubes, store at room temperature.
cDNA elution tubes, 24, store at room temperature.
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2. Ethanol (96–100%), molecular biology grade.
3. Microcentrifuge tubes (1.5 or 2 ml).
4. Sterile, RNase-free pipet tips.

2.4. Hybridization,
Washing, and
Scanning of Bead
Chips

1. Illumina Sentrix� BeadChip and Accompanying CD
2. Beadchip Hyb chamber (Illumina)
3. Hyb chamber inserts (Illumina)
4. Hyb chamber gaskets
5. Hybridization oven
6. Illumina bead station 500x
7. Beadchip wash tray
8. Tray covers
9. Hybex heat block with water bath insert

10. Rocker and orbital shaker
11. Stain dishes and rack, 3 × 250 ml
12. Glass dish, 190 × 100 mm
13. GEX-HYB-buffer, store at –20◦C (supplied with arrays).
14. GEX-HCB-buffer store at –20◦C (supplied with arrays).
15. High-temp wash buffer, 10 x, store at room temperature

(supplied with array).
16. Wash E1BC buffer, store at room temperature (supplied with

arrays).
17. Block E1 buffer, store at 4 ◦C (supplied with arrays).
18. Streptavidin Cy3, FluoroLinkTM CyTM3 (Amersham Bio-

sciences) diluted to 1 μg/μL with RNase-free water (see
Note 3).

19. Ethanol (100%) (=99.8% p.a.).
20. RNase-free water, store at any temperature.

2.5. RNA Preparation
Alternatives

2.5.1. Globin Reduction
by RNase H Digestion

1. Globin reduction oligos, HPLC-purified, store at –20◦C
α1: 5′- TGC AGG AAG GGG AGG AGG GGC TG-3 (nt 512

– 534)
α2: 5′- TGC AAG GAG GGG AGG AGG GCC CG-3′ (nt

512 – 534)
β: 5′- CCC CAG TTT AGT AGT TGG ACT TAG GG-3′ (nt

539 – 564)
2. SUPERase �InTM, 2,500 U (Ambion), store at –20◦C.
3. RNase H, Escherichia coli, 10 U/μL, 200 U, store at –20◦C.
4. EDTA, 0.5 M RNase-free.
5. GeneChip R© sample cleanup module (Affymetrix).
6. RNase-free water.
7. Oligo Hyb buffer (10×): 100 mM Tris–HCI, pH 7.6, 200

mM KCI, store at –20
8. RNase H buffer (10×): 100 mM Tris–HCI, pH 7.6, 10 mM

DTT, 20 mM MgCl2, store at –20

2.5.2. Globin Reduction
by Magnetic Beads

1. GlobinClear Kit (Ambion) including the following compo-
nents:
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Capture oligo mix, 20 μl, store at –20◦C.
Streptavidin magnetic beads, 600 μl, store at 4◦C, do not

freeze.
Hybridization buffer (2×), 1.5 ml, store at room temperature.
Streptavidin bead buffer, 1.5 ml, store at room temperature.
RNase-free water, 1.75 ml, store at any temperature.
RNA binding beads, 200 μl, store at 4◦C, do not freeze.
RNA wash solution concentrate, 5 ml; add 4 ml of 100%

ethanol before use, store at room temperature or 4◦C.
Elution buffer, 1 ml, store at 4◦C or room temperature.
RNA bead buffer, 80 μl, store at room temperature.
RNA binding buffer concentrate, 4 ml, add 2 ml of 100% iso-

propanol before use, store at room temperature.
Non-stick tubes (1.5 ml) 100, store at room temperature.

2. Magnetic stand for 1.5 ml tubes, e.g. Ambion’s six tube mag-
netic stand.

3. Ethanol (100%), ACS grade or higher quality.
4. Isopropanol (100%), ACS grade or higher quality.
5. RNase-free water.

2.6. Microarray
Procedure
Alternatives Using
Affymetrix Arrays

1. Poly-A RNA control kit with: Poly-A control stock and poly-
A control dilution buffer, both stored at –20◦C.

2. GeneChip R© one-cycle cDNA synthesis kit including follow-
ing components:
7-Oligo(dT) primer, 50 μM,120 μl, store at–20◦C.
First strand reaction mix (5×), 120 μl, store at –20◦C.
DTT, 0.1 M, 60 μl, store at –20◦C.
dNTP, 10 mM, 120 μl, store at –20◦C.
SuperScriptTM II 200 U/μl, 60 μl, store at –20◦C.
Second strand reaction mix (5×), 900 μl, store at –20◦C.
E.coli DNA ligase 10 U/μl, 30 μl, store at –20◦C.
E.coli DNA polymerase I 10 U/μl, 120 μl, store at –20◦C.
RNase H 2 U/μl, 30 μl, store at –20◦C.
T4 DNA polymerase 5 U/μl, 60 μl, store at –20◦C.
EDTA, 0.5 M, 300 μl, store at –20◦C.
RNase-free water, 3.1 ml, store at any temperature.

3. IVT labeling kit including following components:
IVT labeling buffer (10×), 120 μl, store at –20◦C.
IVT labeling enzyme mix, 120 μl, store at –20◦C.
IVT labeling NTP mix, 360 μl, store at –20◦C.
3′-Labeling control (0.5 μg/μl),10 μl, store at –20◦C.
RNase-free water, 825 μl, store at any temperature.

4. Sample cleanup module including following compo-
nents:

cDNA cleanup spin columns, 30, store at 4◦C.
cDNA binding buffer, 20 ml, store at room temperature.
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cDNA wash buffer concentrate, 6 ml, add 24 ml of ethanol
(96–100%) before use, store at room temperature.

cDNA elution buffer, 15 ml, store at room temperature.
30 IVT cRNA cleanup spin columns, store at 4◦C.
IVT cRNA binding buffer, 18 ml, store at room temperature.
IVT cRNA wash buffer concentrate, 5 ml, add 20 ml of

ethanol (96–100%) before use, store at room temperature.
RNAse-free water 3 × 1.2 ml, store at any temperature.
Fragmentation buffer (5×), 1 ml, store at room temperature.
Collection tubes (1.6 ml), 60 (for elution), store at room

temperature.
Collection tubes, (2 ml) store at room temperature.

5. Hybridization control kit including following compo-
nents:

Hybridization control mix (20×), 450 μl, store –20◦C.
Control Oligo B2, 3 nM, store –20◦C.
Reagents should be aliquoted and stored at –20◦C. Perfor-

mance may be comprised after three freeze/thaw cycles.

6. Acetylated bovine serum albumin (BSA) solution
(50 mg/ml) (Invitrogen).

7. Herring sperm DNA (Promega Corp.)
8. Micropure separator (Millipore), optional
9. GeneChip R© eukaryotic hybridization control Kit

(Affymetrix), contains control cRNA and control Oligo B2.
10. Control Oligo B2, 3 nM (Affymetrix), can be ordered

separately.
11. NaCl (5M), RNase-free, DNase-free (Cambrex).
12. MES free acid monohydrate (Sigma-Aldrich).
13. MES sodium salt (Sigma-Aldrich).
14. EDTA disodium salt, 0.5 M solution (Sigma-Aldrich).
15. Surfact-Amps 20 (Tween-20), 10% (Pierce Chemical).
16. Sterile, RNase-free, microcentrifuge tubes, 1.5 ml
17. Sterile-barrier pipet tips and non-barrier pipet tips.
18. MES stock (12×): 1.22 M MES, 0.89 M [Na+]. For 1,000

ml: 70.4 g MES free acid monohydrate, 193.3 g MES
sodium salt, dissolve in Molecular Biology Grade water and
adjust volume to 1,000 ml (pH should be between 6.5
and 6.7). Filter through a 0.2 μm filter. Do not autoclave.
Store at 2–8◦C and protect from light. Discard solution if
yellow.

19. Hybridization buffer (2×): 1× concentration is 100 mM
MES, 1 M [Na+], 20 mM EDTA, 0.01% Tween 20. For
50 ml: 8.3 ml of 12× MES stock, 17.7 ml of 5 M NaCl, 4.0
ml of 0.5 M EDTA, 0.1 ml of 10% Tween 20, 19.9 ml of
Molecular Biology Grade water. Store at 2–8◦C, and shield
from light. Do not autoclave. Discard solution if yellow.
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20. Ethanol absolute, molecular biology grade
21. Water, molecular biology grade
22. Water, HPLC-grade.
23. Ampuwa, distilled water.
24. SSPE, 20 × (Cambrex).
25. R-Phycoerythrin streptavidin (Molecular Probes).
26. SSPE, 20 ×: 3 M NaCl, 0.2 M NaH2PO4, 0.02 M EDTA

(Accugene).
27. Goat IgG, reagent grade (Sigma-Aldrich). 10 mg/ml goat

IgG stock: resuspend 50 mg IgG in 5 ml PBS. Store at 4◦C.
28. Anti-streptavidin antibody (goat), biotinylated (Vector

Laboratories).
29. Stringent wash buffer: 100 mM MES, 0.1 M [Na+], 0.01%

Tween 20. For 1,000 ml: 83.3 ml of 12× MES stock buffer,
5.2 ml of 5 M NaCl, 1.0 ml of 10% Tween 20, 910.5 ml of
water (HPLC-grade). Filter through a 0.2 μm filter. Store at
2–8◦C and protect from light.

30. Non-stringent wash buffer: 6× SSPE, 0.01% Tween 20. For
1,000 ml: 300 ml of 20× SSPE, 1.0 ml of 10% Tween 20,
699 ml of water (HPLC-grade). Filter through a 0.2 μm
filter.

31. Stain buffer (2×): 1× concentration is 100 mM MES, 1 M
[Na+], 0.05% Tween 20. For 250 ml: 41.7 ml 12× MES
stock buffer, 92.5 ml 5 M NaCl, 2.5 ml 10% Tween 20,
112.8 ml Molecular Biology Grade water. Filter through a
0.2 μm filter. Store at 2–8◦C and protect from light.

3. Methods

3.1. Blood Collection The PAXgene system allows standardized and easy blood col-
lection based on convenient BD VacutainerTM technology. The
PAXgene tube contains a proprietary reagent that immediately
stabilizes intracellular RNA for 3 days at room temperature
(18–25◦C) and 5 days at 2–8◦C (31).
1. Ensure that the PAXgene blood RNA tube is at room temper-

ature (18–25◦C) prior to use and properly labeled with patient
identification.

2. If the PAXgene blood RNA tube is the only tube to be drawn,
a small amount of blood should be drawn into a “discard tube”
prior to drawing blood into the PAXgene blood RNA tube.
Otherwise, the PAXgene blood RNA tube should be the last
tube drawn in the phlebotomy procedure.

3. Using a BD Vacutainer R© Safety-LokTM blood collection set,
collect blood into the PAXgene blood RNA tube holding the
PAXgene blood RNA tube vertically, below the blood donor’s
arm, during blood collection.
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4. Allow at least 10 s for a complete blood draw to take place.
Ensure that the blood has stopped flowing into the tube before
removing the tube from the holder.

5. Gently invert the PAXgene blood RNA tube 8–10 times.
6. Store the PAXgene blood RNA tube upright at room temper-

ature (18–25◦C) for at least 2 h. After 24 h proceed to RNA
isolation or store at –20 or –80◦C for long-term storage.

7. To freeze PAXgeneTM blood RNA tubes stand them upright
in a wire rack. Do not freeze tubes upright in a Styrofoam tray
as this may cause the tubes to crack. Tubes can be stored at
–20◦C and below. If tubes are to be frozen at temperatures
below –20◦C, freeze the tubes first at –20◦C for 24 h, then
transfer them to –70 or –80◦C.

8. To thaw PAXgeneTM blood RNA tubes, place them in a
wire rack at ambient temperature (18–22◦C) for approxi-
mately 2 hours. Do not thaw PAXgeneTM Blood RNA Tubes
at temperatures above 22◦C. One suggestion is to remove
the tubes from the freezer the afternoon before processing,
thaw overnight, and process tubes the next day. After thaw-
ing, carefully invert the tubes ten times before starting RNA
preparation.

3.2. RNA Preparation 1. Centrifuge the PAXgene blood RNA tube for 10 min at
3,000–5,000 × g at room temperature using a swing out
rotor. The rotor must contain tube adapters for round-
bottom tubes. If other types of tube adapter are used, the
tubes may break during centrifugation.

2. Remove the supernatant by decanting or pipetting. Add 5 ml
RNase-free water to the pellet, and close the tube using
a fresh secondary Hemogard closure. If the supernatant is
decanted, take care not to disturb the pellet, and dry the rim
of the tube with a clean paper towel.

3. Vortex until the pellet is visibly dissolved, and centrifuge for
10 min at 3,000–5,000 × g using a swing-out rotor. Remove
and discard the entire supernatant. Small debris remaining in
the supernatant after vortexing but before centrifugation will
not affect the procedure. Important: Incomplete removal of
the supernatant will inhibit lysis and dilute the lysate, and
therefore affect the conditions for binding RNA to the PAX-
gene membrane.

4. Thoroughly resuspend the pellet in 360 μl buffer BR1 by
vortexing.

5. Pipet the sample into a 1.5 ml microcentrifuge tube. Add
300 μl buffer BR2 and 40 μl proteinase K. Mix by vortexing
for 5 s, and incubate for 15 min at 55◦C using a shaker–
incubator at 1,400 rpm. After incubation, set the temperature
of the shaker–incubator to 65 ◦C (for step 20). Important:
Do not mix buffer BR2 and proteinase K together before
adding them to the sample.
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6. Centrifuge for 5 min at maximum speed in a microcentrifuge.
Transfer the supernatant to a fresh 2 ml microcentrifuge tube.
A minimum g-force of 10, 000 × g is required. Transfer of
small debris remaining in the supernatant after centrifugation
at full speed will not affect the procedure.

7. Add 350 μl absolute ethanol. Mix by vortexing, and cen-
trifuge briefly (1–2 s at 500–1,000 × g) to remove drops
from the inside of the tube lid. Important: The length of the
centrifugation must not exceed 1–2 s, as this may result in
pelleting of nucleic acids and reduced yields of total RNA.

8. Pipet 700 μl sample into the PAXgene RNA spin column
(red) placed in a 2 ml processing tube, and centrifuge for
1 min at 8,000–20,000 × g. Place the spin column in a new
2 ml processing tube, and discard the old processing tube
containing flow-through.

9. Pipet the remaining sample into the PAXgene RNA spin col-
umn, and centrifuge for 1 min at 8,000–20,000 × g. Place
the spin column in a new 2 ml processing tube, and discard
the old processing tube containing flow-through. Important:
Carefully pipet the sample into the spin column and visually
check that the sample is completely transferred to the spin
column.

10. Pipet 350 μl buffer BR3 into the PAXgene RNA spin col-
umn. Centrifuge for 1 min at 8,000–20,000 × g. Place the
spin column in a new 2 ml processing tube, and discard the
old processing tube containing flow-through.

11. Add 10 μl DNase I stock solution to 70 μl buffer RDD in
a 1.5 ml microcentrifuge tube. Mix by gently flicking the
tube, and centrifuge briefly to collect residual liquid from the
sides of the tube. If processing, for example, ten samples, add
110 μl DNase I stock solution to 770 μl buffer RDD. Impor-
tant: DNase I is especially sensitive to physical denaturation.
Mixing should only be carried out by gently flicking the tube.
Do not vortex.

12. Pipet the DNase I incubation mix (80 μl) directly onto
the PAXgene RNA spin column membrane, and place on the
benchtop (20–30◦C) for 15 min. Important: Ensure that the
DNase I incubation mix is placed directly onto the mem-
brane. DNase digestion will be incomplete if part of the mix
is applied to and remains on the walls or the O-ring of the
spin column.

13. Pipet 350 μl buffer BR3 into the PAXgene RNA spin col-
umn, and centrifuge for 1 min at 8,000–20,000 × g. Place
the spin column in a new 2 ml processing tube, and discard
the old processing tube containing flow-through.

14. Pipet 500 μl buffer BR4 to the PAXgene RNA spin column,
and centrifuge for 1 min at 8,000–20,000 × g. Place the spin
column in a new 2 ml processing tube, and discard the old
processing tube containing flow-through. Important: Buffer
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BR4 is supplied as a concentrate. Ensure that ethanol is added
to buffer BR4 before use.

15. Add another 500 μl buffer BR4 to the PAXgene RNA spin
column. Centrifuge for 3 min at 8,000–20,000 × g.

16. Discard the tube containing the flow-through, and place the
PAXgene RNA spin column in a new 2 ml processing tube.
Centrifuge for 1 min at 8,000–20,000 × g.

17. Discard the tube containing the flow-through. Place the
PAXgene RNA spin column in a 1.5 ml microcentrifuge tube,
and pipet 40 μl RNAse-free water directly onto the PAX-
gene RNA spin column membrane. Centrifuge for 1 min at
8,000–20,000 × g to elute the RNA. It is important to wet
the entire membrane with buffer H2O in order to achieve
maximum elution efficiency.

18. Repeat the elution step as described, using the same 40 μl
RNAse-free water and the same microcentrifuge tube.

19. Incubate the eluate for 5 min at 65◦C in the shaker–incubator
(from step 5) without shaking. After incubation, chill imme-
diately on ice. Important: This incubation at 65◦C denatures
the RNA for downstream applications. Do not exceed the
incubation time or temperature.

20. If the RNA samples will not be used immediately, store at –20
or –70◦C. Since the RNA remains denatured after repeated
freezing and thawing, it is not necessary to repeat the incu-
bation at 65◦C.

3.3. Quantification
and Determination of
Quality of Total RNA

1. The concentration of RNA should be determined by measur-
ing the absorbance at 260 nm (A260) in a spectrophotometer.
To ensure significance, readings should be greater than 0.15.
An absorbance of 1 unit at 260 nm corresponds to 44 μg of
RNA per ml (A260 = 1, c = 44μg/ml). This relation is valid
only for measurements in 10 mM Tris–HCl, pH 7.5. There-
fore, if it is necessary to dilute the RNA sample, this should be
done in 10 mM Tris–HCl.

2. The ratio of the readings at 260 and 280 nm (A260/A280)
provides an estimate of the purity of RNA with respect to con-
taminants that absorb in the UV, such as protein. However,
the A260/A280 ratio is influenced considerably by pH. Lower
pH results in a lower A260/A280 ratio and reduced sensitiv-
ity to protein contamination. For accurate values, we recom-
mend measuring absorbance in 10 mM Tris–HCl, pH 7.5.
Pure RNA has an A260/A280 ratio of 1.9–2.1 in 10 mM Tris–
HCl, pH 7.5. Always calibrate the spectrophotometer with the
same solution.

3. The integrity and size distribution of total RNA purified using
the PAXgene Blood RNA System can be checked by denatur-
ing agarose gel electrophoresis (1% w/v) and ethidium bro-
mide staining. The respective ribosomal bands should appear
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sharp on the stained gel. Ribosomal RNA, 28S (5 kb) bands
should be present with an intensity approximately twice that
of the 18S RNA (1.9 kb) band. If the ribosomal bands in a
given lane are not sharp, but appear as a smear of smaller sized
RNAs, it is likely that the RNA sample suffered major degra-
dation during preparation. Only RNA samples of good purity
and integrity should be used for further microarray analysis.

3.4. cDNA and cRNA
Synthesis Using
Illumina TotalPrep
RNA Amplification Kit

RNA amplification has become the standard method for prepar-
ing RNA samples for array analysis (33, 34). The Illumina R©
TotalPrep RNA amplification kit is a complete system for
generating biotinylated, amplified RNA for hybridization with
Illumina Sentrix R© arrays. It is based on the RNA amplification
protocol developed in the laboratory of James Eberwine (35).
The procedure consists of reverse transcription with an oligo(dT)
primer bearing a T7 promoter using Array-ScriptTM, a reverse
transcriptase (RT) engineered to produce higher yields of first
strand cDNA than wild-type enzymes. ArrayScript catalyzes
the synthesis of virtually full-length cDNA. The cDNA then
undergoes second strand synthesis and cleanup to become a
template for in vitro transcription with T7 RNA polymerase
where hundreds to thousands of biotinylated, antisense RNA
copies are synthesized of each mRNA in a sample. The labeled
cRNA produced with the kit was developed for hybridization
with Illumina arrays. The here described protocol is according to
the manufacturer´s instructions.

3.4.1. Reverse
Transcription to
Synthesize First Strand
cDNA

1. Place a maximum volume of 11 μl of total RNA (100 ng) into
a non-stick, sterile, RNase-free, 0.2 ml microcentrifuge tube.

2. Add RNase-free water as necessary to bring all samples to
11 μl.

3. At room temperature, prepare reverse transcription master mix
in a nuclease-free tube: for a single RNA sample mix 1 μl T7
oligo(dT) primer, 2 μl 10× first strand buffer, 4 μl dNTP mix,
1 μl RNase inhibitor, and 1 μl ArrayScript.

4. Mix well by gently vortexing. Centrifuge briefly (∼5 s) to col-
lect the reverse transcription master mix at the bottom of the
tube and place on ice.

5. Transfer 9 μl of reverse transcription master mix to each RNA
sample. Mix thoroughly by pipetting up and down two to
three times, then flicking the tube three to four times, and
centrifuge briefly to collect the reaction in the bottom of the
tube.

6. Place the samples in a 42◦C incubator. Incubate reactions for
2 h at 42◦C.

7. After the incubation, centrifuge briefly (∼5 s) to collect the
reaction mixture at the bottom of the tube. Place the tubes on
ice and immediately proceed second strand cDNA Synthesis.
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3.4.2. Second Strand
cDNA Synthesis

1. On ice, prepare a second strand master mix in a nuclease-free
tube: for a single reaction mix 63 μl RNase-free water, 10 μl
10× second strand buffer, 4 μl dNTP mix, 2 μl DNA poly-
merase, and 1 μl RNase H.

2. Mix well by gently vortexing. Centrifuge briefly (∼5 s) to col-
lect the mixture at the bottom of the tube and place on ice.

3. Transfer 80 μl of second strand master mix to each sample.
Mix thoroughly by pipetting up and down two to three times,
then flicking the tube three to four times, and centrifuge briefly
to collect the reaction in the bottom of the tube.

4. Place the tubes in a 16◦C thermal cycler. It is important to cool
the thermal cycler block to 16◦C before adding the reaction
tubes because subjecting the reactions to temperatures > 16◦C
will compromise cRNA yield. Incubate 2 h in a 16◦C thermal
cycler.

5. After the 2 h incubation at 16◦C, place the reactions on ice and
proceed to cDNA purification (Section 3.4.3), or immediately
freeze reactions at –20◦C. Do not leave the reactions on ice
for more than 1 h.

6. This is a potential overnight stopping point (at –20◦C), but it
is better to complete the cDNA purification before stopping.

3.4.3. cDNA Purification 1. Preheat RNase-free water to 50–55◦C.
2. Check the cDNA binding buffer for precipitation before

using it. If a precipitate is visible, redissolve it by warming
the solution to 37◦C for up to 10 min and vortexing vigor-
ously. Cool to room temperature before use.

3. Add 250 μl of cDNA binding buffer to each sample, and mix
thoroughly by pipetting up and down two to three times,
then flicking the tube three to four times. Follow up with a
quick spin to collect the reaction mixture in the bottom of
the tube. Proceed quickly to the next step.

4. Check that the cDNA filter cartridge is firmly seated in its
wash tube (supplied).

5. Pipet the cDNA sample/cDNA binding buffer onto the cen-
ter of the cDNA filter cartridge.

6. Centrifuge for ∼1 min at 10, 000 × g, or until the mixture is
through the filter. Discard the flow-through and replace the
cDNA filter cartridge in the wash tube.

7. Apply 500 μl wash buffer to each cDNA filter cartridge.
8. Centrifuge for ∼1 min at 10, 000 × g, or until all the wash

buffer is through the filter.
9. Discard the flow-through and spin the cDNA filter cartridge

for an additional minute to remove trace amounts of wash
buffer.

10. Transfer cDNA filter cartridge to a cDNA elution tube.
11. Elute cDNA with a total of 19 μl 50–55◦C RNase-free water.

It is important to use RNase-free water that is at 50–55◦C for
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the cDNA elution. Colder water will be less efficient at elut-
ing the cDNA, and using hotter water (≥ 58◦C) may result
in reduced cRNA yield.

12. Apply 10 μl of RNase-free water (preheated to 50–55◦C) to
the center of the filter in the cDNA filter cartridge.

13. Leave at room temperature for 2 min and then centrifuge for
∼1.5 min at 10, 000 × g, or until all the RNase-free water is
through the filter.

14. Apply a second aliquot of 9 μl preheated RNase-free water
and centrifuge for 2 min. The double-stranded cDNA will
now be in the eluate (∼17.5 μl).

15. Proceed directly to next section to synthesize cRNA, or store
the cDNA at –20◦C.

3.4.4. In Vitro
Transcription to
Synthesize cRNA

1. At room temperature, prepare an IVT master mix by adding
the following reagents to a nuclease-free tube: for a single
25 μl reaction mix 2.5 μl T7 10× reaction buffer, 2.5 μl T7
enzyme mix, and 2.5 μl biotin–NTP mix.

2. Mix well by gently vortexing. Centrifuge briefly (∼5 s) to col-
lect the IVT master mix at the bottom of the tube and place
on ice.

3. Transfer 7.5 μl of IVT master mix to each cDNA sample (vol-
ume ∼17.5 μl). If less than 17.5 μl are eluted fill up with
RNAse-free water to reach volume of 17.5 μl. Mix thoroughly
by pipetting up and down two to three times, then flicking the
tube three to four times, and centrifuge briefly to collect the
reaction mixture in the bottom of the tube. Once assembled,
place the tubes at 37◦C.

4. Incubate reactions for 16 h. It is important to maintain a
constant 37◦C incubation temperature. It is recommended to
incubate in a hybridization oven because it is extremely impor-
tant that condensation does not form inside the tubes; his
would change the reagent concentrations and reduce yield.
Alternatively you can use a thermal cycler with heated lid tem-
perature set to 40◦C.

5. Stop the reaction by adding 75 μl RNase-free water to each
cRNA sample to bring the final volume to 100 μl. Mix thor-
oughly by gentle vortexing. Proceed to the cRNA purification
step (Section 3.4.5) or store at –20◦C.

3.4.5. cRNA Purification 1. Preheat RNase-free water to 50–60◦C.
2. Assemble cRNA filter cartridges and tubes and add 350 μl of

cRNA binding buffer to each cRNA sample. Proceed to the
next step immediately.

3. Add 250 μl of 100% ethanol to each cRNA sample, and mix
by pipetting the mixture up and down three times. Do not
vortex to mix and do not centrifuge.
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4. Pipet each sample mixture from step 3 onto the center of the
filter in the cRNA filter cartridge.

5. Centrifuge for ∼1 min at 10,000 × g. Continue until the
mixture has passed through the filter.

6. Discard the flow-through and replace the cRNA filter car-
tridge back into the cRNA collection tube.

7. Apply 650 μl wash buffer to each cRNA filter cartridge.
8. Centrifuge for ∼1 min at 10,000 × g, or until all the wash

buffer is through the filter.
9. Discard the flow-through and spin the cRNA filter cartridge

for an additional ∼1 min to remove trace amounts of wash
buffer.

10. Transfer filter cartridge(s) to a fresh cRNA collection tube.
11. To the center of the filter, add 100 μl RNase-free water (pre-

heated to 50–60◦C). Leave at room temperature for 2 min
and then centrifuge for ∼1.5 min at 10,000 × g, or until the
RNase-free water is through the filter.

12. The cRNA will now be in the cRNA collection tube in ∼100
μl of RNase-free water.

13. The concentration of cRNA is determined as described in
Section 3.3.

14. The size distribution of cRNA can be checked by denaturing
agarose gel electrophoresis (1% w/v) and ethidium bromide
staining.

3.5. Hybridization of
Bead Chips

The BeadStation 500X system uses a “direct hybridization” assay,
whereby gene-specific probes are used to detect labeled RNAs.
Each bead in the array contains a 50-mer, sequence-specific oligo
probe synthesized in-house using Illumina’s OligatorTM tech-
nology. The most consistent results are achieved by hybridizing
equivalent amounts of cRNA on each array. An appropriate vol-
ume of cRNA from each sample is aliquoted into the hybridiza-
tion tube(s). The here described protocol is according to the
manufacturer´s instructions and is applicable only to six-sample
Beadchips with IntelliHyb Seal.
1. Preheat the oven (with rocking platform) to 58◦C.
2. Prepare cRNA samples (dried down in a vacuum centrifuge,

if necessary to achieve required concentration). To 1.5 μg
cRNA, add RNase-free water up to 10 μL and mix. Leave at
room temperature for 10 min to resuspend cRNA.

3. Place the GEX-HYB and GEX-HCB tubes in the 58◦C oven
for 10 min to dissolve any salts that may have precipitated
in storage. Inspect the solution; if any salts remain undis-
solved, incubate at 58◦C for another 10 min. After allow-
ing to cool to room temperature, mix thoroughly before
using.

4. Add 20 μL GEX-HYB to each cRNA sample.
5. Place Illumina Hyb chamber gaskets into BeadChip Hyb

chamber.
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6. Dispense 200 μL GEX-HCB into each of the two humidify-
ing buffer reservoirs in each Hyb chamber. Only add buffer
to chambers that will be used.

7. Seal Hyb chamber with lid and keep on bench at room tem-
perature (∼22◦C) until ready to load BeadChips into Hyb
chamber.

8. Remove all BeadChips from their packages.
9. Holding BeadChip by cover seal tab with tweezers using

powder-free gloved hands, slide BeadChip into Hyb chamber
insert such that the barcode lines up with barcode symbol on
the insert.

10. Preheat the assay sample at 65◦C for 5 min.
11. Briefly vortex, then briefly centrifuge to collect the liquid in

the bottom of the tube. Allow sample to cool to room tem-
perature before using. Pipet sample immediately after cooling
to room temperature.

12. Load Hyb chamber inserts containing BeadChips into the
Hyb chamber with barcode on BeadChip aligned to barcode
symbol on the Hyb chamber.

13. Dispense 30 μL assay sample onto the large sample port of
each array.

14. Seal lid onto the Hyb chamber carefully to avoid dislodging
the Hyb chamber insert(s).

15. Incubate for 16–20 h at 58◦C with rocker speed at 5 (manu-
facturer’s unit).

16. Prepare 1× high-temp wash buffer (add 50 ml 10× stock to
450 ml RNase-free water).

17. Place waterbath insert into heat block, and add 500 ml pre-
pared 1× high-temp wash buffer.

18. Set heat block temperature to 55◦C and pre-warm high-temp
wash buffer to that temperature.

19. Close heat block lid and leave overnight.

3.6. Washing
and Scanning

1. Make wash E1BC solution: add 7 ml E1BC buffer to 2.5 l
RNase-free water.

2. Pre-warm block E1 buffer (4 ml/chip) to room temperature.
3. Prepare block E1 buffer (2 ml/chip) with streptavidin-Cy3

(2 μL of 1 mg/ml stock per chip). Use a single conical tube
for all BeadChips. Store in dark until detection step.

4. Remove Hyb chamber from oven and disassemble.
5. Remove cover seal from the BeadChip with Beadchip sub-

merged in ∼1 l E1BC-buffer (use glass dish for this step).
Using tweezers or powder-free gloved hands, place the Bead-
Chip into the slide rack submerged in the staining dish con-
taining 250 ml wash E1BC solution.

6. Repeat disassembly and placement in E1BC solution for all
BeadChips.

7. Using the slide rack handle, transfer the rack into the Hybex
waterbath insert containing high-temp wash buffer.
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8. Incubate static for 10 min with the Hybex lid closed.
9. During the 10-min high-temp wash buffer incubation, add

fresh 250 ml wash E1BC solution to a clean staining dish.
10. After the 10-min high-temp wash buffer incubation is com-

plete, immediately transfer the slide rack into the staining dish
containing E1BC.

11. Briefly agitate using rack, then shake on orbital shaker for
5 min at the highest speed possible without allowing solution
to splash out of dish.

12. Transfer rack to a clean staining dish containing 250 ml 100%
ethanol (use fresh from ethanol source bottle).

13. Briefly agitate using rack handle, then shake on orbital shaker
for 10 min.

14. Transfer rack to a clean staining dish containing fresh 250 ml
wash E1BC solution.

15. Briefly agitate using rack handle, then shake on orbital shaker
for 2 min

16. Pipet 4 ml block E1 buffer into the wash tray(s).
17. Transfer the BeadChip, face up into BeadChip wash tray(s)

on rocker.
18. Rock at medium speed for 10 min.
19. Pipet 2 ml block E1 buffer + streptavidin-Cy3 into fresh

wash tray(s).
20. Transfer the BeadChip, face up into wash tray(s) on rocker.
21. Place cover on tray and rock at medium speed for 10 min.
22. Add 250 ml of wash E1BC solution to a clean staining dish.
23. Transfer the BeadChip to the slide rack submerged in the

staining dish.
24. Briefly agitate using rack, and then shake at room temper-

ature on orbital shaker for 5 min with Beadchips protected
from light.

25. Prepare centrifuge with plateholders, paper towels, and bal-
ance rack. Set speed to 275 rcf.

26. Transfer rack of BeadChips from staining dish to centrifuge
and spin at room temperature for 4 min.

27. Store dry chips in the dark until scanned.
28. BeadChips are imaged using the Illumina BeadArray reader,

a two-channel, 0.8 μm resolution confocal laser scanner. The
BeadArray reader, using SentrixScan menu-driven software,
automatically scans up to three different BeadChips or a
SAM, hands-free, at one or at two wavelengths and creates
an image file for each channel.

3.7. Data Extraction
Using Illumina
BeadStudio Software

Image analysis and data extraction is performed using Illumina
BeadStudio software.
1. Using the gene expression module of BeadStudio, load data

into BeadStudio.
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2. Make sure to choose “no normalization” when asked for the
normalization method to use.

3. For further analysis using IlluminaGUI, a data file has to be
exported. Mark the “Group gene profile” or the “Sample gene
profile” on the right side and use the column chooser method
to create a file with the following columns, ProbeID, AvgSig-
nal Array1, Detection Pval Array1, AvgSignal Array2, Detec-
tion Pval Array2, and so on.

4. Export a tab-delimited file using the “export data to file”
method.

3.8. Data Analysis
Using IlluminaGUI

We have implemented a software package called IlluminaGUI
which includes a graphical user interface and can be used for ana-
lyzing microarray data from the Illumina BeadChip platform (36).
All key components of a microarray experiment, including quality
control, normalization, inference and classification methods are
provided in a ‘point and click’ approach. After downloading and
installing the package the first step is to load data into Illumi-
naGUI. Detailed descriptions of both the installation process and
the loading process can be found on the corresponding webpage
(www. IlluminaGUI.dnsalias.org).

3.8.1. Quality Control Quality control of microarray data is the first and probably one of
the most important steps in a microarray analysis. Using Illumi-
naGUI’s quality control button, quality of the data can be exam-
ined in three different ways:
1. Displaying a control summary plot based on built-in controls:

The control summary plot displays different built-in controls,
namely hybridization controls, negative versus housekeeping
controls, controls for high and low stringency as well as for
labeling and background.

2. Displaying basic diagnostic plots: Diagnostic plots include box
plots, MA plots (37) and pairwise scatter plots. Box plots can
be used to determine the distribution of intensity signals across
an array, thereby verifying the comparability of all arrays within
an experiment. MA and pairwise scatter plots are especially
useful for the detection of the intensity-dependent differences
of signals between any two arrays in the experiment.

3. Determination of absent resp. present status of probes: Deter-
mination of absent resp. present status of probes can be used
to investigate sensitivity differences of arrays in an experiment.
IlluminaGUI reports the percentage of present probes on each
array, thereby indicating a probe as present, if the detection
p-value calculated by the Illumina software <0.05. Within
an experiment, similar percentages for each array should be
achieved.

4. If any of the quality control plots indicates an outlier in the
data set, the array should be removed from further analysis.
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3.8.2. Normalization During a microarray experiment, different sources of systematic
variation can affect the measured gene expression levels, includ-
ing unequal quantities of starting material, differences in labeling
or detection efficiencies between one experiment and the other. A
normalization process is therefore used to remove such variation
to be able to detect biological differences between samples. In
IlluminaGUI one can choose from three different normalization
techniques which are all based on different assumptions con-
cerning the nature of the raw data. These are the quantiles-
method (38), the vsn-method (39) and the qspline-method (40).
Depending on the data set, a different normalization technique
gives better results. As a default method, we are using the
quantiles-method since it has shown to perform best over a wide
variety of data sets. However, all mentioned normalization tech-
niques can be tested within an analysis and the best performing
technique can then be used for further analysis.

3.8.3. Inference IlluminaGUI provides several statistical methods for identifying
differentially expressed genes. Generally we are using the com-
bined t-test/fold change analysis. During this analysis the user
can choose different criteria a gene must meet to be called dif-
ferentially expressed. These criteria include the fold change, i.e.,
the fold difference of means between the investigated groups, the
p-value which gives a statistical measure of the significant differ-
ence of the groups, and the difference in means, i.e., the actual
difference of means. Our default criteria are a fold change of 2, a
p-value of <0.05 and a difference of means of >100.

3.8.4. Classification Classification is an important question in microarray experi-
ments, for purposes of classifying biological samples and predict-
ing clinical or other outcomes using gene expression data. One
discriminates between unsupervised and supervised methods of
classification:
1. Unsupervised classification, also known as cluster analysis or

clustering: Clustering is the classification of objects into dif-
ferent groups, or more precisely, the partitioning of a data set
into subsets (clusters), so that the data in each subset (ideally)
share some common trait – often proximity according to some
defined distance measure class discovery. In our experiments,
we are typically using the hierarchical clustering method in
IlluminaGUI and are visualizing the results using a heatmap.

2. Supervised classification, also known as class prediction: In
supervised classification the class of each sample in the data
set is predefined. The task is to understand the basis for the
classification from this data set (which is called training or
learning set) which is achieved by using various classification
algorithms. This information is then used to classify future
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samples into one of the predefined classes. In IlluminaGUI, we
are generally using two different methods, nearest shrunken
centroids (PAM) (41) and support vector machines (SVMs).
With both methods, the user obtains written as well as graph-
ical outputs of the results. For example, when using PAM, the
accuracy of each prediction, the overall accuracy and the cer-
tainty of a prediction can be exported to an Excel file. In addi-
tion, a probability plot displaying the result of all predictions
is created.

3.9. RNA Preparation
Alternatives

Blood is a heterogeneous tissue consisting of different cell types:
erythrocytes, granulocytes, and other PBMC. The complex cellu-
lar nature of blood samples makes it difficult to detect differential
gene expression that occurs in only a subset of these cell types.
Also, whole blood mRNA consists of a relatively large proportion
of globin mRNA transcripts which might represent as much as
70% of the total mRNA population. These “unwanted” globin
transcripts effectively dilute the mRNA population and decrease
the sensitivity of detecting less abundant mRNAs using microar-
ray technology. Evidence of the dilution of mRNA by highly
abundant globin mRNA has been observed on Affymetrix R©
GeneChip R© arrays, where expression profiles from whole blood
RNA show decreased percent present calls and increased variabil-
ity in comparison to RNA from the PBMC fraction of whole
blood (29). Therefore, several approaches have been developed
to remove the unwanted globin mRNA transcripts from whole
blood RNA samples, prepared with the PAXgene system.

3.9.1. Globin Reduction
by RNase H Digestion

Globin reduction can be performed according to the Affymetrix
technical note (42).

1. Prepare the 10× globin reduction oligo mix with the follow-
ing final concentration:

α1: 5´-TGCAGGAAGGGGAGGAGGGGCTG-3´
(7.5 μM);

α2: 5´-TGCAAGGAGGGGAGGAGGGCCCG-3´
(7.5 μM);

ß: 5´-CCCCAGTTTAGTAGTTGGACTTAGGG-3´
(20 μM).

2. Prepare the hybridization mix: 3–10 μg total RNA from
whole blood, 2 μl 10× globin reduction oligo mix, 1 μl 10×
Oligo Hyb buffer, with RNase-free water to a final volume of
10 μL.

3. Incubate in a thermal cycler at 70◦C for 5 min, and then cool
to 4◦C.

4. Immediately proceed to RNaseH digestion.
5. Before starting, dilute an appropriate amount of RNase H

(10 U/μL) tenfold to 1 U/μL with 1× RNase H buffer.
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6. Prepare the RNase H reaction mix: 2 μl 10× RNase H
buffer, 1 μl SUPERase �InTM, 2 μl diluted RNase H (1
U/μL), 5 μl RNase-free water.

7. Add 10 μL of the RNase H reaction mix to each RNA:globin
reduction oligo hybridization sample and mix thoroughly.

8. Incubate at 37◦C for 10 min and cool to 4◦C.
9. As soon as the RNase H digestion is complete, add 1 μL of

0.5 M EDTA to each sample to stop the reaction and proceed
immediately to the cleanup step. Important: Do not leave the
samples in the RNase H digestion step at 4◦C for an extended
period of time. Prolonged incubation may result in undesired
non-specific digestion of the sample.

10. Purify RNAse H treated RNA samples with IVT cRNA
cleanup spin columns from the Affymetrix GeneChip sample
cleanup module.

11. Add 80 μl of RNase-free water to the globin-depleted RNA
sample and mix by vortexing for 3 s.

12. Add 350 μl IVT cRNA binding buffer to the sample and mix
by vortexing for 3 s.

13. Add 250 μl ethanol (96–100%) to the lysate and mix well by
pipetting. Do not centrifuge.

14. Apply sample (700 μl) to the IVT cRNA cleanup spin col-
umn sitting in a 2 ml collection tube. Centrifuge for 15 s
at ≥ 8, 000 × g (≥ 10, 000 rpm). Discard flow-through and
collection tube.

15. Transfer the spin column into a new 2 ml collection tube
(supplied). Pipet 500 μl IVT cRNA wash buffer onto the
spin column. Centrifuge for 15 s at ≥ 8, 000 × g (≥ 10, 000
rpm) to wash. Discard flow-through.

16. Pipet 500 μl 80% (v/v) ethanol onto the spin column and
centrifuge for 15 s at ≥ 8, 000 × g (≥ 10, 000 rpm). Discard
flow-through.

17. Open the cap of the spin column and centrifuge for 5 min
at maximum speed (≤ 25, 000 × g). Discard flow-through
and collection tube. Place columns into the centrifuge using
every second bucket. Position caps over the adjoining bucket
so that they are oriented in the opposite direction to the
rotation, i.e., if the microcentrifuge rotates in a clockwise
direction, orient the caps in a counterclockwise direction.
This avoids damage of the caps. Centrifugation with open
caps allows complete drying of the membrane. Transfer spin
column into a new 1.5 ml collection tube (supplied), and
pipet 14 μl of RNase-free water directly onto the spin col-
umn membrane. Ensure that the water is dispensed directly
onto the membrane. Centrifuge 1 min at maximum speed
(≤ 25, 000 × g) to elute.

18. Collect the eluate, apply again to the center of column,
and spin at ≥ 8, 000 × g (≥ 10, 000 rpm) for another
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minute. The final recovery volume after the second spin is
approximately 13 μL and the recovery of the cleanup step
is ∼75%.

19. The quality and integrity of the RNAse H treated RNA sam-
ples can be assessed as described under Section 3.3 or alter-
natively can be assessed by Agilent 2100 Bioanalyzer analysis
prior to cDNA synthesis and in vitro transcription.

3.9.2. Globin Reduction
by Magnetic Beads
(Ambion GlobinClear Kit)

1. Thaw globin capture oligos and RNA samples.
2. Preheat hybridization oven to 50◦C.
3. Preincubate 2 × hybridization buffer and streptavidin bead

buffer at least 15 min at 50◦C before use. Vortex well before
use. Within this time start to prepare streptavidin magnetic
beads.

4. In a 1.5 ml tube, combine per reaction 4 μl RNA bead buffer
with 10 μl RNA binding beads and mix briefly. Then add 6 μl
100% isopropanol and mix thoroughly by vortexing. Store
at room temperature. This mixture is the bead resuspension
mix.

5. For preparation of streptavidin magnetic beads, you need
30 μl of streptavidin magnetic beads for each sample; cal-
culate the volume of beads needed for the samples being
processed that day.

6. Vortex the tube of the streptavidin magnetic beads to sus-
pend the settled beads, and transfer the volume needed into
a 1.5 ml non-stick tube.

7. Briefly centrifuge (<2 s) at low speed (< 1, 000 × g) to col-
lect the mixture at the bottom of the tube.

8. Place the tube on a magnetic stand to capture the streptavidin
magnetic beads. Leave the tube on the magnetic stand until
the mixture becomes transparent (∼3–5 min), indicating that
capture is complete.

9. Carefully aspirate the supernatant using a pipet without dis-
turbing the streptavidin magnetic beads. Discard the super-
natant, and remove the tube from the magnetic stand.

10. Add streptavidin bead buffer to the streptavidin magnetic
beads; use a volume equal to the original volume of strep-
tavidin magnetic beads. Vortex vigorously until the beads are
resuspended.

11. Place the prepared streptavidin magnetic beads beads at 50◦C
(hybridization oven recommended) and immediately pro-
ceed to the next step. The beads should remain at 50◦C
for at least 15 min before they are used in globin removal
step.

12. For hybridization of globin mRNA and globin capture
oligonucleotides combine the following in a 1.5 ml non-stick
tube: 1–10 μg RNA in a maximum volume of 14 μl, 1 μl of
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capture oligo mix, If necessary, add RNase-free water to the
sample mixture to a final volume of 15 μl.

13. Add 15 μl of 50◦C 2× hybridization buffer to the sample.
14. Vortex briefly to mix and centrifuge briefly at low speed to

collect the contents in the bottom of the tube.
15. Place the sample in a prewarmed 50◦C incubator and allow

the globin capture oligo mix to hybridize to the globin
mRNA for 15 min. Both the time and temperature of this
incubation are important for efficient globin mRNA deple-
tion. Proceed to Removal of Globin mRNA:

16. Remove the prepared streptavidin magnetic beads from the
50◦C incubator, and resuspend them by gentle vortexing.
Briefly centrifuge (<2 s) at low speed (< 1, 000 × g) to col-
lect the mixture at the bottom of the tube.

17. Add 30 μl of prepared streptavidin magnetic beads to each
RNA sample.

18. Vortex to mix well and centrifuge briefly at low speed as in
the previous steps to collect the contents in the bottom of
the tube.

19. Flick the tube very gently to resuspend the beads, being care-
ful to keep the contents at the bottom of the tube.

20. Place the RNA bead mixture at 50◦C (hybridization oven
recommended) and incubate for 30 min.

21. Remove sample from the incubator, and vortex briefly to mix.
Then centrifuge briefly at low speed as in the previous steps
to collect the contents in the bottom of the tube.

22. Capture the streptavidin magnetic beads on a magnetic stand.
Leave the tube on the magnetic stand until the mixture
becomes transparent (∼3–5 min), indicating that capture is
complete.

23. Carefully draw up the supernatant, which contains the globin
mRNA depleted RNA, using a pipet without disturbing the
streptavidin magnetic beads. Transfer the RNA to a new 1.5
ml non-stick tube supplied with the kit, and place on ice. The
supernatant contains the GLOBINclear RNA; do not discard
the supernatant.
Proceed to Purification of the GLOBINClear RNA:

24. Prewarm the elution buffer to 58◦C.
25. Vortex the bead resuspension mix and then immediately dis-

pense 20 μl to each sample. It is important to resuspend the
beads thoroughly before adding them to the samples.

26. Vigorously vortex the sample for 10 s to fully mix the
reagents, and to allow the RNA binding beads to bind the
RNA.

27. Briefly centrifuge (<2 s) at low speed (< 1, 000 × g) to col-
lect the mixture at the bottom of the tube.

28. Capture the RNA binding beads by placing the tube on a
magnetic stand. Leave the tube on the magnetic stand until
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the mixture becomes transparent (∼3–5 min), indicating that
capture is complete.

29. Carefully aspirate the supernatant using a pipet without dis-
turbing the RNA binding beads. Discard the supernatant. It
is important to remove as much of the supernatant as possible
at this step.

30. Remove the tube from the magnetic stand. It is critical for
effective washing to remove the tube from the magnetic
stand before adding the RNA wash solution.

31. Add 200 μl RNA wash solution to each sample and vortex for
10 s. The RNA binding beads may not fully disperse during
this step; this is expected, and it will not affect RNA purity or
yield.

32. Briefly centrifuge (<2 s) at low speed (< 1, 000 × g) to col-
lect the mixture at the bottom of the tube.

33. Capture the RNA binding beads on a magnetic stand as in
the previous magnetic bead capture steps.

34. Carefully aspirate and discard the supernatant, and remove
the tube from the magnetic stand.

35. Briefly centrifuge the tube as in previous steps and place it
back on the magnetic stand.

36. Remove any liquid in the tube with a small-bore pipet tip.
37. Remove the tube from the magnetic stand and allow the

beads to air-dry for 5 min with the caps left open. Do not
air-dry the beads for >5 min.

38. Add 30 μl warm (58◦C) Elution buffer to each sample, and
vortex vigorously for ∼10 s to thoroughly resuspend the
RNA binding beads.

39. Incubate the mixture at 58◦C for 5 min. This incubation is
critical for optimal RNA recovery.

40. Vortex the sample vigorously for ∼10 s to thoroughly resus-
pend the RNA binding beads and centrifuge briefly at low
speed as in previous steps to collect the mixture at the bot-
tom of the tube.

41. Capture the RNA binding beads on a magnetic stand as in the
previous magnetic bead capture steps. Be especially careful at
this step to avoid disturbing the RNA binding beads when
collecting the supernatant. The purified RNA will be in the
supernatant.

42. Transfer the supernatant containing the RNA to a 1.5 ml
non-stick tube. Store the purified RNA at –20 or –80◦C.
Frequently some of the RNA binding beads are carried over
to the eluate, tinting it brownish. The RNA binding beads
have been shown to have no effect on absorbance read-
ings or downstream enzymatic applications. If desired, how-
ever, magnetic bead contamination can usually be reduced by
recapturing the beads on a magnetic stand for 3–5 min, and
transferring the RNA solution to a new tube.
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3.10. Microarray
Procedure
Alternatives Using
Affymetrix Arrays

3.10.1. Preparation of
Poly-A RNA Controls for
One-Cycle cDNA
Synthesis

1. Each eukaryotic GeneChip probe array contains probe sets
for several Bacillus subtilis genes that are absent in eukaryotic
samples (lys, phe, thr, and dap). These poly-A RNA controls
are in vitro synthesized, and the polyadenylated transcripts
for the B. subtilis genes are premixed at staggered concentra-
tions. The concentrated poly-A control stock can be diluted
with the poly-A control dilution buffer and spiked directly
into RNA samples (spike-in controls) to achieve the final con-
centrations (referred to as a ratio of copy number) as follows:
lys, 1:100,000; phe, 1:50,000; thr, 1:25,000; dap, 1:7,500.

2. The controls are then amplified and labeled together with
the samples. Examining the hybridization intensities of these
controls on GeneChip arrays helps to monitor the labeling
process independently from the quality of the starting RNA
samples.

3. The poly-A RNA control stock and poly-A control dilution
buffer are provided with the kit to prepare the appropriate
serial dilutions based on Table 13.1. This is a guideline when
1, 5, or 10 μg of total RNA is used as starting material (see
Note 4).

4. For example, to prepare the poly-A RNA dilutions for 5 μg
of total RNA: add 2 μl of the poly-A control stock to 38 μl
of poly-A control dilution buffer for the first dilution (1:20).

5. Mix thoroughly and spin down to collect the liquid at the
bottom of the tube. This dilution can be stored up to six
weeks at –20◦C and frozen–thawed up to eight times.

6. Add 2 μl of the first dilution to 98 μl of poly-A control dilu-
tion buffer to prepare the second dilution (1:50).

7. Mix thoroughly and spin down to collect the liquid at the
bottom of the tube.

8. Add 2 μl of the second dilution to 18 μl of poly-A control
dilution buffer to prepare the third dilution (1:10).

9. Mix thoroughly and spin down to collect the liquid at the
bottom of the tube.

10. Add 2 μl of the third dilution to 5 μg of sample total RNA.

Table 13.1
Serial dilutions of the poly-A RNA control stock for
different amounts of total RNA used

Starting amount
of total RNA (μg)

First
dilution

Second
dilution

Third
dilution

Spike-in
volume (μl)

1 1:20 1:50 1:50 2

5 1:20 1:50 1:10 2

10 1:20 1:50 1:5 2
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3.10.2. First Strand cDNA
Synthesis

1. Place 1–15 μg total RNA in a maximum total volume of 7 μl
(for 8.1–15 μg total RNA) or 8 μl (1–8 μg total RNA) in a
1.5 ml PCR tube.

2. Add 2 μl of the appropriately diluted poly-A RNA controls.
3. Add 2 μl of 50 μM T7-oligo(dT) primer.
4. Add RNase-free water to a final volume of 11 μl (for 8.1–15

μg total RNA) or 12 μl (for 1–8 μg total RNA).
5. Gently flick the tube a few times to mix, and then centrifuge

briefly (∼5 s) to collect the reaction at the bottom of the
tube.

6. Incubate the reaction for 10 min at 70◦C.
7. Cool the sample at 4◦C for at least 2 min.
8. Centrifuge the tube briefly (∼5 s) to collect the sample at the

bottom of the tube.
9. In a separate tube, assemble the first strand master mix. Pre-

pare sufficient first strand master mix for all of the RNA sam-
ples. When there are more than two samples, it is prudent to
include additional material to compensate for potential pipet-
ting inaccuracy or solution lost during the process. The fol-
lowing recipe is for a single reaction: 4 μl 5× first strand
reaction mix, 2 μl 0.1 M DTT, 1 μl 10 mM dNTP.

10. Mix well by flicking the tube a few times. Centrifuge briefly
(∼5 s) to collect the master mix at the bottom of the tube.

11. Transfer 7 μl of first strand master mix to each RNA/T7-
oligo(dT) primer mix for a final volume of 18 or 19 μl.
Mix thoroughly by flicking the tube a few times. Centrifuge
briefly (∼5 s) to collect the reaction at the bottom of the
tube, and immediately place the tubes at 42◦C.

12. Incubate for 2 min at 42◦C.
13. Add the appropriate amount of SuperScript II to each RNA

sample for a final volume of 20 μl. For 1–8 μg total RNA
– 1 μl SuperScript II. For 8.1–15 μg of total RNA – 2 μl
SuperScript II.

14. Mix thoroughly by flicking the tube a few times. Centrifuge
briefly (∼5 s) to collect the reaction at the bottom of the
tube, and immediately place the tubes at 42◦C.

15. Incubate for 1 h at 42◦C; then cool the sample for at least
2 min at 4◦C. After incubation at 4◦C, centrifuge the tube
briefly (∼5 s) to collect the reaction at the bottom of the tube
and immediately proceed to second strand cDNA synthesis.

3.10.3. Second Strand
cDNA Synthesis

1. In a separate tube, assemble second strand master mix. Pre-
pare sufficient second strand master mix for all of the sam-
ples. When there are more than two samples, it is prudent to
include additional material to compensate for potential pipet-
ting inaccuracy or solution lost during the process. The fol-
lowing recipe is for a single reaction: 91 μl RNAse-free water,
30 μl 5× second strand reaction mix, 3 μl dNTP (10 mM
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each), 1 μl E. coli DNA ligase, 4 μl E. coli DNA-polymerase I,
1 μl RNase H.

2. Mix well by gently flicking the tube a few times. Centrifuge
briefly (∼5 s) to collect the solution at the bottom of the tube.

3. Add 130 μl of second strand master mix to each first strand
synthesis sample from first strand cDNA synthesis for a total
volume of 150 μl.

4. Gently flick the tube a few times to mix, and then centrifuge
briefly (∼5 s) to collect the reaction at the bottom of the tube.

5. Incubate for 2 h at 16◦C.
6. Add 2 μl of T4 DNA polymerase to each sample and incubate

for 5 min at 16◦C.
7. After incubation with T4 DNA polymerase add 10 μl of

EDTA, 0.5 M and proceed to cleanup of double-stranded
cDNA or store at –20◦C.

8. Do not leave the reactions at 4◦C for long periods of time.

3.10.4. Cleanup of
Double-Stranded cDNA
with Sample Cleanup
Module

cDNA wash buffer is supplied as a concentrate. Before using for
the first time, add 24 ml of ethanol (96–100%), as indicated on
the bottle, to obtain a working solution. All steps of the protocol
should be performed at room temperature. During the proce-
dure, work without interruption.
1. Add 600 μl cDNA binding buffer to the 162 μl final double-

stranded cDNA synthesis preparation. Mix by vortexing for
3 s.

2. Check that the color of the mixture is yellow (similar to cDNA
binding buffer without the cDNA synthesis reaction). If the
color of the mixture is orange or violet, add 10 μl of 3 M
sodium acetate, pH 5.0, and mix. The color of the mixture
will turn to yellow.

3. Apply 500 μl of the sample to the cDNA cleanup spin column
sitting in a 2 ml collection tube, and centrifuge for 1 min at
8, 000 × g (≥ 10, 000 rpm). Discard flow-through.

4. Reload the spin column with the remaining mixture (262 μl)
and centrifuge as step 3. Discard flow-through and collection
tube.

5. Transfer spin column into a new 2 ml collection tube (sup-
plied). Pipet 750 μl cDNA wash buffer onto the spin column.
Centrifuge for 1 min at 8, 000 × g (≥ 10, 000 rpm). Discard
flow-through.

6. Open the cap of the spin column and centrifuge for 5 min at
maximum speed (≤ 25, 000 ×g). Discard flow-through and
collection tube.

7. Place columns into the centrifuge using every second bucket.
Position caps over the adjoining bucket so that they are ori-
ented in the opposite direction to the rotation, i.e., if the
microcentrifuge rotates in a clockwise direction, orient the
caps in a counterclockwise direction. This avoids damage of
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the caps. Centrifugation with open caps allows complete dry-
ing of the membrane.

8. Transfer spin column into a 1.5 ml collection tube, and pipet
14 μl of cDNA Elution buffer directly onto the spin column
membrane. Incubate for 1 min at room temperature and cen-
trifuge 1 min at maximum speed (≤ 25, 000 × g) to elute.
Ensure that the cDNA elution buffer is dispensed directly onto
the membrane. The average volume of eluate is 12 μl from
14 μl elution buffer.

3.10.5. Synthesis of
Biotin-Labeled cRNA with
GeneChip IVT Labeling Kit

1. Determine the amount of cDNA used for each IVT reaction
as follows: for initial total RNA input of 10 ng to 8 μg use
complete cDNA (∼12 μl); for initial total RNA input of 8.1–
15 μg use 6 μl cDNA.

2. Transfer the needed amount of template cDNA to RNase-free
microfuge tubes and add the following reaction components:
4 μl 10× IVT labeling buffer, 12 μl IVT labeling NTP-mix, 4
μl IVT labeling enzyme mix, with RNase-free water adjust to
final volume of 40 μl (see Note 5).

3. Carefully mix the reagents and collect the mixture at the bot-
tom of the tube by brief (∼5 s) microcentrifugation.

4. Incubate at 37◦C for 16 h. To prevent condensation that may
result from water bath-style incubators, incubations are best
performed in oven incubators for even temperature distribu-
tion, or in a thermal cycler.

5. Store labeled cRNA at –20 or –70◦C if not purifying imme-
diately. Alternatively, proceed to cleanup and quantification of
biotin-labeled cRNA.

3.10.6. Cleanup of
Biotin-Labeled cRNA with
Sample Cleanup Module

Save an aliquot (1 μl) of the unpurified IVT product for analy-
sis by gel electrophoresis. IVT cRNA wash buffer is supplied as a
concentrate. Before using for the first time, add 20 ml of ethanol
(96–100%), as indicated on the bottle, to obtain a working solu-
tion, and checkmark the box on the left-hand side of the bottle
label to avoid confusion(see Note 6). All steps of the protocol
should be performed at room temperature. During the proce-
dure, work without interruption.

1. Add 60 μl of RNase-free water to the in vitro transcription
reaction and mix by vortexing for 3 s.

2. Add 350 μl IVT cRNA binding buffer to the sample and mix
by vortexing for 3 s.

3. Add 250 μl ethanol (96–100%) to the lysate, and mix well by
pipetting. Do not centrifuge.

4. Apply sample (700 μl) to the IVT cRNA cleanup spin col-
umn sitting in a 2 ml collection tube. Centrifuge for 15 s
at ≥ 8, 000 × g (≥ 10, 000 rpm). Discard flow-through and
collection tube.
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5. Transfer the spin column into a new 2 ml collection tube
(supplied). Pipet 500 μl IVT cRNA wash buffer onto the
spin column. Centrifuge for 15 s at ≥ 8, 000 × g (≥10,000
rpm) to wash. Discard flow-through.

6. Pipet 500 μl 80% (v/v) ethanol onto the spin column and
centrifuge for 15 s at ≥ 8, 000 × g (≥ 10, 000 rpm). Discard
flow-through.

7. Open the cap of the spin column and centrifuge for 5 min at
maximum speed (≤ 25, 000 × g). Discard flow-through and
collection tube. Place columns into the centrifuge using every
second bucket. Position caps over the adjoining bucket so
that they are oriented in the opposite direction to the rota-
tion, i.e., if the microcentrifuge rotates in a clockwise direc-
tion, orient the caps in a counterclockwise direction. This
avoids damage of the caps. Centrifugation with open caps
allows complete drying of the membrane.

8. Transfer spin column into a new 1.5 ml collection tube (sup-
plied), and pipet 11 μl of RNase-free water directly onto the
spin column membrane. Ensure that the water is dispensed
directly onto the membrane. Centrifuge 1 min at maximum
speed (≤ 25, 000 × g) to elute.

9. Pipet 10 μl of RNase-free water directly onto the spin col-
umn membrane. Ensure that the water is dispensed directly
onto the membrane. Centrifuge 1 min at maximum speed
(≤ 25, 000 × g) to elute.

10. The minimum concentration for purified cRNA is 0.6 μg/μl
for the following fragmentation reaction in fragmenting the
cRNA for target preparation.

3.10.7. cRNA
Quantification

1. Use spectrophotometric analysis to determine the cRNA yield.
For photometric quantification of the purified cRNA, we rec-
ommend dilution of the eluate between 1:100- and 1:200-
fold. Apply the convention that one absorbance unit at 260
nm equals 40 μg/ml cRNA.

2. Check the absorbance at 260 and 280 nm to determine sam-
ple concentration and purity. Maintain the A260/A280 ratio
close to 2.0 for pure RNA (ratios between 1.9 and 2.3 are
acceptable).

3. For quantification of cRNA when using total RNA as starting
material, an adjusted cRNA yield must be calculated to
reflect carryover of unlabeled total RNA. Using an estimate of
100% carryover, determine the adjusted cRNA yield as follows:

adjusted cRNA yield = RNAm – (total RNAi * y)

RNAm, amount of cRNA measured after IVT (μg)
total RNAi, starting amount of total RNA (μg)
y, fraction of cDNA reaction used in IVT.
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Assuming 12 μl resuspension/elution volume for cDNA use
the following y-values: y = 1 for 12 μl, y = 0.83 for 10 μl, y
= 0.42 for 5 μl, y = 0.33 for 3.3 μl, y = 0.21 for 2.5 μl, y =
0.17 for 2 μl (see Note 7).

3.10.8. Checking
Unfragmented Samples
by Gel Electrophoresis

1. Save an aliquot (1 μg) of the purified IVT product for analysis
by gel electrophoresis. Gel electrophoresis of the IVT product
is done to estimate the yield and size distribution of labeled
transcripts. Parallel gel runs of unpurified and purified IVT
product can help determine the extent of a loss of sample dur-
ing the cleanup process.

2. Mix RNA (samples or markers) with loading dye and TE-
buffer and heat to 65◦C for 5 min before loading on the gel.

3. Ethidium bromide can be used to visualize the RNA in the gel.

3.10.9. Fragmentation
of cRNA for Target
Preparation

1. The cRNA used in the fragmentation procedure should be suf-
ficiently concentrated to maintain a small volume during the
procedure. This will minimize the amount of magnesium in
the final hybridization cocktail. The cRNA must be at a min-
imum concentration of 0.6 μg/μl. Fragment an appropriate
amount of cRNA for hybridization cocktail and gel analysis.
Use 1 μg of the fragmeted cRNA for gel-analysis.

2. The cRNA must be at a minimum concentration of 0.6 μg/μl.
If it is not, it can be concentrated by vacuum centrifugation.

3. Add 2 μl of 5× fragmentation buffer for every 8 μl of RNA
plus H2O. The fragmentation buffer has been optimized to
break down full-length cRNA to 35–200 bases fragments by
metal-induced hydrolysis. The final concentration of RNA
in the fragmentation mix can range from 0.5 to 2 μg/μl.
Example for fragmentation of 20 μg cRNA mix components
as follows: 20 μg cRNA in a volume of 1–32 μl, 8 μl 5× frag-
mentation buffer, with RNase-free water adjust to 40 μl total
volume.

4. Incubate at 94◦C for 35 min. Put on ice following the incuba-
tion.

5. Save an aliquot (1 μg) for gel analysis. The standard fragmen-
tation procedure should produce a distribution of RNA frag-
ment sizes from approximately 35–200 bases.

6. Store undiluted, fragmented sample RNA at –20◦C until ready
to perform the hybridization.

3.10.10. Array
Hybridization

1. Equilibrate probe array to room temperature immediately
before use. It is important to allow the array to normalize
to room temperature completely. Meanwhile, mix the compo-
nents as given in Table 13.2 (see Note 8). Scale-up volumes
for hybridization to multiple probe arrays.

2. Heat the hybridization cocktail to 99◦C for 5 min in a heat
block.
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Table 13.2
Components and volumes for target hybridization to
standard arrays

Component
Volume
(standard array)

Final
concentration

Fragmented cRNA 15 μg 0.05 μg/μl

Oligonucleotide B2 (3 nM) 5 μl 50 pM

Eukaryotic hybridization
controls (20×)

15 μl 1.5, 5, 25, and
100 pM

Herring sperm DNA
10 mg/ml

3 μl 0.1 mg/ml

Acetylated BSA 50 mg/ml 3 μl 0.5 mg/ml

Hybridization buffer (2×) 150 μl 1×
H2O To final of 300 μl

3. Meanwhile, wet the array by filling it through one of the
septa with appropriate volume 1× hybridization buffer (Table
13.3).

4. Incubate the probe array filled with 1× hybridization buffer at
45◦C for 10 min with rotation (60 rpm).

5. Transfer the hybridization cocktail that has been heated at
99◦C to a 45◦C heat block or hybridization oven for 5 min.

6. Spin hybridization cocktail(s) at maximum speed in a micro-
centrifuge for 5 min to remove any insoluble material from the
hybridization mixture.

7. Remove the buffer solution from the probe array cartridge and
fill with appropriate volume (see Table 13.3) of the clarified
hybridization cocktail avoiding any insoluble matter in the vol-
ume at the bottom of the tube.

Table 13.3
Appropriate volume of 1× hybridization buffer for
different array formats

Array format Hybridization volume (μl) Total fill volume (μl)

Standard 200 250

Midi 130 160

Mini 80 100

Micro 80 100
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8. Place probe array in rotisserie box in 45◦C oven. Rotate at 60
rpm.

9. Hybridize for 16 h.

3.10.11. Washing,
Staining, and Scanning
of the Arrays

1. After 16 h of hybridization, remove the hybridization cocktail
from the probe array and set it aside in a microcentrifuge
tube. Store on ice during the procedure or at –80◦C for long-
term storage.

2. Fill the probe array completely with the appropriate volume
of non-stringent wash buffer (Table 13.3).

3. Defining file locations: Launch Microarray Suite from the
workstation and select Tools ⇒ Defaults ⇒ Database ⇒
LIMS-Mode

4. Entering experiment name and information. Select Run ⇒
Experiment Info from the menu bar, fill in all necessary infor-
mation. Save the experiment by selecting Save.

5. Prime the fluidic station: Change the intake buffer reservoir A
to non-stringent wash buffer and intake buffer reservoir B to
stringent wash buffer. For the water reservoir use autoclaved,
distilled water (Ampuwa).

6. Select Run ⇒ Fluidics from the menu bar. Choose the Prime
protocol from the protocol drop-down list for the respective
modules. Click run for each module to begin priming. Repeat
the Prime protocol for a second time.

7. Prepare the SAPE stain solution (volumes given are sufficient
for one probe array): 600 μl 2 × MES stain buffer, 48 μl
acetylated BSA, 12 μl SAPE (1 mg/ml), 540 μl RNase-free
water (see Note 9).

8. Mix well and centrifuge for 5 min at room temperature at
maximum speed. Remove supernatant without carryover of
insoluble material at the bottom of the tube and divide into
two aliquots of 600 μl each to be used for stains 1 and 3,
respectively.

9. Prepare the antibody solution mix: 300 μl 2 × MES stain
buffer, 24 μl acetylated BSA, 6 μl 10 mg/ml normal goat
IgG, 3.6 μl 0.5 mg/ml biotinylated antibody, 266.4 μl
RNase-free water.

10. For washing and staining of microarrays, select the cor-
rect experiment name in the drop-down Experiment list
in the Fluidic station dialog box on the workstation.
Chose the appropriate Washing and Staining program
(Test3: Micro1v1; U133A: EukGeWS2v4) and run. Fol-
low the instructions on the LCD display of the fluidic sta-
tion/workstation.

11. When washing/staining program has finished check the
probe array window for large bubbles or air pockets. If bub-
bles are present, the array should be filled with non-stringent
wash buffer A manually.
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12. Shutting down the fluidics station. If the fluidic station will
not be used at this day, place wash lines into a bottle filled
with deionized water. Choose the Shutdown protocol from
the protocol drop-down list and click Run. Repeat the Shut-
down protocol a second time with water and a third time
without fluids to remove residual water.

13. To scan the microarrays switch on laser before starting the
workstation. Make sure that the scanner is warmed up prior
to scanning by turning the laser on at least 15 min before use.

14. If probe array was stored at 4◦C, equilibrate to room temper-
ature before scanning.

15. If necessary, clean the glass surface of probe array with a non-
abrasive towel or tissue before scanning. Do not use alcohol
to clean glass.

16. Choose the experiment from the drop-down list to be
scanned, click Run and follow the instructions.

17. If the scanner will not be used for longer time periods or after
finishing at this day, choose “put laser off”. When the cooling
fan has turned down (after a few minutes) it is sure to switch
off the scanner.

3.10.12. Data Extraction
and Statistics

For Affymetrix data collection and assessment, Affymetrix
Microarray Analysis Suite Version 5.0 program (MAS5.0) and
dCHIP 1.3 R© can be used. According to standard microarray
analysis methods, for data analysis using MAS5.0 the fluorescence
intensity of each array is scaled to an overall intensity of 100 to
enable comparison of all hybridization data. In dCHIP Affymetrix
CEL files are imported and normalized to the median intensity
using the perfect match (PM) model.

4. Notes

1. PAXgeneTM blood RNA spin columns and buffers can be
stored dry at room temperature (15–25◦C) for up to 1 year.
The proteinase K solution is stable for at least 1 year after deliv-
ery when stored at room temperature. To store for more than
1 year, it is suggested keeping the proteinase K at 2–8◦C.

2. The cDNA binding buffer may form a precipitate if stored
below room temperature. If a precipitate is visible, redissolve
it by warming the solution to 37◦C for up to 10 min and vor-
texing vigorously. Cool to room temperature before use.

3. Once the SA-Cy3 has been reconstituted, it is recommended
to make 20 μL aliquots. Store these aliquots at –20◦C. Once
the aliquots have been thawed for use, store them in the dark at
4◦C for up to one month. Do not freeze and thaw repeatedly.
Protect Cy3 from light.
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4. For starting sample amounts other than those listed here, cal-
culations are needed in order to perform the appropriate dilu-
tions to arrive at the same proportionate final concentration of
the spike-in controls in the samples. Avoid pipetting solutions
less than 2 μl in volume to maintain precision and consistency
when preparing the dilutions.

5. If more than one IVT reaction is to be performed, a master
mix can be prepared by multiplying the reagent volumes by
the number of reactions. Do not assemble the reaction on ice,
since spermidine in the 10× IVT labeling buffer can lead to
precipitation of the template cDNA.

6. IVT cRNA binding buffer may form a precipitate upon stor-
age. If necessary, redissolve by warming in a water bath at
30◦C, and then place the buffer at room temperature.

7. Example: Starting with 10 μg total RNA, 50% of the cDNA
reaction is added to the IVT, giving a yield of 50 μg cRNA.
Therefore, adjusted cRNA yield = 50 μg cRNA – ((10 μg
total RNA) × (0.5 cDNA reaction)) = 45.0 μg. Use adjusted
yield for fragmentation procedure.

8. It is mandatory that frozen stocks of 20× GeneChip R© eukary-
otic hybridization control cocktail be heated to 65◦C for 5
min before first use to completely resuspend the cRNA and
then aliquot in small volumes (5 μl aliquots and 15 μl aliquots
that can be stored at −20◦C). The GeneChip R© eukary-
otic hybridization control cocktail can maximal freeze/thawed
three times.

9. Streptavidin phycoerythrin (SAPE) should be stored in the
dark at 4◦C, either foil-wrapped or kept in an amber tube.
Remove SAPE from refrigerator and tap the tube to mix
well before preparing stain solution. Do not freeze concen-
trated SAPE or diluted SAPE stain solution. Always prepare
the SAPE stain solution immediately before use.
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Chapter 14

RNA Profiling in Peripheral Blood Cells by Fluorescent
Differential Display PCR

Martin Steinau and Mangalathu S. Rajeevan

Abstract

The differential display-polymerase chain reaction (DD-PCR) technique is a unique, sequence
independent tool for mRNA profiling and relative quantification. It is particularly suited for clinical sam-
ples yielding limited amounts of RNA. Unlike closed systems like microarray-based platforms, DD-PCR
can be used to detect expression changes in known and novel transcripts, alternate splice products and to
identify non-human transcripts. This chapter details fluorescent DD-PCR protocols that were optimized
for peripheral blood mononuclear cells (PBMC). Subpopulations of mRNAs are reverse transcribed with
two-base anchored oligo dT primers, amplified in combination with arbitrary primers and after gel sep-
aration visualized by fluorescent tags on the primers. Besides the DD-PCR itself, methods are described
for subsequent extraction, amplification, and sequencing of DNA from bands of interest to identify the
corresponding genes.

Key words: Differential display PCR, fluorescent detection, blood RNA profiling, PBMC.

1. Introduction

Differential display-polymerase chain reaction (DD-PCR), intro-
duced by Liang and Pardee in the early 1990s, is an effective
platform applicable to a variety of samples from different species
for genome-wide profiling of known and novel gene transcripts
(1,2). The original DD-PCR protocol has been greatly improved
in terms of its’ reliability and ability to detect small differences
in gene expression. Since DD-PCR can be performed with small
amounts of total RNA (<100 ng), it is suitable for transcrip-
tion profiling of clinical samples like peripheral blood mononu-
clear cells (PBMCs) (3) known to yield limited amounts of
RNA. Unlike closed chip-based systems DD-PCR also offers the
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possibility to discover new transcripts, variants or foreign RNAs
from pathogens.

In order to reduce the complexity of amplified cDNA prod-
ucts, subpopulations of mRNA are synthesized into cDNA by the
use of 3′ two-base anchored oligo (dT) primers (AP primer) that
target the two nucleotides immediately upstream of the poly-A
tail. The resulting portion of cDNA is then amplified with the
same AP primer in combination with a set of randomly chosen
arbitrary primer (ARP), so that each DD-PCR generates products
from 50 to 100 mRNA transcripts in a single reaction. It is esti-
mated that 200 PCR reactions employing ten two-base AP and
20 ARP combinations can provide nearly complete coverage of
the human RNA profile. Besides DD-PCR itself, procedures are
described for subsequent sequence recovery and corresponding
gene identification of differentially displayed messages. The meth-
ods described were optimized specifically for RNA from human
PBMCs (4). It is understood that all DD-PCR results should be
validated by other methods such as real-time PCR (5) which is
not described here.

2. Materials

1. RNAaqueous Kit (Ambion/Applied Biosystems, Austin TX)
2. Formaldehyde, 37% aqueous solution
3. Agarose (electrophoresis grade)
4. Small electrophoresis equipment (3′ × 4′)
5. 3-(N-morpholino)propanesulfonic acid (MOPS) 10×
6. Tris/borate/EDTA (TBE) buffer 10×
7. RNA sample loading buffer with ethidium bromide (Sigma-

Aldrich)
8. RNA Ladder 0.1–2 kb (Invitrogen, Carlsbad, CA)
9. UV/vis spectrophotometer

10. Message clean DNase I (GenHunter, Knoxville, TN)
11. RNasin (Promega, Madison WI)
12. Superscript II reverse transcriptase (Invitrogen)
13. Platinum Taq DNA polymerase, 5 U/μl (Invitrogen)
14. dNTP mixture 2.5 mM each: dATP, dCTP, dGTP, dTTP

(Invitrogen)
15. Hieroglyph mRNA profile kit for differential display analysis

(Genomyx Corp., Foster City, CA)
16. FluoroDD TMR-fluorescent anchored primer adapter kit for

the Hieroglyph mRNA profile kit system for differential dis-
play analysis (Genomyx Corp.)

17. Hr-1000 5.6% denaturing clear gel (Beckman Coulter,
Fullerton, CA)

18. Sodium hydroxide (NaOH), 10 N in H2O
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19. Glass shield (Beckman Coulter)
20. Ammonium persulfate (APS), 10%
21. Tetramethylethylenediamine (TEMED)
22. Programmable sequencing gel station with 60 cm SC-Glass

plate set and SC-optimized comb/spacer kit, 60 cm, 250
μm, 48 well (Beckman Coulter)

23. Fluorodd Grid (Beckman Coulter)
24. Programmable thermocycler: GeneAmp PCR System 9700

(Applied Biosystems, Foster City, CA)
25. PCR cooler (Eppendorf, Westbury, NY)
26. Fluorescent Image Scanning Unit FMBIO III (MiraiBio Inc.,

Alameda, CA)
27. Graphics editor software – Adobe Photoshop (Adobe Sys-

tems Inc., San Jose, CA)
28. Centricon YM-100 (Millipore, Billerica, MA)
29. Expand High Fidelity PCR System (Roche Applied Science,

Indianapolis, IN)

3. Methods

The methods described here include (1) RNA isolation from
PBMCs, (2) DNase treatment, (3) reverse transcription (RT),
(4) DD-PCR, (5) product separation in a sequencing gel (6)
band recovery, (7) re-amplification, and (8) sequencing and
identification.

3.1. Sample
Collection and RNA
Isolation

Peripheral blood samples were collected by venepuncture into
tubes containing heparin. PBMCs were isolated immediately
using Ficoll gradients and stored in RNAaqueous lysis buffer
at –80◦C. Total RNA was extracted with the RNAaqueous kit
(Ambion, Austin, TX) following the manufacturers directions.
RNA was stored at –80◦C until further use.

For a successful DD-PCR study, it is essential to ensure
that the RNA from all samples is undegraded, and equal quan-
tities are subjected to the procedure. Therefore, RNA quality
was verified visually by using denaturing formaldehyde gel (1%)
electrophoresis:
1. For a 3” × 4” gel, mix 0.5 g agarose and 36 ml diethylpy-

rocarbonate (DEPC)-treated water and heat until agarose has
completely dissolved. Add 9 ml of formaldehyde and 6 ml 10×
MOPS, mix thoroughly and cast the gel in a chemical fume
hood.

2. To 1 μl RNA sample, add 8 μl DEPC H2O and 1 μl of 10×
RNA loading dye with ethidium bromide. Denature for 10
min at 70◦C and set tubes on ice for 2 min.
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3. Briefly spin the tubes to remove condensation. Load the sam-
ples and an RNA molecular weight marker into the wells of
the gel and run for 90 min at 90V.

4. RNA quality can be estimated by the intactness of the 28S
and 18S ribosomal bands. Intensity of these ribosomal bands
should appear in 2:1 ratio for undegraded total RNA.

RNA concentration was determined with the ND-1000 (Nan-
oDrop Technologies, Wilmington, DE) UV/Vis spectropho-
tometer. Equal dilution to a concentration of 50 to 100 ng/μl
in 1× TE buffer is most suitable for the following downstream
application. RNA yield from PBMCs is relatively low and can
degrade quickly if improperly handled. To avoid repeated freeze–
thaw cycles, these dilutions should be prepared immediately prior
to processing.

3.2. DNase Treatment Since DD-PCR is a very sensitive method, and employs random
priming, great care should be taken to remove all traces of DNA
in the samples to avoid false-positive results. Treatment of total
RNA with DNase I and the subsequent reverse transcription (Sec-
tion 3.3) were carried out as a single-tube reaction. All incubation
steps were performed in a thermocycler programmed for the rel-
evant times and temperatures as outlined in step 2. To keep the
sample at 4◦C on the bench a PCR cooler was used.

As for all work with RNA, a clean RNase-free work environ-
ment and gloves are essential. RNA samples, DNase I and 10×
buffer should be thawed on ice and gently resuspended prior
to use.
1. Dilute sufficient amount of DNase I 1:10 in 1× DNase I

buffer to 1 U/μl. In a 0.2 ml thin-wall PCR tube, mix: 0.5
μl 10× DNase I buffer, 1 μl DNase I (1 U) with 100 ng total
RNA and add DEPC H2O to bring the total reaction volume
to 5 μl.

2. Incubate for 30 min at 37◦C, followed by 2 min at 70◦C in
a thermocycler. Then touch-spin to remove condensation and
place into the PCR cooler. Remove 1 μl of DNase I-treated
sample at this step, and dilute with water to 10 μl. This aliquot
will serve as “no-RT control” from each sample and should be
kept at 4◦C. Proceed directly to reverse transcription (Section
3.3).
Effectiveness of DNase I treatment should be verified by pro-

cessing the no-RT control through the DD-PCR reaction (Sec-
tion 3.4) and should not produce any visible products on the
sequencing gel (Section 3.5).

3.3. Reverse
Transcription

1. Dilute the dNTP mix to 250 μM prior to use. Do not vor-
tex primer or dNTPs since this may result in degradation (see
Note 1).
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Table 14.1
Anchored primers (AP) (6)

AP primer Sequence (5′ to 3′)

T7(dT12)AP1 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTGA 3′

T7(dT12)AP2 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTGC 3′

T7(dT12)AP3 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTGG 3′

T7(dT12)AP5 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTGT 3′

T7(dT12)AP6 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTCA 3′

T7(dT12)AP7 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTCC 3′

T7(dT12)AP8 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTCG 3′

T7(dT12)AP9 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTAA 3′

T7(dT12)AP10 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTAC 3′

T7(dT12)AP11 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTAG 3′

T7(dT12)AP12 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTAT 3′

T7(dT12)AP12 5′ ACGACTCACTATAGGGCTTTTTTTTTTTTCT 3′

In addition to the regular primer oligos an additional set of APs is needed with 5′ TMR
label; bold bases indicate the two anchoring sequences that target the nucleotides
immediately upstream of the poly-A tail. The sequence of the T7 primer sequence (for
re-amplification (Section 3.7)) is underlined.

2. To the tube containing the remaining 4 μl DNase-treated sam-
ple add 1 μl of an anchor primer (2 mM) (Table 14.1), incu-
bate at 70◦C for 5 min, then set back into the PCR cooler.

3. During the incubation period, the reagents for the reverse
transcription reaction should be prepared on ice, as a master
mix for all samples per cDNA type (with a particular AP). For
each RT reaction mix 1.55 μl H2O, 1 μl 5x RT buffer, 1 μl
dNTPs (250 μM), 1 μl DTT (0.1 M), 0.25 μl RNasin, 0.2 μl
reverse transcriptase.

4. Add 5 μl of RT master mix and mix well. Incubate in a thermo-
cycler under the following conditions: 5 min at 40◦C, 50 min
at 50◦C, and 15 min at 70◦C. After the synthesis step is com-
pleted, remove sample, touch-spin, and dilute fourfold with
30 μl DEPC water. Keep cDNAs at –20◦C until DD-PCR is
performed. The type of cDNA, i.e., which AP was used should
be carefully recorded.

3.4. Fluorescent
DD-PCR

Amplification of cDNAs was achieved with the same AP (version
with 5′-end tetramethylrhodamine label) that had been used for
its synthesis and any one of the ARPs. Since detection of differ-
ential expression involves comparison of RNA profiles of different
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samples generated under identical condition, a particular type of
cDNA from all samples should be amplified with the same ARP at
the same time. However, a sample set can be processed with sev-
eral ARPs in parallel. Excessive light exposure should be avoided
to prevent photo-bleaching of the TMR label (see Note 1).
1. Thaw cDNA samples (Section 3.3) on PCR cooler and pre-

chill 0.2 ml thin-wall PCR tubes for the DD-PCR. Each sam-
ple should be amplified in duplicates (see Note 2).

2. Prepare all biochemical components as a master mix. Each
DD-PCR reaction contains 2.7 μl dH2O, 1 μl 10× PCR
buffer (without MgCl2), 0.75 μl MgCl2 (50 mM), 2 μl
dNTPs (250 μM), 1.75 μl ARP, 0.7 μl TMR-AP (2 μM),
and 0.1 μl platinum Taq (5 U/μl). Mix by pipetting up and
down and aliquot. Add 1 μl of cDNA to 9 μl PCR master mix
in the prepared PCR tubes. Touch-spin before inserting the
tubes into the thermocycler.

3. Amplification is performed under the following conditions:
95◦C for 2 min; four cycles of 92◦C for 15 s, 50 ◦C for 30
s, 72◦C for 2 min; 25 cycles of 92◦C for 15 s, 60◦C for 30 s,
72◦C for 2 min; 72◦C for 7 min; 4◦C until processing.

3.5. High-Resolution
(HR) Sequencing Gel

Separation of the fluorescent DD-PCR products was accom-
plished by a 24” vertical sequencer in a 5.6% clear denaturing
polyacrylamide gel matrix. Some preparations need to be made to
allow the location and recovery of DD-PCR bands that might be
of interest later (Section 3.6): (1) Visual marks for the alignment
of the gel image with the grid (see Note 3). (2) To allow access to
the gel, the glass plates were individually treated to facilitate gel
adhesion to the unnotched plate only and allowing detachment
of the other.

3.5.1. Unnotched Plate This bottom plate will support the gel when bands of interest
are excised (Section 3.6.) and bands are located with the help
of marks made on the plate by aligning it with locations on a
“physical grid”.
1. Position glass exactly over the transparent physical grid with

the outside facing up. Above designated spots on the grid
(in upper left and lower right corners) place markings onto
the glass plate that line up with marking on the grid (clear
whole punch reinforcement labels over the A1 and H19 mark-
ers work well).

2. Clean plate under running water, rubbing of all remaining dirt
or gel fragments and dry both sides of the glass with lint-free
wipes.

3. Prepare 250 ml 4 N NaOH. Treat the inner side of the glass
with 200 ml 4M NaOH rubbing in circular motion with a
paper towel. Overlay the entire plate with additional NaOH
and let soak for 5 min.
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4. Thoroughly wash of the NaOH with running water for 2–5
min. Dry with wipes and clean with 95% EtOH. Ensure glass
plate is absolutely clean and dry.

3.5.2. Notched Upper
Plate

1. Clean plate with running water, 95% EtOH and dry.
2. Apply a thin film of glass shield wiping in circular motion over

the entire surface plate using lint-free wipes. Ensure that the
edges are treated too. Wash of excessive glass shield and clean
glass plate with 95% EtOH.

3. Clean spacers and combs with distilled water. Fix the spacers
to the lateral ends with a paper glue stick.

3.5.3. Casting the Gel 1. In a glass beaker add 80 ml of 5.6% denaturing clear gel, 640
μl of 10% APS (prepared fresh), and 64 μl of TEMED. Swirl
carefully to avoid air bubbles. Pour the liquid gel onto the
bottom third of the unnotched plate in horizontal position. Set
the notched plate at a 90◦ angle onto the spacers against the
unnotched one. Slowly lower the treated side of the notched
glass plate avoiding any air enclosure. Line up the corners of
both plates, insert comb spacer with the teeth facing outside,
and fix both plates together with clamps (see Note 4).

2. Let the gel polymerize in horizontal position for at least 1 h,
then remove clamps and wash of excessive gel with deionized
water.

3.5.4. Gel Electrophoresis 1. Prepare the gel electrophoresis station with 150 ml upper
buffer (0.5x TBE) and 300 ml lower buffer (1× TBE). Insert
shark tooth comb between the glass plates so the teeth gen-
tly touch the gel surface. Rinse out any remaining gel pieces in
the loading wells with the upper running buffer using a syringe
with needle.

2. Transfer 4 μl from each DD-PCR reaction into a new thin-wall
0.2 ml tube. Add 1.5 μl of fdd dye. Prepare a TMR-labeled
DNA-standard marker and the no-RT controls (Section 3.2)
the same way. Place tubes uncapped into the thermocycler
leaving the cover open and heat for 3 min at 95◦C. Touch-
spin tubes and cool in the PCR cooler.

3. Load the entire remaining content of each tube (∼4 μl) slowly
into the wells, duplicates adjacent to each other. Run the gel
for 5 h at 2,700 V, 100 W, 50◦C. Minimize light exposure of
the gel.

3.6. Scanning and
Band Recovery

1. After electrophoresis has completed, thoroughly clean the
glass plate with 95% ethanol or streak-free glass cleaner.

2. Scan the gel in the FMBIOIII with the following parameters:
532 nm laser, 505 nm filter, 100 μm resolution, 90% sensi-
tivity, two scan line repetitions. Visually analyze the scanned
image for differential gene expression. Samples should have
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at least an estimated twofold intensity difference while dupli-
cates should appear identical (Fig. 14.1). The original scan
of the fluorescent of the DD-PCR should be saved in the
tagged image file format (TIFF). For alignment and recovery
of particular bands of interest the following protocol should
be followed:

3. Separate the two glass plates using a plastic specula from a
bottom corner. Dry the gel on the unnotched plate for 20
min at 50 ◦C with the drying program of the automated
sequencer.

4. Carefully rinse the gel with deionized water to remove the
crystallized urea and dry again for 10 min. Repeat rinsing
and drying steps at least three times or until no urea crystal-
lization is visible on the dry gel. Remaining urea can interfere
with the subsequent PCR reaction.

5. With a graphics editor software program (Adobe Photoshop)
overlay the fluorescent gel image with an image of the grid
editor (virtual grid) using the orientation marks on the glass
plate (1A, H19). Set the virtual grids’ opacity to about 40%
and line up the marks of both images. Mark bands of inter-
est on the appropriate position of the physical grid with a
permanent marker (Fig. 14.2; see Note 5).

6. Place the physical grid with marked band positions face
down. Place the unnotched glass with the gel facing up on
top. Carefully align the targets on glass and grid and fix grid
and plate together with clamps.

7. Prepare a 0.5 ml microcentrifuge tube with 50 μl nuclease-
free TE for each band to be excised from the gel.

8. With a clean blade cut along the perimeter of the marked
band on the grid. Pipette 2 μl nuclease-free water atop the
cutting, scoop up the band and place it in the prepared tubes
with TE. Change the blade after each cutting or flame with
EtOH.

Fig. 14.1. Section of a DD-PCR gel with fluorescent amplicons from two PBMC samples
(S1 and S2) each run in duplicates. Arrows indicate bands with equal intensity (A) or
differential expression (B).
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Fig. 14.2. Image of a fluorescent DD-PCR gel overlaid with the grid. The band’s location
can be transferred onto the physical grid to marks its position on the gel once it is lined
up with the glass plate.

9. Incubate gel slices in closed tubes for 60 min at 37◦C. Pro-
ceed directly to re-amplification (Section 3.7) or store tubes
at –20◦C.

10. Rescan the gel on the glass plate to verify the successful
removal of desired bands.

3.7. Re-amplification 1. Use Expand High Fidelity PCR System (Roche Applied Sci-
ence) for re-amplification. Prepare core mix for each 50 μl
PCR reaction: 28.6 μl H2O, 5 μl 10× PCR, 1 μl dNTP mix
(10 mM), 5 μl M13 primer (20 μM), 5 μl 2 μM T7 (20 μM)
primer, 0.4 μ Taq enzyme mix.

2. Add 45 μl core mix to 5 μl of eluted gel product (Section
3.6.) in a 0.2 ml thin-wall PCR tube and amplify under the
following cycle conditions: 2 min at 95◦C, ten cycles of 15 s
at 92◦C, 30 s at 50◦C, 2 min at 72◦C, 15 cycles of 15 s at
92◦C, 15 s at 60◦C, 2 min at 72◦C, one final step of 7 min at
72◦C.

3. Check successful re-amplification by gel electrophoresis. Run
10 μl of each product in a 1.2% agarose gel (Fig. 14.3). Direct
sequencing will only be successful if a single sharp band is
visible.

4. Purify the remaining 40 μl of each PCR reaction with Cen-
tricon YM-100 spin columns (Millipore) according to the
manufacturers’ instructions. The recovered volume should be
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Fig. 14.3. Different size amplicons of reamplified DD-PCR bands. The products are visu-
alized by agarose gel electrophoresis to assess quality and correct molecular weight
prior to sequencing.

between 14 and 20 μl and should be kept at –20◦C (see
Note 7).

3.8. Direct
Sequencing and Gene
Identification

The purified reamplified PCR products can be sequenced directly
using the M13 primer contained in the 5′-end of the ARPs (Table
14.2). Typically, 2 μl of each reamplified band could be end-
labeled with BigDye terminator and sequenced with an ABI 3100
Genetic Analyzer using the standard protocol from the manu-
facturer. The obtained nucleotide sequences were submitted to
BLAST for gene identification and annotated subsequently with
appropriate software. Sequence quality, i.e., length and number
of ambiguous bases can vary widely, and determines its useful-
ness for gene identification. As a guideline, nucleotide sequence
should have at least 100 base pairs with less than 5% ambigu-
ous bases. However, usable BLAST results may be obtained with
lower quality sequences.

4. Notes

1. Methods in Sections 3.3, 3.4, and 3.5.4 use components
from the HIEROGLYPH mRNA Profile Kit and the fluo-
roDD TMR-fluorescent anchored primer adapter kit for differ-
ential display analysis from Genomyx Corp. (Foster City, CA).
Each of the HIEROGLYPH kits contains ten 3′-oligo(dT)-
anchoring primers with a set of four kit-specific 5′-arbitrary
primers. These kits are no longer available but its components
can easily be replaced: All sequences of AP and ARP oligonu-
cleotides are listed in Tables 14.1 and 14.2; one set of APs
needs to be 5′-end-labeled with TMR. A TMR-labeled molec-
ular weight DNA marker is useful for electrophoresis in the
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Table 14.2
Arbitrary primers (6)

ARP primer Sequence (5′ to 3′)

M13-ARP1 5′ ACAATTTCACACAGGACGACTCCAAG 3′

M13-ARP2 5′ ACAATTTCACACAGGAGCTAGCATGG 3′

M13-ARP3 5′ ACAATTTCACACAGGAGACCATTGCA 3′

M13-ARP4 5′ ACAATTTCACACAGGAGCTAGCAGAC 3′

M13-ARP5 5′ ACAATTTCACACAGGAATGGTAGTCT 3′

M13-ARP6 5′ ACAATTTCACACAGGATACAACGAGG 3′

M13-ARP7 5′ ACAATTTCACACAGGATGGATTGGTC 3′

M13-ARP8 5′ ACAATTTCACACAGGATGGTAAAGGG 3′

M13-ARP9 5′ ACAATTTCACACAGGATAAGACTAGC 3′

M13-ARP10 5′ ACAATTTCACACAGGAGATCTCAGAC 3′

M13-ARP11 5′ ACAATTTCACACAGGAACGCTAGTGT 3′

M13-ARP12 5′ ACAATTTCACACAGGAGGTACTAAGG 3′

M13-ARP13 5′ ACAATTTCACACAGGAGTTGCACCAT 3′

M13-ARP14 5′ ACAATTTCACACAGGATCCATGACTC 3′

M13-ARP15 5′ ACAATTTCACACAGGACTTTCTACCC 3′

M13-ARP16 5′ ACAATTTCACACAGGATCGGTCATAG 3′

M13-ARP17 5′ ACAATTTCACACAGGACTGCTAGGTA 3′

M13-ARP18 5′ ACAATTTCACACAGGATGATGCTACC 3′

M13-ARP18 5′ ACAATTTCACACAGGATTTTGGCTCC 3′

M13-ARP20 5′ ACAATTTCACACAGGATCGATACAGG 3′

The sequence of the M13 primer sequence (for re-amplification (Section 3.7) and
direct sequencing (Section 3.8)) is underlined.

HR gel (ideally 0.3–1.0 kb in 50 bp increments). FluoroDD
loading dye contains blue dextran and formamide.

2. A fourfold dilution of the cDNA template PCR was found
optimal for detection of small differences in gene expression
by DD-PCR (Section 3.4.). While higher amounts of cDNA
masked small expression differences, lower amounts of cDNA
input in PCR failed to detect low abundant mRNAs (3).

3. Save portions of the DD-PCR reactions (Section 3.4.) to
rerun the gel in case of technical failure. Products (covered
with aluminum foil) can be stored at 4◦C for several weeks.

4. Casting a large gel without air enclosures is somewhat tricky.
If gel contains air bubbles, raise the notched plate up until the
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bubble is “free”. Sometimes, it helps to slightly “wobble” the
plate up and down.

5. The physical grid is a fine matrix of approximately 2 mm × 2
mm printed on a clear plastic sheet of the same dimensions as
the glass plate. Each sector of 16 × 10 such squares is high-
lighted and labeled by an alphanumeric system – A1 to H20
(Fig. 14.2). The physical grid and a scanned image (virtual
grid) of it are used to mark the location of selected DD-PCR
bands for excision from the glass plate (Section 3.6). Alterna-
tively, a 1:1 printout of the gel image could also be used in a
similar way to locate bands of interest.

6. Removing the excised bands from the gel (Section 3.6): lay
small amount of water exactly within the cutting edges, let the
gel beneath soften, push the gel piece laterally with a small
pipette tip and then lift it from the glass plate.

7. Save an aliquot of the reamplified bands (Section 3.7) as a
template for subsequent real-time PCR optimization if valida-
tion of the DD-PCR results is desired.

8. It is possible that reamplified bands may represent more than
one sequence. Such fragment mixture might require cloning to
allow proper sequencing. The T7 primer does not yield good
sequence data with this system.
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Chapter 15

cDNA Amplification by SMART-PCR and Suppression
Subtractive Hybridization (SSH)-PCR

Andrew Hillmann, Eimear Dunne, and Dermot Kenny

Abstract

The comparison of two RNA populations that differ from the effects of a single-independent variable,
such as a drug treatment or a specific genetic defect, can identify differences in the abundance of specific
transcripts that vary in a population-dependent manner. There are a variety of methods for identifying dif-
ferentially expressed genes, including microarray, SAGE, qRT-PCR, and DDGE. This protocol describes
a potentially less sensitive yet relatively easy and cost-effective alternative that does not require prior
knowledge of the transcriptomes under investigation and is particularly applicable when minimal levels
of starting material, RNA, are available. RNA input can often be a limiting factor when analyzing RNA
from, for example, rigorously purified blood cells. This protocol describes the use of SMART-PCR to
amplify cDNA from sub-microgram levels of RNA. The amplified cDNA populations under comparison
are then subjected to suppression subtractive hybridization (SSH-PCR), a technique that couples sub-
tractive hybridization with suppression PCR to selectively amplify fragments of differentially expressed
genes. The final products are cDNA populations enriched for significantly over-represented transcripts
in either of the two input RNA preparations. These cDNA populations may then be cloned to make
subtracted cDNA libraries and/or used as probes to screen subtracted cDNA, global cDNA, or genomic
DNA libraries.

Key words: Differential expression, cDNA amplification, SMART-PCR, subtractive hybridization,
suppressive PCR, subtracted cDNA.

1. Introduction

Switching mechanism at RNA termini (SMART)-PCR and sup-
pression subtractive hybridization (SSH)-PCR are independent
but compatible methods, commercially developed, and marketed
by Clontech Laboratories, Inc. SMART-PCR (1) – amplifica-
tion of cDNA begins with conversion of mRNA to cDNA
using MMLV- RT, mutated in the RNase H domain, in the
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Fig. 15.1. Scheme of double-strand cDNA synthesis by SMART-PCR.

first-strand synthesis reaction (Fig. 15.1). This enzyme pos-
sesses RT activity, terminal deoxynucleotidyl transferase (TdT)
activity, and DNA-dependent DNA polymerase activity. During
first-strand synthesis, an anchored oligo-d(T)30VN primer (3′
cDNA synthesis primer) anneals to the 5′-end of poly(A) tails,
i.e., near the 3′-end of the RNA Pol II transcribed sequences.
The 5′-end of this 3′ cDNA synthesis primer contains a defined
sequence that serves as a PCR primer target site in the subse-
quent amplification step. When the first strand has been extended
to the end of an mRNA template, the TdT activity of the
reverse transcriptase (RT) adds several untemplated deoxycyto-
sine (d(C)) residues to the 3′-end of first-strand cDNAs (in a
fashion analogous to the addition of single untemplated d(A)
residues to the end of PCR products generated with Taq DNA
polymerase). The 5′ cDNA synthesis primer contains three (ribo)
guanosine residues at its 3′ end that anneal to these untem-
plated d(C) “tails” and then serve as a template for the DNA-
dependent DNA polymerase activity of the MMLV-RT. This
SMART allows for MMLV-RT-mediated 3′-extension of all first-
strand cDNA products to include a defined, contiguous sequence
copied from the 5′ cDNA synthesis primer. The terminal trans-
ferase and template switching activities occur during the first-
strand cDNA synthesis. Regions of sequence in the 5′ and
the 3′ cDNA synthesis primers are identical, allowing for uni-
form amplification of all first-strand cDNAs with a single-PCR
primer (2).
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SSH-PCR relies on the kinetics of DNA hybridization (3).
The efficiency of identifying a particular differentially expressed
gene is a function of both its initial abundance in the tran-
scriptome and its relative difference with that of the population
to which it is being compared (4). cDNAs prepared from the
two mRNA populations being compared are first digested with
a four base cutting restriction enzyme to generate short blunt-
ended fragments which are more favorable to the suppressive
PCR effect. One cDNA population, believed to contain an over-
representation of some unknown genes, is denoted the “tester”.
The tester cDNA is split into two aliquots and each is ligated to a
different adaptor (Fig. 15.2).

The other cDNA population is denoted the “driver” and
is mixed with the two adaptor-ligated tester cDNAs separately.
The two mixtures are heat denatured and then allowed to re-
anneal (Fig. 15.3). In these complexes, the driver is in excess
and hybridizations do not go to completion. Sequences over-
represented in the tester cDNA pool remain single stranded and
sequences common to both tester and driver re-anneal as they
nucleate more frequently due to their higher relative concen-
trations. In a second hybridization step (Fig. 15.4), the single-
stranded tester sequences remaining in the two first-hybridization

Fig. 15.2. Scheme of adapter ligation.
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Fig. 15.3. Scheme of first hybridization of driver and tester cDNA.

mixes, which bear different adaptor sequences at their ends, are
allowed to fully re-anneal in the presence of additional denatured
driver cDNA. In this second hybridization, there is further sub-
traction of sequences common to both tester and driver cDNAs.
As these hybridizations go to completion, single-stranded frag-
ments unique to the tester cDNA form hybrid molecules with
different adaptor sequences at either end (starred in Fig. 15.4).

Two successive PCR reactions are then performed to enrich
for the differentially expressed sequences in the subtracted cDNA
populations (5). The first-PCR reaction (Fig. 15.5) relies on
the sequence-suppressive PCR effect to prevent amplification of
hybrid molecules with identical adaptors at either end, formed
during subtractive hybridization. These fragments form strong
secondary structures that prevent primer annealing and extension
during thermal cycling (Fig. 15.5). Double-stranded molecules
containing only one adaptor-ligated strand (arising from adaptor-
ligated sequences annealing to driver cDNA) are linearly ampli-
fied. Re-annealed driver cDNAs are not amplified. Exponen-
tial amplification is favored only from molecules with different
adaptor sequences at either end, arising from sequences present
only in the tester cDNA population. The first-PCR products
are diluted and used as input for the second-PCR reaction.



cDNA Comparison by SMART- and SSH-PCR 227

Fig. 15.4. Scheme of second hybridization of driver and tester cDNA.

The use of nested, adaptor-targeted primers in the second-PCR
reaction further increases the fraction of differentially expressed
sequences. Because the subtractive hybridizations and suppres-
sion PCRs enrich for genes over-represented in the tester cDNAs,
the method is performed in two parallel processes. One of the
two cDNA populations is arbitrarily designated as tester and
subtracted with the other as driver in a “forward” subtraction.
In parallel, the tester and driver designations are switched and
a “reverse” subtraction is performed to enrich for genes over-
represented in the other sample. Control reactions are included
for both forward and reverse subtractions that result in unsub-
tracted cDNA pools.

The final products of the entire procedure are thus forward
and reverse subtracted and unsubtracted cDNA populations. The
subtracted cDNAs can be cloned into plasmid vectors to produce
subtracted cDNA libraries (6). The subtracted cDNAs also pro-
vide excellent probes for differential screening of these or any rel-
evant gene library, especially if the unsubtracted cDNAs are used
as control probes. Clontech Laboratories, Inc. offer kits for sub-
tracted cDNA library construction and screening, as well as for
both SMART-PCR and SSH-PCR (PCR-select). These kits also
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Fig. 15.5. Scheme of suppressive subtractive hybridization PCR.

provide positive control materials which are not described here.
The reader will find it useful to refer to the Clontech User Man-
uals for additional information on amplifying and analyzing sub-
tracted cDNAs prepared from limited amounts of cellular RNA
(7, 8). Ji et al. (4) describe a theoretically and experimentally
tested model of the method which is also recommended for read-
ing when considering this method for a particular application.

2. Materials

All materials should be stored at –20◦C unless otherwise stated.
Working stocks should be kept on ice unless otherwise stated.

2.1. Preparation and
Amplification of cDNA

1. MMLV-reverse transcriptase, RNase H Minus. (e.g., Power-
Script from Clontech or Superscript II from InVitrogen).

2. First-strand buffer (5×) (supplied with RT).
3. 3′ cDNA synthesis primer (N=G, A, T, C. V=G, A or C):

5′-AAGCAGTGGTATCAACGCAGAGTACT(30)VN



cDNA Comparison by SMART- and SSH-PCR 229

4. 5′ cDNA synthesis primer (store at –80◦C).
5′-AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG (see
Note 1).

5. PCR primer (see also Section 2.3.7):
5′-AAGCAGTGGTATCAACGCAGAGT
(RsaI sites are in BOLD and identical sequences are
UNDERLINED).

6. Thermo-stable DNA polymerase mix (e.g., from Clontech,
Advantage 2 PCR kit) (see Note 2).

7. 10× PCR buffer (supplied with the polymerase).
8. STE buffer: 10 mM NaCl, 10 mM Tris–HCl (pH 7.8), 0.1

mM EDTA. Store at room temperature.
9. CHROMA SPIN 1000 purification columns (Clontech). Store

at room temperature.

2.2. Restriction
Digest of cDNA

1. RsaI (10 Units/μl).
2. 10× RsaI buffer (supplied with the enzyme, e.g., from New

England Biolabs).
3. Silica slurry purification resin and associated buffers (e.g.,

Clontech NucleoTrap, Qiagen Qiaex II, or equivalent). Store
components according to manufacturers’ specification.

2.3. Adaptor Ligation 1. T4 DNA ligase (400 U/μl) (containing ATP) (e.g., from
BRL, Clontech or InVitrogen).

2. T4 DNA Ligase buffer, 5× (supplied with the ligase).
3. Adapter 1: (10 pmol/μl)

5′-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCC
CGGGCAGGT-3′ GGCCCGTCCA-5′

4. Adapter 2R: (10 pmol/μl)
5′-CTAATACGACTCACTATAGGGCAGCGTGGTCGCGG
CCGAGGT-3′ GCCGGCTCCA-5′
Underlined bases match the PCR primer sequence.
Double underlined bases match the nested (secondary) PCR
primer sequences (see Section 2.5, steps 2 and 3).

5. 5′ G3PDH primer (10 pmol/μl): 5′-ACCACAGTCCATGCC
ATCAC

6. 3′ G3PDH primer (10 pmol/μl): 5′-TCCACCACCCTGT
TGCTGTA These primers will amplify human, mouse, and rat
G3PDH.

7. PCR primer (see also Section 2.5, step 1): 5′-
CTAATACGACTCACTATAGGGC

2.4. Subtractive
Hybridizations

1. Hybridization buffer, 4×: 50 mM Hepes (pH 8.3), 0.5 M
NaCl, 0.02 mM EDTA (pH 8.0), 10% (w/v) PEG 8000.

2. Dilution buffer: 20 mM Hepes (pH 6.6), 20 mM NaCl, 0.2
mM EDTA (pH 8.0).
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2.5. Suppressive and
Nested PCR Primers

1. PCR primer: 5′-CTAATACGACTCACTATAGGGC
2. Nested (secondary) primer 1: 5′-TCGAGCGGCCGCCCG-

GGCAGGT
3. Nested primer 2R: 5′-AGCGTGGTCGCGGCCGAGGT

2.6. General Reagents General reagents should be stored and used at room temperature
unless otherwise stated.
1. 10 mM dNTP’s (10 mM each, dGTP, dATP, dTTP, dCTP).

Store at –20◦C. Keep working stocks on ice.
2. Dithiothreitol (DTT), 20 mM
3. EDTA/glycogen mix: 0.2 M EDTA, 1 mg/ml glycogen.
4. Phenol:chloroform:isoamyl alcohol (25:24:1) (see Note 3).

Store at 4◦C. Keep working stock at room temperature.
5. n-Butanol.
6. Ammonium acetate, 4 M (pH 7.0).
7. Absolute ethanol. Store at –20◦C.
8. EtOH, 80% (80 parts absolute ethanol, 20 parts sterile,

deionized water).
9. TE buffer: 10 mM Tris–HCl (pH 7.8), 1 mM EDTA.

10. EDTA, 0.5 M (pH 8.0).
11. Sterile, deionized H2O.
12. Agarose gel electrophoresis system.
13. Molecular weight markers.

3. Methods

3.1. Amplification
of cDNA

3.1.1. First-Strand cDNA
Synthesis

1. For each RNA sample, combine the following reagents in a
clean, nuclease-free 0.5 ml reaction tube: 1–3 μl RNA sample
(50–1,000 ng of total RNA; see Note 4), 1 μl 3′ cDNA syn-
thesis primer (12 pmol/μl), 1 μl 5′ cDNA synthesis primer
(12 pmol/μl), × μl nuclease-free H2O (5 μl total volume).

2. Mix well and centrifuge briefly to collect reaction mix at the
bottom of the tube

3. Incubate at 70◦C for 2 min.
4. Place reactions on ice for 2 min.
5. For each sample, prepare the following RT mix: 2 μl 5× RT

buffer, 1 μl DTT (20 mM), 1 μl dNTP mix (10 mM of each
dNTP), 1 μl MMLV-reverse transcriptase.

6. Add 5 μl RT mix (for a 10 μl total volume) to each sample,
mix well and centrifuge briefly.

7. Incubate the tubes at 42◦C for 1 h in an air incubator. (see
Note 5)

8. Terminate the reactions by adding 40 μl of TE and heat dena-
ture at 70◦C for 10 min.

9. Each sample should now contain 50 μl of first-strand cDNA.



cDNA Comparison by SMART- and SSH-PCR 231

3.1.2. cDNA Amplification
by SMART-PCR

Over-cycling of the cDNA amplification reactions can lead to dis-
tortion of the relative representation of cDNAs in the amplified
preparations. Therefore, it is necessary to determine the optimal
cycle number for each sample that generates sufficient amplified
cDNA without saturating the PCR reaction. Three identical PCR
reactions are set up for each sample – one optimization reaction
and two preparative reactions. All reactions are subjected to 15
cycles of PCR, after which the two preparative tubes are temporar-
ily transferred to 4◦C. An aliquot is removed from the third (opti-
mization) tube which is then subjected to further cycles of PCR.
Additional aliquots are removed from the optimization tubes after
every three cycles. These aliquots, collected at 15, 18, 21, and 24
cycles, are then analyzed by electrophoresis. The two preparative
tubes held at 4◦C are then returned to the thermal cycler and sub-
jected to the remainder of the optimal cycle number. The optimal
cycle number is defined as one less than the number of cycles
required to achieve the PCR saturation point.

The amount of first-strand cDNA input used for amplification
is dependent on the amount of RNA used in the first-strand syn-
thesis reaction. Use the suggested volumes of first-strand cDNA
below:

RNA input in first-strand
synthesis reaction (ng)

Volume first-strand cDNA used
in PCR reactions (μl)

50–100 10

100–250 4

250–500 2

500–1,000 1

1. Dispense the appropriate volume of each cDNA (from the
table above) into a clean PCR tube and adjust to 10 μl with
H2O.

2. Prepare enough of the following PCR mix for three PCR
reactions for each cDNA sample: Per reaction 74 μl high
quality H2O, 10 μl 10× PCR buffer, 2 μl dNTP mix (10
mM of each dNTP), 2 μl cDNA PCR primer (12 pmol/μl),
2 μl Taq polymerase mix.

3. Mix well and centrifuge briefly to collect the mix at the bot-
tom of the tube.

4. Program your thermal cycler as follows and allow it to reach
95◦C: 95◦C for 2 min (to denature the template and the hot
start antibody); 24 cycles with 95◦C for 15 s, 65◦C for 30 s,
and 68◦C for 6 min.

5. Add 90 μl of the PCR mix to each 10 μl cDNA sample, mix
well and centrifuge briefly.
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6. Place all tubes (three identical reactions for each sample) in
the preheated thermal cycler.

7. Perform 15 cycles of PCR on all samples.
8. At the end of the 15th cycle, remove the two preparative

reaction tubes of each sample and place at 4◦C.
9. Remove a 15 μl aliquot from each optimization reaction,

place it in a fresh tube and store at 4◦C. (see Note 6).
10. Return the optimization reaction tubes to the thermal cycler

and continue the cycling program.
11. At the end of 18th cycle, remove another 15 μl aliquot from

each optimization reaction tube and place at 4◦C.
12. At the end of the 21st cycle, remove another 15 μl aliquot

from each optimization reaction tube and place at 4◦C.
13. At the end of the 24th cycle, remove another 15 μl aliquot

from each optimization reaction tube and place at 4◦C.
14. You should now have 15 μl aliquots of each PCR reaction

cycled for 15, 18, 21, and 24 cycles. Electrophorese these
aliquots on a 1.2% agarose gel using a 1 kb ladder as a marker.

15. Determine the optimal number of cycles for cDNA amplifi-
cation, corresponding to one cycle less than the saturation
point of the PCR reaction (Fig. 15.6).

16. Retrieve the preparative PCR reaction tubes from 4◦C
storage and subject these to the remaining number of

Fig. 15.6. Optimization and preparation of amplified cDNA. (A) cDNA’s 1 and 2 were prepared as described in Section
3.1.1 and used as PCR input. SMART-PCR was performed for the indicated number of cycles according to the optimization
protocol in Section 3.1.2 and electrophoresed on a 1.2% agarose gel. Amplified cDNA accumulates with increasing cycle
number until saturation, estimated as cycle 18 and 17 for cDNA 1 and 2, respectively. (B) Two preparative reaction mixes
for each cDNA were then subjected to the optimal number of cycles and again analyzed on a 1.2% agarose gel. M =
DNA molecular weight marker.
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cycles required to reach the optimal cycle number for each
sample.

17. Add 2 μl of 0.5 M EDTA to each tube.
18. Combine the contents of both preparative tubes for each

amplified cDNA.
19. Confirm that the PCR reactions were successful by elec-

trophoresing 10–15 μl on a 1.2% agarose gel ( Fig. 15.6B).
You should now have optimally amplified, double-stranded

cDNA from the two mRNA populations being compared. These
samples will now be purified and digested prior to linker ligation
and subtractive hybridization.

3.1.3. Purification of
Amplified cDNA

1. Set aside a 5 μl aliquot of each sample at –20◦C as an “input”
control. (see step 18)

2. Extract the amplified cDNA products with an equal vol-
ume (∼190 μl) of phenol/chloroform/isoamyl alcohol
(25:24:1). Vortex well.

3. Centrifuge for 2 min at full speed.
4. Transfer the upper aqueous phase to a clean tube.
5. Extract the aqueous phase with two to three volumes of n-

butanol to concentrate the cDNAs. Vortex well.
6. Centrifuge for 1 min at full speed.
7. The cDNA remains in the lower aqueous phase and should

be approximately 50 μl. Transfer the aqueous phase to a fresh
tube (see Note 7). Discard the upper organic phase.

8. Prepare a chroma spin 1000 purification column for each
sample by gently but thoroughly resuspending the column
matrix.

9. Remove the top cap and bottom cap – in that order – and
allow the buffer to drain out by gravity.

10. Equilibrate the column with 1.5 ml room temperature STE.
11. Apply the cDNA sample to the centre of the bed matrix and

allow it to enter the column.
12. Add 25 μl of STE and allow the column to flow by gravity

until it stops.
13. Add 150 μl STE and allow the column to flow by gravity

until it stops.
14. Place a clean 1.5 ml microfuge tube under the column and

apply 320 μl STE.
15. Collect the entire flow through as a single fraction. This con-

tains the cDNA.
16. Place a clean 1.5 ml microfuge tube under the column and

apply 75 μl STE.
17. Collect the entire flow through as another single fraction.

This may contain additional cDNA.
18. On a 1.2% agarose gel, analyse the 5 μl input control (from

step 1) and a 10 μl aliquot of the two eluted column frac-
tions. Use a 1 kb ladder as a marker.
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19. The first (320 μl) fraction should contain the majority of
recovered cDNA. If the second eluate (75 μl) contains a
significant amount of cDNA, combine it with the first (320
μl) eluate only if the first fraction contains less than approxi-
mately 30% of the total input.

3.2. RsaI Digestion The purified cDNAs will now be digested with RsaI. This gener-
ates blunt ends for linker ligation and produces smaller fragments
better suited to subtractive hybridization.
1. Set aside a 10 μl aliquot of each purified cDNA sample at

–20◦C as an “undigested” control (for step 4).
2. Add an appropriate volume of 10× RsaI buffer to bring the

mixture to 1× RsaI buffer.
3. Add 15–20 Units of RsaI, mix well and incubate at 37◦C for

3 h (see Note 8).
4. On a 1.2% agarose gel, analyse the 10 μl undigested controls

and 10 μl of the digestion products (Fig. 15.7).
5. When digestion is complete, inactivate the enzyme by adding

5–10 μl 0.5 M EDTA (pH 8.0).
6. Purify the digestion products using a silica slurry resin (see

Section 2.2, step 3) according to the manufacturer’s recom-
mendations (see Note 9).

Fig. 15.7. Restriction digestion of amplified cDNAs. The amplified and purified cDNA
preparations were digested with the four-base cutter RsaI as described in Section 3.1
and analyzed alongside undigested cDNA on a 1.2% agarose gel. Complete digestion
is confirmed when no further decrease in molecular weight of the digestion products is
observed with increased time of digestion.
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7. Transfer the eluted, purified cDNA from the final pellet of
silica resin to a fresh tube (see Note 10).

8. Add 1/2 vol. NH4OAc to the final elution volume contain-
ing the silica purified, RsaI digested cDNAs and mix.

9. Add 2.5 volumes EtOH to each sample and mix to precipitate
the digested cDNA.

10. Centrifuge at full speed (>12,000 ×g) for 20 min at room
temperature and discard the supernatants.

11. Rinse the pellets with 500 μl 80% EtOH, centrifuge at full
speed (>12,000 ×g) for 5 min at room temperature and dis-
card the supernatants.

12. Air-dry the pellets at room temperature for 10–15 min. Do
not use a speed vacuum.

13. Resuspend the pellets in 6.7 μl of distilled water.
14. Use 1.2 μl to determine the concentration of the purified

digested cDNA’s by absorbance at 260 nm. You should
recover between 2 and 6 μg RsaI digested cDNA after purifi-
cation. If the concentration is >300 ng/μl, dilute to 300
ng/μl.

15. Store the remaining 5.5 μl of each RsaI digested and purified
cDNA at –20◦C.

3.3. Preparation of
Tester cDNAs

3.3.1. Ligation of
Adaptors

Label the prepared cDNAs as number 1- and number 2-. An
aliquot of each digested cDNA preparation, 1- and 2-, will be
ligated to two separate adaptors; 1 and 2R, making a total of four
separate ligation reactions. The ligation reactions are labeled 1-1,
1-2R and 2-1, 2-2R. Two additional ligation reactions, labeled
1-c and 2-c, will be prepared by mixing aliquots of reactions 1-1
with 1-2R and 2-1 with 2-2R. Reaction products 1-c and 2-c will
later serve as unsubtracted controls.

1. Prepare a ligation mix sufficient for four reactions: Per reac-
tion 3 μl H2O, 2 μl 5× ligation buffer, 1 μl T4 DNA ligase.

2. Dilute 1 μl of each digested and purified cDNA from step
13 in Section 3.2 with 5 μl distilled water.

3. Set up the following ligation reactions:

Tube 1-1 1-2R 2-1 2-2R

Diluted cDNA 1- (μl): 2 2 – –

Diluted cDNA 2- (μl): – – 2 2

Adaptor 1 (μl): 2 – 2 –

Adaptor 2R (μl): – 2 – 2

Ligation mix (μl): 6 6 6 6

10 10 10 10
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4. Mix well and centrifuge briefly.
5. Transfer 2 μl from tube 1-1 and 2 μl from tube 1-2R to a

fresh tube labeled 1-c and mix.
6. Transfer 2 μl from tube 2-1 and 2 μl from tube 2-2R to a

fresh tube labeled 2-c and mix.
7. Centrifuge all tubes briefly.
8. Incubate all six ligation reactions overnight at 16◦C.
9. Stop the reactions by adding 1 μl EDTA/glycogen mix to

each tube.
10. Denature the ligase by heating all tubes at 72◦C for 5 min.
11. Centrifuge all tubes briefly. These are your adaptor-ligated

tester cDNAs to be used in step 1 of Section 3.3.2.
12. Transfer 1 μl from tube 1-c to a fresh tube containing 1 ml of

distilled H2O. Label this tube “forward unsubtracted 1-c”.
13. Transfer 1 μl from tube 2-c to a fresh tube containing 1 ml

of distilled H2O. Label this tube “reverse unsubtracted 2-c”.
14. Store all tubes at –20◦C.

3.3.2. Ligation Efficiency
Assay

It is important to determine if the ligation reactions were effi-
cient by using a simple PCR assay. The two adaptors used in
Section 3.3.1 share a region of common sequence. PCR reac-
tions using a primer pair comprised of a G3PDH-specific primer
and the adaptor-targeted PCR primer generate a specific prod-
uct if the adaptor sequence is present (the ‘test’ reaction). This
product is compared to PCR reaction products generated from a
primer pair comprised of two G3PDH targeted primers (control
reactions). If the efficiency of the test reaction is similar to that
of the control, it indicates efficient ligation of the adaptors to the
digested cDNAs.
1. Prepare 1:200 dilutions of each of the four ligation products,

1-1, 1-2R, 2-1. and 2-1R.
2. For each diluted sample, set up two PCR reactions (eight reac-

tions in total)

Reaction: 1 (Test) (μl) 2 (Control) (μl)

Diluted sample: (1-1, 1-2R, 2-1 or
2-2R)

1 1

3′ G3PDH primer (10 pmol/μl) 1 1

5′ G3PDH primer (10 pmol/μl) − 1

Adaptor-targeted PCR primer (10
pmol/μl)

1 −

3 3

3. Prepare a PCR mix sufficient for eight reactions: Per reaction
18.5 μl H2O, 2.5 μl 10× PCR buffer, 0.5 μl dNTP mix, 0.5
μl polymerase mix.
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4. Add 22 μl of the PCR mix to each reaction tube from step 2.
5. Subject all tubes to the following thermal profile: 75◦C for 5

min (this step fills in the ends of the adaptors to produce fully
double-stranded fragments), 95◦C for 2 min (to fully inacti-
vate the hot start antibody), 25 cycles with 95◦C for 30 s,
65◦C for 30 s, 68◦C for 2.5 min (see Note 11).

6. Analyze the PCR products alongside a molecular weight
marker on a 2% agarose gel. For rat or mouse samples, you
should observe a ∼1.2 kb band in the test reactions. For
human samples, you should observe a ∼0.75 kb band (see
Note 12). For other species, you will need to design specific
primers. Successful ligations will result in nearly equal band
intensity from both the test and control reactions. If the band
intensity of the test reaction products are less than approxi-
mately 40% that of the control, you should repeat the pro-
cedure starting from the cDNA amplification step (Section
3.1.2).

3.4. Subtractive
Hybridization

Two subtractions will be performed; a forward and a reverse sub-
traction. For each subtraction, the adaptor-ligated products are
designated the tester cDNAs and the unligated cDNAs (with no
adaptors) are designated driver cDNAs. Adaptor-ligated products
1-1 and 1-2R tester cDNAs will be independently hybridized to
an excess of driver cDNA 2 in two primary, forward subtraction
hybridizations (one for each adaptor-ligated preparation, 1-1 and
1-2R). Likewise, adaptor-ligated products 2-1 and 2-2R tester
cDNAs will be independently hybridized to excess driver cDNA
1 in two primary reverse subtraction hybridizations.

3.4.1. Primary
Hybridization Reaction

1. Set up the following first-hybridization reactions using the
adaptor-ligated tester cDNAs from step 11 of Section 3.3.1
and RsaI digested and purified driver cDNAs from step 15 of
Section 3.2:

Forward Reverse

First-hybridization number: (1) (2) (3) (4)

RsaI digested driver cDNA 1 (μl) − − 1.5 1.5

RsaI digested driver cDNA 2 (μl) 1.5 1.5 − −
Adaptor ligation cDNA tester 1-1 (μl) 1.5 − − −
Adaptor-ligated cDNA tester 1-2R (μl) − 1.5 − −
Adaptor ligation cDNA tester 2-1 (μl) − − 1.5

Adaptor-ligated cDNA tester 2-2R (μl) − − − 1.5

4× Hybridization buffer (μl) 1.0 1.0 1.0 1.0

4.0 4.0 4.0 4.0
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2. Heat denature the hybridization reactions in a thermal cycler
at 98◦C for 1.5 min.

3. Hybridize the denatured cDNAs in a thermal cycler at 68◦C
for 8 h. Hybridization times over 12 h will allow differentially
expressed cDNAs to re-anneal.

4. After hybridization, centrifuge briefly to collect the reaction
mixes at the bottom of the tube and return to 68◦C briefly
while preparing the secondary hybridization reaction mix.

3.4.2. Secondary
Hybridization Reactions

1. Prepare fresh denatured drivers for the second hybridization as
follows:

Forward Reverse

RsaI digested driver cDNA 1 (μl) – 1

RsaI digested driver cDNA 2 (μl) 1 –

4× Hybridization buffer (μl) 1 1

Sterile H2O (μl) 2 2

4 4

2. Heat denature these driver cDNA solutions in a separate ther-
mal cycler or heat block (see Note 13). The first-hybridization
products (1) and (2) will now be mixed with freshly denatured
driver cDNA 2 in the forward subtraction. Likewise, the first-
hybridization products (3) and (4) will be mixed with freshly
denatured driver cDNA 1 in the reverse subtraction.

3. Remove 1 μl of freshly denatured driver cDNA 2 and place
it on the inside upper wall of the tube containing first-
hybridization number (1). Do not let the solutions mix at this
point. Set the tube down horizontally on the thermal cyclers
heat block momentarily.

4. Working quickly, transfer the contents of first-hybridization
number (2) to the tube containing first-hybridization number
(1) and the freshly denatured driver cDNA 2. As you dispense
the mixture, push the denatured driver cDNA down the inside
surface of the tube so that all three solutions are mixed simulta-
neously and return the mixture to the thermal cycler at 68◦C.
This is your forward subtractive hybridization. Label this tube
forward subtracted cDNA.

5. Repeat this process with 1 μl freshly denatured driver cDNA
1 and first hybridization (3) and (4) and return the mixture
to the thermal cycler at 68◦C. This is your reverse subtractive
hybridization. Label this tube reverse subtracted cDNA.

6. Incubate the forward and reverse subtractive hybridiza-
tion mixes at 68◦C overnight. These hybridizations go to
completion.
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7. When the second hybridization is complete, add 200 μl of
dilution buffer to each subtraction mix.

8. Return the diluted hybridization products to the 68◦C thermal
cycler for 7 min.

9. Store the forward and reverse subtraction mixes at –20◦C.

3.5. Suppressive and
Nested PCR

The unsubtracted cDNAs prepared in Section 3.3.1 (steps 12
and 13) are used as controls the next steps of suppressive and
nested PCRs.

3.5.1. Primary
(Suppressive) PCR

1. Prepare enough of the following PCR mix for four reactions:
Per reaction 19.5 μl H2O, 2.5 μl 10× PCR buffer, 0.5 μl 10
mM dNTP mix, 1.0 μl PCR primer (10 pmol/μl), 0.5 μl 50×
DNA polymerase mix.

2. Aliquot 1 μl of each of the following into separate PCR reac-
tion tubes, labeled s1, s2, s3, and s4 (s = “suppressive”):
s1) forward subtracted cDNA (from step 9 of Section 3.4.2)
s2) forward unsubtracted 1-c (from step 12 of Section 3.3.1)
s3) reverse subtracted cDNA (from step 9 of Section 3.4.2)
s4) reverse unsubtracted 2-c (from step 13 of Section 3.3.1)

3. Add 24.0 μl of the PCR mix to each tube (to make 25 μl reac-
tion volumes), mix and centrifuge briefly to collect contents of
each at the bottom of the tube.

4. Program your thermal cycler as follows and subject all reaction
mixes to this PCR program: 75◦C for 5 min (this step extends
the adaptors to create a complementary target for the PCR
primer), 27 cycles with 94◦C for 30 s, 66◦C for 30 s, and
72◦C for 1.5 min.

5. These are your primary (suppressive) PCR products, s1–s4.
When cycling is complete, transfer 8 μl of each reaction prod-
uct to a fresh, appropriately labeled tube, and store at –20◦C
for later gel analysis.

3.5.2. Secondary
(Nested) PCR

1. Prepare 1:10 dilutions of each primary PCR product s1–s4
with water (e.g., 3 μl PCR product and 27 μl water).

2. Aliquot 1 μl of each diluted primary PCR product into sep-
arate PCR reaction tubes labeled n1, n2, n3, and n4 (n =
“nested”).

3. Prepare enough of the following PCR mix for four reactions:
Per reaction 18.5 μl H2O, 2.5 μl 10× PCR buffer, 0.5 μl 10
mM dNTP mix, 1.0 μl nested PCR primer 1 (10 pmol/μl),
1.0 μl nested PCR primer 2R (10 pmol/μl), 0.5 μl 50× DNA
polymerase mix.

4. Add 24.0 μl of the PCR mix to each tube (to make 25 μl reac-
tion volumes), mix and centrifuge briefly to collect contents of
each at the bottom of the tube.
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5. Subject all reaction mixes to the following PCR program: 12
cycles with 94◦C for 30 s, 68◦C for 30 s, and 72◦C for 1.5
min.

6. When cycling is complete, transfer 8 μl of each reaction prod-
uct to an appropriately labeled tube for gel analysis.

7. The remaining 17 μl of the secondary (nested) PCR products
are your final products. They comprise:
n1) forward subtracted cDNA
n2) forward unsubtracted cDNA
n3) reverse subtracted cDNA
n4) reverse unsubtracted cDNA

8. Electrophorese the 8 μl aliquots of each suppressive and nested
PCR product, s1–s4 from step 5 of Section 3.5.1, and n1–n4
from step 6, respectively, on a 2% agarose gel. Both primary
and secondary PCR products should appear as a smear, with
or without discrete bands (Fig. 15.8).

9. The final products (n1–n4) can now be cloned to make sub-
tracted cDNA libraries and/or used as probes to screen sub-
tracted cDNA, global cDNA, or genomic DNA libraries.

3.5.3. Assay for
Subtraction Efficiency

1. In fresh tubes, prepare 1:10 dilutions of each secondary PCR
product n1–n4 with water (e.g., add 3 μl PCR product to 27
μl water as before).

Fig. 15.8. Amplification of subtracted and unsubtracted cDNAs. Primary (suppressive) and secondary (nested) PCR reac-
tions were performed as described in Sections 3.5.1 and 3.5.2, respectively, and analyzed on a 2% agarose gel. The
input cDNA’s were from both forward and reverse subtractions as indicated. Lanes labeled “+” are subtracted and lanes
labeled “–” are unsubtracted. The four secondary PCR products (right) are the final forward and reverse subtracted and
unsubtracted products (referred to as samples n1–n4 in Section 3.5.2, step 7). M1 and M2 are high and low molecular
weight DNA markers, respectively. Kb=kilobase pairs.
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2. Place 1.0 μl of each diluted secondary PCR product in a fresh
PCR tube.

3. Prepare enough of the following PCR mix for four reactions:
Per reaction 22.4 μl H2O, 3.0 μl 10× PCR buffer, 0.6 μl
10 mM dNTP mix, 1.2 μl G3PDH 5′ primer (10 pmol/μl),
1.2 μl G3PDH 3′ primer (10 pmol/μl), 0.6 μl 50× DNA
polymerase mix.

4. Add 29 μl of the PCR mix to each tube (to make 30 μl reac-
tion volumes), mix and centrifuge briefly to collect contents
of each at the bottom of the tube.

5. Program your thermal cycler as follows: 33 cycles with 94◦C
for 30 s, 60◦C for 30 s, and 68◦C for 1.5 min.

6. Place the reaction mixes in the thermal cycler and run the
first 18 cycles.

7. After the 18th cycle, remove 5 μl from each tube and place
in separate, fresh tubes.

8. Continue the program for an additional five cycles (for a total
of 23 cycles) and again transfer 5 μl from each reaction to
fresh tubes.

9. Continue the program for an additional five cycles (for a total
of 28 cycles) and again transfer 5 μl from each reaction to
fresh tubes.

10. Continue the program for the final five cycles (for a total of
33 cycles) and again transfer 5 μl from each reaction to fresh
tubes (for a total of 33 cycles).

Fig. 15.9. Subtraction efficiency assay. The final forward and reverse subtracted and unsubtracted cDNA preparations
were each diluted 1:10 and used as inputs for the G3PDH-specific PCR reaction described in Section 3.5.3, step 7.
Equal aliquots of these reactions were removed during the extension step of the indicated cycle number and analyzed on
a 2% agarose gel. Note, for example, in the forward subtraction, 33 cycles were required to achieve G3PDH product yield
similar to 18 cycles from the unsubtracted cDNA; a difference of 15 logarithmic cycles. The efficiency of subtraction is
indicated by the increase in cycle number needed to generate a similar level of PCR product. (reproduced from Ref. (6)
with permission from Blackwell Publishing).
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11. Electrophorese each of the 5 μl aliquots collected at 18, 23,
28, and 33 cycles on a 2% agarose gel.

Efficient subtraction is indicated by depletion of G3PDH
sequences from the subtracted cDNAs for both the forward
and reverse subtractions (Fig. 15.9). Unsubtracted cDNAs
should show an increase in G3PDH product accumulation
with increasing cycle number, to the point of a plateau.

4. Notes

1. This oligonucleotide is available as part of the SMART-PCR
cDNA synthesis kit from Clontech. Details of their modifi-
cations are proprietary. We successfully amplify cDNA with
an independently synthesized oligonucleotide, however, effi-
ciencies in subtractive hybridization and suppressive PCR
have not been determined.

2. The Taq polymerase used for cDNA amplification should be
nuclease deficient, formulated specifically for amplification of
long fragments, and should include the Kellog antibody for
automatic hot start.

3. Phenol:chloroform:isoamyl alcohol should be prepared with
fresh (<2 weeks) phenol saturated with 50 mM Tris–HCl
(pH 7.5), 150 mM NaCl, 1 mM EDTA. Phenol appearing
yellow from oxidation should not be used.

4. RNA quality is perhaps the most critical parameter for suc-
cessful comparisons of two RNA populations. Determine
RNA quality by, for example, an Agilent bioanalyzer or
Northern blot, and determine RNA concentrations carefully
by absorbance at 260 nm.

5. To minimize evaporation and condensation in the tube,
which can significantly reduce cDNA yields, use a pre-
warmed air incubator as opposed to a heat block.

6. It is important that aliquots are removed from each sample
while at the 68◦C extension step, before the thermal cycler
begins to ramp up to the denaturing temperature. Denatured
samples will not migrate correctly during electrophoresis.

7. Re-extract the aqueous phase with n-butanol or back-extract
the organic phase with H2O, if necessary, to reach an aqueous
volume of approximately 50 μl containing your cDNA.

8. Digestion must go to completion. Aliquots (∼10 μl) can be
removed at several time points and analyzed on an agarose
gel. No further decrease in molecular weight with time indi-
cates complete digestion.

9. Alternatively, samples can be extracted with phe-
nol:chloroform:isoamyl alcohol (25:24:1) and ethanol
precipitated, although this may lead to decreased adaptor
ligation efficiency.
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10. After transferring to a fresh tube, re-centrifuge the eluate at
full speed for 1 min and transfer to yet another fresh tube
to eliminate possible carry over of silica resin. Alternatively,
eluates may be passed through a 0.45 μm filter.

11. If G3PDH is highly abundant in your cDNA populations,
reduce the cycle number to avoid saturation of the PCR reac-
tions.

12. If a band of ∼1.2 kb is generated from a human G3PDH
PCR product, this indicates incomplete digestion because
human G3PDH contains an RsaI site.

13. It is practical to have this heat block or thermal cycler near
the thermal cycler used for the hybridizations in order to
avoid premature renaturation of the freshly denatured driver
cDNA’s.
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Chapter 16

Transcript Profiling of Human Platelets Using Microarray
and Serial Analysis of Gene Expression (SAGE)

Dmitri V. Gnatenko, John J. Dunn, John Schwedes, and Wadie F. Bahou

Abstract

Platelets are anucleated cells that are generated from megakaryocytes via thrombopoiesis. They lack
genomic DNA but have a pool of individual mRNA transcripts. Taken together, these mRNAs consti-
tute a platelet transcriptome. Platelets have a unique and reproducible transcript profile, which includes
∼1,600–3,000 individual transcripts. In this chapter, we will focus on platelet purification and on tran-
script profiling using an Affymetrix microarray platform and serial analysis of gene expression (SAGE).
Platelet purification is described in detail. Large-scale platelet purification schema is designed to purify
platelets from apheresis platelet bags (∼3–5 × 1011 platelets/bag). Modification of this schema – small-
scale platelet purification – is designed to isolate platelets from 20 ml of peripheral blood. This chapter
provides detailed protocols for microarray and SAGE transcript profiling. We also discuss peculiarities of
platelet purification, RNA isolation, and transcript profiling.

Key words: Platelet RNA, microarray, serial analysis of gene expression.

1. Introduction

Human blood platelets are generated from precursor bone
marrow megakaryocytes. They play critical roles in normal hemo-
static processes and pathologic conditions such as thrombosis,
vascular remodeling, inflammation, and wound repair. Platelets
are anucleate and lack nuclear DNA, although they retain
megakaryocyte-derived mRNAs (1). Platelets also contain rough
endoplasmic reticulum and polyribosomes, and preserve the abil-
ity for protein biosynthesis from cytoplasmic mRNA (2). The
entire pool of individual platelet mRNAs constitutes a platelet
transcriptome. Historically, platelet transcriptome has been
regarded as invariant and gradually declining with cell senescence.

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
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Indeed, younger platelets contain larger amounts of mRNA with
a greater intrinsic capacity for protein biosynthesis, as deter-
mined using fluorescent nucleic acid dyes such as thiazole orange
(3). This traditional platelet/mRNA paradigm was challenged
recently when a signal-dependent pre-mRNA splicing was identi-
fied in platelets (4). Signal-dependent splicing provides a mecha-
nism for altering the repertoire of translatable mRNAs in response
to cellular activation/stimulation. Furthermore, platelets possess
essential components of a functional spliceosome and selected
unspliced pre-mRNAs. Platelet spliceosomes have a unique abil-
ity to splice pre-mRNA in the cytoplasm (as opposed to the typ-
ical nuclear location) – a capability not described in any other
mammalian cell.

Modern high-throughput technologies such as microarray
and serial analysis of gene expression (SAGE) allow sensitive and
reliable transcript profiling and have been commonly used for
such studies with a wide variety of cell types. To date, however,
only a few studies have focused on similar analysis of the human
platelet transcriptome. One difficulty in working with platelets
is that they contain far fewer transcripts than most nucleated
cells, ranging from ∼1,600 to 3,000 mRNAs (5–9). In particu-
lar, platelets express much less transcripts than leukocytes (10,11)
which can easily contaminate the platelet fraction derived from
whole blood. To date, three important conclusions can be made
from platelet transcript profiling. First, platelets have much fewer
individual mRNA transcripts than most nucleated cells, presum-
ably due to the lack of ongoing transcription. Second, platelets
have a unique and reproducible transcript profile, distinctive from
transcript profiles of any other cell types. Third, this profile is
different for normal platelets and for platelets of patients with
platelet-associated diseases, in particular of patients with essential
thrombocythemia.

Taken together, these studies demonstrate that platelet tran-
script profiling can be applied to dissect molecular mechanisms
of platelet function and to better understand and possibly aid in
diagnosing certain platelet-associated diseases. In this chapter we
will discuss protocols for platelet purification and transcript pro-
filing, paying specific attention to the critical details and potential
limitations of these protocols.

2. Materials

2.1. Platelet
Purification

For preparation of all buffers and solutions, deionized and ster-
ilized water (ddH2O) should be used unless otherwise specified.
Reagents and solutions are stored according to manufacturer’s
instructions. For all procedures involved in RNA isolation, SAGE,
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and microarray analysis, ddH2O should be treated with diethyl
pyrocarbonate (DEPC), and all glass- and plastic-ware should be
DEPC-treated to minimize RNA losses. Use pipette tips with
aerosol filters, wear gloves and if possible perform all manipu-
lations with RNA in a “RNAse-free” hood.

2.1.1. Platelet Purification
from Platelet Apheresis
Bags

1. Sodium ethylenediaminetetraacetate (EDTA) stock solution,
0.5 M, pH 8.0.

2. Sodium citrate, 4% (w/v).
3. Phosphate-buffered saline (PBS), pH 7.4: 137 mM NaCl,

2.7 mM KCl, 4.3 mM Na2PO4, 1.4 mM KH2PO4.
4. HEPES-buffered modified Tyrodes buffer (HBMT): 10 mM

HEPES pH 7.4; 150 mM NaCl; 2.5 mM KCl; 0.3 mM
NaH2PO4; 12 mM NaHCO3; 0.2% BSA; 0.1% glucose;
2 mM EDTA.

5. Triton X-100.
6. Prostaglandin E (PGE) (Sigma, St Louis, MO, USA):

1 mg/ml stock solution in 95% ethanol, 2.8 mM). Solution
is light-sensitive, keep the tube wrapped in foil at –20◦C.

7. Aspirin (Sigma).
8. Aqueous chromatography column (5.0 cm × 60 cm; Spec-

trum Chromatography, Houston, TX, USA).
9. BioGel A50 M (BioRad) or Sepharose CL-4B (Amersham).

10. Mouse anti-CD45 antibody, conjugated to magnetic beads
(Miltenyi Biotec Inc., Auburn, CA, USA).

11. MidiMacs starting kit (Miltenyi Biotec) which includes Midi-
Macs magnetic columns (Miltenyi Biotec) and a magnetic
stand.

12. BlueMaxTM polypropylene conical tubes, 50 ml (Falcon; BD,
Franklin Lakes, NJ USA).

13. Pore size leukocyte membrane filters, 5 μm.

2.1.2. Characterization
of the Efficiency of Platelet
Purification

1. FITC-conjugated anti-CD41b (BD Pharmingen).
2. PE-conjugated anti-glycophorin (BD Pharmingen).
3. PERCP-conjugated anti-CD45 (BD Pharmingen).
4. Formalin solution (1%) in PBS.
5. Leukocyte contamination of platelet preparation can also be

addressed at RNA level by reverse transcription–polymerase
chain reaction (RT–PCR) using primers specific to leukocyte
common antigen CD45 (NCBI accession number Y00638):
Forward, 5′-GCTCAGAATGGACAAGTA-3′
Reverse, 5′-CACACCCATACACACATACA-3′

2.1.3. Platelet Purification
from 20 ml of Peripheral
Blood

1. Prepare in advance: 20-ml disposable syringe; 19-gauge nee-
dle; two columns for platelet gel-filtration (commercially avail-
able 60-ml disposable syringes is a simple, inexpensive, and
durable columns for platelet gel filtration).

2. Place a circular piece of nylon mesh with 85 micron pore size
(Small Parts, Inc.) at the bottom.
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3. Place the rubber ring from the plunger of the syringe on top
of the mesh to hold it in place.

4. Load suspension of Sepharose 2B beads (Amersham) in
HBMT buffer until bead volume reaches 50 ml.

5. Equilibrate the column by passing through 150 ml of HBMT
buffer, pH 7.45.

6. Seal top and bottom of the column and keep it at room tem-
perature until use.

2.2. Platelet RNA
Isolation

1. Trizol� reagent, (Invitrogen).
2. Chloroform.
3. Isopropanol.
4. Ethanol (100%).
5. “Glyco-blue” (Ambion).
6. SuperRNAseInTM RNAse inhibitor, 20 U/μl (Ambion).
7. DEPC (Sigma). Treat 1.5- and 0.5-ml Eppendorf tubes with

DEPC, autoclave, and store them in a closed beaker.
8. For RNA isolation from platelets isolated from an aphere-

sis bag, treat four 30-ml Corex glass centrifuge tubes with
DEPC, autoclave, and store in aluminum foil until use. Use
glass pipettes to measure organic solvents.

9. For RNA isolation, use only DEPC-treated (or RNAse-free)
plastic- and glass-ware. Prepare DEPC-treated H2O to dis-
solve RNA pellets.

2.3. Microarray
Profiling

For preparation of all buffers and solutions, deionized and
sterilized DEPC-treated water (ddH2O) should be used unless
specified otherwise. Store reagents and solutions according to
manufacturer’s instructions or as described in Current Protocols
in Molecular Biology.
1. T7dT24 primer (Proligo).
2. SuperScript II reverse transcriptase (Invitrogen).
3. DEPC-treated H2O.
4. dNTP mix (10 mM) prepared from individual 100 mM

dATP, dCTP, dGTP, dTTP (Invitrogen).
5. E.coli DNA ligase (10 U/μl; Invitrogen).
6. DNA polymerase I (10 U/μl; Invitrogen).
7. RNAse H (1–4 U/μl; Invitrogen).
8. T4 DNA polymerase (5 U/μl; Invitrogen).
9. EDTA (0.5 M) in DEPC-treated H2O.

10. Phaselock tube (Eppendorf).
11. Phenol, chloroform, NH4O-acetate, absolute ethanol.
12. BioArray High Yield kit (Enzo Biochem).
13. RNeasy mini kit (Qiagen).
14. Dnase I solution (RNase-free DNase set; Qiagen).
15. Fragmentation buffer: 200 mM Tris–acetate, pH 8.1; 500

mM KOAc; 150 mM MgOAc.
16. Control oligonucleotide B2, 20× eukaryotic hybridization

controls, 2× MES hybridization buffer all from Affymetrix.
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17. BSA (50 mg/ml; Invitrogen).
18. Herring sperm DNA (10 μg/μl; Promega).

2.4. Serial Analysis
of Gene Expression

All buffers should be prepared using DEPC-treated ddH2O.
1. Glycogen, 5 μg/μl (Invitrogen).
2. Phenol:chloroform:isoamyl alcohol.
3. SuperRNAse-In, 20 U/μl (Invitrogen).
4. GlycoBlue (Ambion).
5. Spermidine (HCl)3 (Sigma).
6. E.coli DNA ligase, E.coli DNA polymerase, E.coli RNAse H

(SuperScript Choice System for cDNA synthesis; Invitrogen).
7. E.coli exonuclease I, 20 U/μl (NEB).
8. TEN/BSA buffer: 10 mM Tris–HCl, pH 8.0; 1 mM EDTA;

1 M NaCl; 1% BSA.
9. MmeI restriction buffer (10×): 100 mM HEPES, pH 8.0; 25

mM K-acetate, pH 8.0; 50 mM Mg-acetate, pH 8.0; 20 mM
DTT.

10. MmeI restriction enzyme (NEB).
11. NlaIII restriction enzyme (NEB) (Note: this enzyme should

be aliquoted and then stored at –80◦C).
12. SAM (100×): 4 mM SAM (S-adenosylomethionine hydro-

chloride).
13. Ammonium acetate (7.5 M).
14. Prepare in advance: Oligo(dT)25-conjugated magnetic beads

(Dynal).
15. Dynabeads mRNA DIRECT kit (includes Dynabeads

Oligo(dT)25 magnetic beads, lysis/binding buffer, washing
buffers A and B; Dynal).

16. Magnetic Particle Concentrator MPC-S (Invitrogen or
Dynal).

17. Primers and cassettes:
cassette A primers:
5′-TTTGGATTTGCTGGTCGAGTACAACTAGGCTTAAT

CCGACATG-3′
5′-pGTCGGATTAAGCCTAGTTGTACTCGACCAGCAAA

TCC-3′amino modified
cassette B primers:
5′-pTTCATGGCGGAGACGTCCGCCACTAGTGTCGCA

ACTGACTA-3′
5′-TAGTCAGTTGCGACACTAGTGGCGGACGTCTCCG

CCATGAANN-3′
18. Primers for PCR amplification:

Forward, 5′- biotinylated, corresponding to a portion of
cassette A top strand: 5′-Biotin-GGATTTGCTGGTCGAG
TACA-3′
Reverse, non-biotinylated, corresponds to a portion of
cassette B bottom strand: 5′-TAGTCAGTTGCGACACT
AGTGGC-3′
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3. Methods

3.1. Platelet
Purification

Initially, we have developed a large-scale platelet purification
schema to isolate platelets starting from an apheresis bag (∼3–
5 × 1011 platelets) (6). This schema includes four consecu-
tive steps, each based on a different principle of cell separation.
Combining the different separation techniques in one purifica-
tion scheme allows for highly efficient platelet purification (see
Note 1). The resulting product should contain only 5–10
leukocytes per 1 × 105 platelets. These steps include (1) cen-
trifugation; (2) gel-filtration; (3) filtration; and (4) CD45+-
immunodepletion. Combined, these steps complement each
other to achieve the highest purity of platelets while minimiz-
ing platelet losses. Large-scale schema allows isolation of ∼ 50–
100 μg of total RNA from highly purified platelets. This amount
is sufficient for direct high-throughput transcript profiling by
microarray and SAGE technology. The major drawbacks of this
schema are that: (i) it is time- and labor-consuming; (ii) it cannot
be used for screening large groups of patients, and (iii) it requires
researcher access to properly stored fresh apheresis bags and to
sophisticated laboratory equipment.

To adapt platelet purification for processing large number of
samples, the schema may be modified to isolate platelets from 20
ml of peripheral blood. The modified procedure is simple, reliable
and can be used for screening a large number of patients, and yet
this schema is efficient in removing contaminating cells. Its main
drawback is that it does not provide enough total RNA for direct
transcript profiling (Fig. 16.1). Platelet purification from 20 ml
of peripheral blood using the platelet-rich plasma followed by gel-
filtration yields ∼2 × 109 platelets total. Yield of total platelet
RNA varies between 1.0 and 2.5 μg, whereas accurate and repro-
ducible transcript profiling using Affymetrix technology requires
∼ 5 μg of total RNA. Although this amount is insufficient for
microarray or SAGE analyses, it can be used for the analysis of
expression of selected transcript using quantitative real-time RT-
PCR (Q-PCR) technique.

Alternatively, total platelet RNA can be converted to cDNA,
amplified by PCR or in vitro transcription and then used for tran-
script profiling. Although amplification can introduce some vari-
ance in original transcript ratios, it has been successfully applied
for transcript profiling (reviewed at Lockhart et al. (12)). In our
experience, in vitro amplification is efficient and reproducible.
Starting with 60 ng of total platelet RNA and using Ovation
Aminoallyl RNA amplification and labeling system (NuGENE),
4–5 μg of labeled cDNA can usually be generated. This
amount is sufficient for transcript profiling using custom-made
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Fig. 16.1. Overview of platelet purification schema.

oligonucleotide platelet-specific microarray chips. Moreover,
hybridization of amplified and non-amplified platelet RNA to this
chip reveals excellent concordance (Fig. 16.2). Potentially, this
cDNA can also be hybridized to standard Affymetrix chips.

3.1.1. Platelet Purification
from Platelet Apheresis
Bags

The volume of liquid and platelet content of each apheresis bag
varies depending on many factors, including donor, techniques
used for apheresis, and other variables. To standardize the purifi-
cation schema, the same starting volume (150 ml) should be used

Fig. 16.2. Correlation between amplified and non-amplified samples of total platelet
RNA, analyzed by hybridization to a customized platelet-specific microarray chip
(R=0.67, P<0.0001).
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for every purification. This is an optimal volume for efficient gel-
filtration on the column of given size (5 × 60 cm, 1,000 ml sup-
port). The remainder of the platelets from the apheresis bag can
either be discarded or used for other studies.

For platelet isolation from an apheresis bag, prepare a column
for platelet gel-filtration in advance:
1. For large-scale platelet purification a large aqueous chro-

matography column is packed with BioGel A50M or
Sepharose CL-4B in accordance with manufacturer’s instruc-
tions.

2. Remove air bubbles from the bead slurry by applying a
vacuum for 5–7 min before loading into the column. Gel-
filtration medium of 1,000 ml bed is used to purify platelets
from one apheresis bag.

3. Wash the settled bed in the column by passing through 500
ml of HBMT buffer, containing 5 mM EDTA, 0.05 mM
aspirin, and 0.1 μM PGE.

4. Assemble a chromatography system by connecting a pump
proximal to the column and an optical unit to read eluate
absorbance at 280 nm. Make sure the system is hermetically
closed and connected to a pump providing a liquid flow rate
from 60 to 600 ml/h. If possible, use a fraction collector to
harvest the eluate and a suitable UV recorder to monitor and
record the platelet’s (A280) elution peak.
Start with one fresh platelet apheresis bag:

5. Take 150 ml of platelet concentrate (typically 2–3 × 1011

platelets), place it into a plastic container and add the fol-
lowing inhibitors of platelet activation: 1.5 ml of 0.5 M
EDTA (final concentration = 5 mM); 600 μl of 12.5 mM
aspirin (final concentration = 0.05 mM); 7 μl of PGE
(final concentration = 0.1 μM), mix well by gentle stir-
ring. These additions are very important in order to prevent
platelet aggregation throughout the entire procedure since
aggregation complicates platelet purification and dramatically
reduces the amount and quality of the resulting platelet RNA.

6. At this point, take a 10 μl sample (Sample 1) for platelet
count and flow cytometry analysis.

7. Divide the 150 ml of platelet concentrate equally among
three 50-ml falcon tubes and centrifuge at 140g for 15 min at
room temperature using a swinging bucket rotor centrifuge.

8. Once centrifugation is complete, gently take upper 90%
(45 ml) of platelet concentrate, leaving ∼ 3–5 ml at the bot-
tom of each tube. This centrifugation efficiently removes a
large fraction of contaminating leukocytes.

9. Combine platelet concentrate from three tubes in another
plastic container, mix well and take a 10 μl sample (Sample 2)
for the analysis. This procedure takes about 20–25 min.
Start with gel-filtration:
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10. Open the chromatography column and remove upper part of
HBMT buffer, leaving just enough liquid to cover the beads.

11. Let remaining buffer enter the gel by gravity force and load
platelet concentrate (∼140 ml) without allowing the bed to
dry out.

12. Let platelet concentrate completely enter the gel. If necessary,
use the pump.

13. Immediately after the platelets enter the gel, wash column
walls with 10 ml of HBMT buffer and let it enter the gel.

14. Then add 50–70 ml of buffer to the top of the gel, close the
column and turn on the pump and optical unit to measure
the platelet elution profile.

15. Maintain a liquid flow rate at 400–600 ml/h. Monitor move-
ment of platelets through the gel and the liquid flow rate.
If platelets become activated, they will clot the column,
i.e., liquid flow decreases and buffer starts to accumulate
above the gel. If the procedure goes normally, the quies-
cent platelets will elute from the column as a single wide
peak.

16. Stop collecting platelets when the optical density reaches
approximately one-third of its maximal height to avoid con-
tamination with plasma proteins, which elute somewhat later
than the platelet peak. The volume of the pooled platelet frac-
tions after the column varies between 150 and 200 ml.

17. Combine all the gel filtered platelets in one plastic container,
add aspirin to final concentration 0.05 mM and PGE to 0.1
μM, mix well and take another 10 μl sample (Sample 3)
for analysis. It takes between 90 and 120 min to complete
chromatography from the moment the platelet concentrate is
loaded onto the gel. This procedure transfers platelets from
plasma into HBMT buffer, removes cell aggregates and fur-
ther reduces leukocyte contamination.
Proceed with leukocyte filtration:

18. Assemble a filtration unit by placing a 5 μm pore size leuko-
cyte membrane filter and securing it in its holder.

19. Pre-wet the membrane with HBMT buffer, but do not apply
vacuum.

20. Load platelet concentrate and let it pass through the mem-
brane by gravity flow. This procedure takes from 5 to 10
min, the volume of platelet concentrate does not change, and
platelet losses are minimal.

21. Once platelet concentrate passes through the membrane, take
a 10 μl aliquot (Sample 4) for analysis. This step is designed
to further reduce the amount of contaminating leukocytes in
the platelet preparation.
Proceed with CD45+cell immunodepletion (see Note 2):

22. Place platelet concentrate in corresponding number of 50 ml
falcon tubes.
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23. Harvest platelets by centrifugation using a swinging bucket
rotor at 1,500g for 15 min at room temperature.

24. Discard supernatant and re-suspend platelets gently but thor-
oughly by adding 10 ml of HBMT buffer to the first tube
and serially transferring it to the next tube until all platelets
are re-suspended.

25. Gently pipette platelet concentrate to break any visible
clumps or aggregates.

26. Bring the total volume to 20 ml and add 120 μl of mouse
anti-CD45 antibody conjugated to magnetic beads.

27. Incubate at room temperature with mixing on a low-speed
rotating platform for 45 min.

28. While platelets are incubating, prepare two magnetic
columns. Place them on magnets attached to magnetic
stands, load 5 ml of HBMT buffer and let the buffer pass
through columns by gravity. Do not use a plunger to push
buffer through the columns.

29. Once incubation of the platelet fraction with antibody is
complete, apply 3–4 ml of the mixture onto the column and
let it enter the magnetic mesh. Continue adding platelet con-
centrate as purified platelets elute from the bottom of the
columns.

30. Use plungers and 5 ml of HBMT buffer to displace the entire
sample.

31. Combine platelet and HBMT wash fractions and take 10 μl
of the material (Sample 5) for analysis.

32. Collect platelets by centrifugation at 1,500g for 15 min at
room temperature in 50-ml falcon tube. Usually the volume
of a platelet pellet is about 5 ml. At this point, the platelet
pellet can be frozen at –80◦C or used immediately for total
RNA isolation.

3.1.2. Characterization of
the Efficiency of Platelet
Purification

The yield and efficiency of platelet purification should be doc-
umented at each step. To analyze platelet yield, obtain platelet
count for samples 1–5 and calculate platelet number at each step
of purification. Typical, overall platelet yield is ∼ 80%. Purification
efficiency can be analyzed by flow cytometry.
1. Incubate aliquots containing 2 × 106 platelets from sam-

ple 1–5 with saturating concentrations of FITC-conjugated
anti-CD41, PE-conjugated anti-glycophorin, and PERCP-
conjugated anti-CD45 for 15 min in the dark at 25◦C.

2. Wash them once with PBS, and fix in 1× PBS/1% formalin.
3. Analyze samples using a flow cytometer; quantify the num-

ber of CD45- and glycophorin-positive events in each
sample.

4. Characterize efficiency of platelet purification by expressing
it as the number of CD45-positive events (leukocytes) per
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100,000 CD41-positive events (platelets). In our experience,
platelet purity varied from 3 to 10 leukocytes per 1 × 105

platelets.
Leukocyte contamination of platelet preparation can also be
addressed by RT-PCR using a variety of primers specific to
leukocyte-expressed transcripts. Primers specific to leukocyte
common antigen CD45 (NCBI accession number Y00638) have
been successfully used to evaluate efficiency of leukocyte removal
(6, 9).

3.1.3. Platelet Purification
from 20 ml of Peripheral
Blood

1. Prepare in advance: 20-ml disposable syringe; 19-gauge nee-
dle; two columns for platelet gel-filtration (commercially
available 60-ml disposable syringes is a simple, inexpensive
and durable columns for platelet gel filtration).

2. Place a circular piece of nylon mesh with 85 micron pore size
at the bottom.

3. Place the rubber ring from the plunger of the syringe on top
of the mesh to hold it in place.

4. Load suspension of Sepharose 2B beads in HBMT buffer
until bead volume reaches 50 ml.

5. Equilibrate the column by passing through 150 ml of HBMT
buffer, pH 7.45.

6. Seal top and bottom of the column and keep it at room tem-
perature until use.

7. Collect blood sample by venipuncture using 19-gauge needle
attached to 20-ml syringe.

8. Divide it in two 10-ml aliquots, place each into a plastic con-
tainer and add 1 ml of 100 mM EDTA to each aliquot as an
anti-coagulant.

9. Place 1 μl of blood into a small Eppendorf tube containing
20 μl of 500 mM EDTA for complete blood count (CBC).

10. Generate platelet-rich plasma (PRP) by centrifugation of
blood sample for 3.5 min at 700g at room temperature.

11. Gently take upper 9/10 of PRP (see Note 3). The total vol-
ume of PRP from 20 ml of blood typically varies between 4
and 8 ml.

12. Gently apply 2–3 ml PRP to each of two Sepharose 2B
columns and allow platelets to enter the columns by gravity
flow (see Note 4).

13. Once platelets enter, fill the columns with HBMT buffer to
the top. Continue adding buffer during gel filtration to avoid
drying of the beads.

14. As platelets elute they have a visible cloudiness that can be
detected by eye; pool these fractions. The combined volume
from two columns should be from 6 to 11 ml.

15. Harvest the platelets by centrifugation for 10 min at 2,000g.
16. Remove as much supernatant as possible, being careful not

to disturb the soft platelet pellet.
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17. At this point platelets can either be stored at –80◦C or
immediately used for RNA isolation. With reference to
RNA instability, immediate RNA isolation may be a better
solution.

3.2. Platelet RNA
Isolation

3.2.1. Total RNA Isolation
from Apheresis Platelet
Bag

1. Thaw platelet pellet from the previous purification step by
incubating falcon tube in room temperature water for 3–5
min.

2. Add 10 ml of Trizol reagent using a plastic pipette. If platelet
pellet was not frozen, add 10 ml of Trizol directly to the
pellet.

3. Use the plastic pipette to break up any clumps which tend to
accumulate at the bottom of the tube in the dissolved pellet.
It may take several minutes to completely disintegrate large
clumps.

4. Add another 10 ml of Trizol to falcon tube, close it tightly
and shake well by hand.

5. Transfer lysate into two 30-ml DEPC-treated Corex tubes,
aliquoting equal volumes of platelet lysate per tube.

6. To each Corex tube, add another 10 ml of Trizol reagent.
Finally, platelet pellet from an apheresis bag should be dis-
solved in 40 ml of Trizol, divided between two 30 ml Corex
tubes. In our experience, we have found that for a 5-ml
platelet pellet, the optimal amount of Trizol to be added is
40 ml (see Note 5).

7. Incubate tubes at room temperature for 5 min.
8. To each tube, add 4 ml of chloroform using a glass pipette.

Mix well and incubate for 3 min at room temperature. (Note:
parafilm dissolves in chloroform. If necessary seal tops with
Dura Seal Laboratory Stretch film from Diversified Biotech,
Boston.).

9. Centrifuge at 12,000g, 4◦C for 15 min.
10. Gently take upper nine-tenths of clear supernatant layer and

transfer to two new DEPC-treated Corex tubes; avoid touch-
ing protein interphase.

11. To each tube, add 2 μl of GlycoBlue as an indicator of RNA
precipitation. Mix well.

12. Add 10 ml of cold (0◦C) isopropanol. Close tube tightly with
parafilm or Dura Seal, shake well by hand. At this point, tubes
can be stored overnight at –20◦C.

13. Precipitate total RNA by centrifugation at 12,000g at 4◦C
for 30 min.

14. Gently remove and discard supernatant.
15. Wash platelet RNA pellet – add 5 ml of 75% ethanol per

Corex tube, wash tube walls using a pipette, and centrifuge
at 12,000g for 15 min at 4◦C.

16. Repeat washing step one more time.
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17. After final wash, remove supernatant and air-dry RNA pellet
for 3–5 min. Do not let RNA pellet dry completely since it
may make re-suspension of RNA difficult.

18. Carefully re-suspend RNA from both Corex tubes in 100 μl
of DEPC-treated water.

19. Transfer RNA solution into DEPC-treated microcentrifuge
tube, add 1 μl of RNAse inhibitor – RNAseIn and mix well.

20. Wash walls of Corex tubes with another 50–100 μl of DEPC-
treated water, combine with RNA solution, and mix well.

21. Incubate RNA solution at 55◦C for 5 min to aid solubiliza-
tion, quickly transfer onto ice.

22. Gently pipette RNA solution and take 5 μl for quantity and
quality analyses. At this point, RNA can be aliquoted in
smaller portions and stored at –80◦C for further analysis.

23. In our experience, 50–100 μg of total RNA can typically be
isolated from 150 ml of an apheresis bag. Total RNA yield for
patients with essential thrombocythemia can reach up to 260
μg. This amount is more than sufficient for reliable transcript
profiling using both microarray and SAGE.

24. To quantify RNA yield, use a suitable spectrophotometer –
we use a Biophotometer from Eppendorf. To address quality
of RNA, use a BioAnalyzer (Bio-Rad). A typical capillary elec-
trophoresis of total platelet RNA is shown at Fig. 16.3. Note
similarities between total RNA isolated from human liver and
from platelets.

25. Once purified and characterized, platelet RNA with added
RNAse inhibitors can be stored at –80◦C for several months
without detectable degradation.

3.2.2. Total RNA Isolation
from Peripheral Blood
Samples

1. Add 600 μl of Trizol to the platelet pellet, thoroughly re-
suspend platelets and incubate for 3 min. Follow Trizol pro-
tocol after this step.

2. Add 120 μl of chloroform, shake tubes vigorously by hand
for 15 s and incubate at room temperature for 3 min.

3. Centrifuge the sample at 12,000g for 15 min at 2–8◦C. Fol-
lowing centrifugation, the mixture separates into a lower
red, phenol–chloroform phase, an interphase, and a colorless
upper aqueous phase; RNA remains in aqueous phase.

4. Take upper phase, avoiding cross-contamination with inter-
phase material and transfer into fresh DEPC-treated 1.5 ml
microcentrifuge tube. At this point the total volume is typi-
cally ∼700 μl.

5. Add 1 μl of Glyco-blue to the aqueous layer to facilitate RNA
precipitation. Mix sample well.

6. To precipitate RNA, add 600 μl of ice-cold isopropyl alcohol,
close tube tightly, shake it well by hand and briefly vortex.
Incubate sample for 30 min (or overnight) at –20◦C.

7. Mix well and centrifuge at 12,000g for 15 min at 2–8◦C.
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Fig. 16.3. Analysis of total RNA by capillary electrophoresis using BioAnalyzer Model 2,100. Total RNA from liver and
from platelets were analyzed under the similar conditions in two separate experiments. (A) Adult human male total RNA
(Stratagene); (B) Total platelet RNA. M – Agilent RNA 6,000 nanomarker. Ribosomal RNA (18S and 28S) peaks are present
in both samples.

8. Carefully remove supernatant – at this point RNA pellet will
be visible only due to the blue dot formed by Glyco-blue
co-precipitation. Be careful not to discard RNA pellet.

9. Wash RNA pellet twice with 1 ml of 75% ice-cold ethanol:
add 75% ethanol, vortex briefly, and centrifuge for 5 min at
12,000g at 2–8◦C. Gently remove the supernatant and repeat
the 75% ethanol washing. Exercise extra caution not to dis-
card RNA pellet which at this point is almost invisible. (We
routinely save the washes in case of RNA loss).

10. Once washing is complete, gently remove any residual liquid
and air-dry pellets for 10–15 min at room temperature.
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11. To re-suspend the RNA pellet, add 50 μl of DEPC-treated
H2O containing 1 μl of SuperRNAseIn to inhibit RNAses.
Slowly pipette RNA solution up and down using a sterile
pipette tip equipped with aerosol filter.

12. Incubate RNA at 53◦C for 5 min to aid resolubilization,
quickly transfer on ice, incubate for 5 min and briefly cen-
trifuge at 5,000g to collect any vapor condensate from the
walls of the tube.

3.3. Platelet
Transcript Profiling
Using Affymetrix
Microarray Platform

Development of global mRNA profiling technologies (13, 14)
(such as microarray and SAGE), coupled with recent comple-
tion of the Human Genome project provides novel approaches
to study platelet function (15, 16). Microarray transcript profil-
ing uses grids of “probes”, specific to known DNA sequences,
to capture and quantify RNA transcripts of corresponding genes.
To date, many different microarray platforms have been devel-
oped, all of them include (1) isolation of RNA from biologi-
cal sample; (2) copying of RNA into either cRNA or cDNA,
simultaneously incorporating either fluorescent nucleotides or a
tag that is later used for fluorescent labeling; (3) hybridization
to a microchip containing a grid of DNA probes; (4) washing;
(5) labeling (if necessary, depending on the protocol); (6) scan-
ning under laser light; and (7) image processing, data extraction,
and analysis (17). Hybridization to microarrays and quantitative
real-time PCR are “closed-architecture” tools, i.e., these meth-
ods rely totally on pre-established sequence information whereas
SAGE and similar techniques which do not require any a priori
knowledge of the sample’s structure or complexity are considered
“open-architecture” tools. Each method has its own strengths
and weaknesses and their utility is somewhat sample dependent.
In our experience, hybridization to microarrays and quantitative
real-time PCR are the methods of choice for analyzing platelet
transcriptomes.

3.3.1. cDNA Synthesis The cDNA synthesis is performed using reagents from Invitrogen
Inc.
1. Mix 5 μg total RNA with 1 μl (100 pmol) T7dT24 primer and

DEPC-treated water to a final volume of 12 μl in 1.5 ml tube.
Heat to 70◦C for 10 min. Quick spin then place on ice.

2. Prepare a master mix with a 10% excess. For each sample mix
4 μl of 5× first strand buffer, 2 μl of 0.1 M DTT (first strand
buffer and DTT supplied with Super Script II RT) and 1 μl of
10 mM dNTP mix (2.5 mM each dNTP).

3. Add 7 μl of the master mix to each sample tube of total RNA
and primer. Mix and place in a 42◦C bath for 2 min.

4. Add 1 μl (200U) of Super ScriptIIRT and incubate at 42◦C
for 1 h.
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5. Prepare a master mix for the second strand synthesis con-
taining: 91 μl DEPC-treated H2O (Ambion), 30 μl second
strand buffer (Invitrogen), 3 μl of 10 mM dNTP, 1 μl (10 U)
DNA ligase, 4 μl (40 U) DNA polymerase I, and 1 μl (2 U)
RNaseH. Cool a bath to 16◦C.

6. Add 130 μl of the second strand master mix to each sample
mix and spin and place into the 16◦C bath for 2 h.

7. Add 2 μl (10 U) T4 DNA polymerase, incubate at 16◦C for 5
min. Add 10 μl of 0.5 M EDTA to each sample. At this point
the samples can be frozen at –20◦C or purified.

3.3.2. cDNA Purification 1. Label a Phaselock tube for each sample and spin the tubes at
12,000g for 25 s. Add 162 μl of phenol/chloroform (21:1) to
each sample and mix. Transfer the entire 324 μl of sample to
a Phaselock tube and spin for 2 min at 12,000g.

2. Carefully transfer the supernatant to a new 1.5 ml tube. Add
0.5 volumes 7.5 M NH4OAc and 2.5 volumes cold absolute
ethanol. Mix and centrifuge for 20 min at > 14,000g.

3. Remove the supernatant – a faint, small white pellet should
be visible. Wash the pellet with 1 ml of 80% ethanol and cen-
trifuge for 15 min at > 14,000g.

4. Remove all of the supernatant and air-dry the pellets for a few
minutes.

5. Re-suspend the pellet in 22 μl DEPC-treated H2O.

3.3.3. IVT Reaction 1. The BioArray High Yield kit is used to generate the cRNA.
2. Mix 18 μl of the master mix and the 22 μl of sample, aliquot

into several tubes, and incubate at 37◦C overnight.

3.3.4. cRNA Purification The cRNA is purified using the RNeasy mini kit (Qiagen).
1. Add 60 μl DEPC-treated water and 350 μl buffer RLT (do

not add the BME to the buffer RLT) mix.
2. Add 250 μl of 100% EtOH, mix by pipetting several times

and transfer to a Qiagen RNeasy column.
3. Centrifuge 18 s at 12,000g. Reapply the sample and spin

again for 18 s at 12,000g.
4. Discard tube and flow-through. Place column in a new tube.

Apply 350 μl buffer RW1 to the column. Spin 18 s at
12,000g. Discard flow-through.

5. Carefully apply 80 μl DNAse I solution (10 μl DNAse I + 70
μl RDD buffer. Incubate 15 min at room temperature.

6. Apply 350 μl buffer RW1. Centrifuge at 12,000g for 18 s.
7. Discard tube and flow-through. Place column in a new tube

and apply 500 μl buffer RPE. Centrifuge at 12,000g for
18 s. Discard tube and flow-through.

8. Place column in a new tube and apply 500 μl buffer RPE and
centrifuge 2 min at 14,000g. Discard tube and flow-through
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making sure that there is no residual flow-through on the
column.

9. Place column in a labeled new microfuge tube. Carefully
apply 50 μl DEPC-treated H2O to the center of the col-
umn. Centrifuge 1 min at 12,000g. Carefully apply 50 μl
DEPC-treated H2O to the center of the column a second
time. Centrifuge 1 min at 12,000g. Use of H2O at 37◦C
improves cRNA recovery.

10. Add 10 μl of 5 M NH4Oac and 275 μl of –20◦C abso-
lute EtOH. Incubate at –20◦C for 30–60 min. Centrifuge
at 18,000g at 4◦C for 25 min. A large white pellet will be
visible. Discard supernatant.

11. Wash pellet with ice-cold 70% EtOH, centrifuge at 18,000g
for 15 min. Remove all supernatant and air-dry pellet.

12. Once all the EtOH as evaporated re-suspend the pellets in
32 μl DEPC-treated H2O.

13. Measure nucleic acid concentration on a spectrophotometer.

3.3.5. Fragmentation
of cRNA

1. In a microfuge tube combine 20 μg cRNA and DEPC-treated
H2O to a final volume of 32 μl.

2. Add 8 μl fragmentation buffer.
3. Incubate at 94◦C for 35 min. Be sure to secure the top of the

tube so it does not open during the incubation.
4. Place tubes on ice.

3.3.6. Hybridization
of Arrays

1. Create a master mix of the hybridization cocktail contain-
ing: 15 ug fragmented cRNA, 5 μl control oligonucleotide
B2, 15 μl 20× eukaryotic hybridization controls, 3 μl
BSA 50 mg/ml, 3 μl sonicated herring sperm DNA 10
mg/ml, 150 μl 2× MES hybridization buffer (prepared
as per Affymetrix GeneChip Expression Analysis Technical
Manual.).

2. Add DEPC H2O to a final volume of 300 μl.
3. Pre-hybridize the arrays with 1× MES hybridization buffer

(Affymetrix GeneChip Expression Analysis Technical Man-
ual.) at 42◦C at 60 rpm in the Affymetrix Hybridization Oven
Model 420.

4. Heat hybridization cocktail to 98◦C for 5 min.
5. Transfer tubes to 42◦C for 5 min.
6. Centrifuge samples at 18,000g for 5 min.
7. Remove arrays from hybridization oven and remove the 1×

MES hybridization buffer.
8. Load the appropriate volume hybridization cocktail – 80 μl

for Affymetrix Test 3 arrays chip or 200 μl for Affymetrix
GeneChip. In our studies we used HGU133A microarray
chip. Currently it is discontinued and replaced with more
advanced microarray chips, which allow better quantification
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of gene expression and include probes for more transcripts.
For details of hybridization to these chips, refer to the man-
ufacturer’s instructions.

9. Place a “tough spot” over the lower loading port as this port
leaks sometimes.

10. Place arrays into carriers and into the Affymetrix Hybridiza-
tion Oven Model 420 set to 42◦C at 60 rpm. Hybridize the
arrays overnight ∼16 h.

3.3.7. Washing
and Staining the Arrays

1. Prepare wash buffers as per instructions in the Affymetrix
GeneChip Expression Analysis Technical Manual.

2. Prepare 2× Stain 1 and 1× Stain 2 as per Affymetrix GeneChip
Expression Analysis Technical Manual.

3. Remove the arrays from the Affymetrix Hybridization Oven,
remove the tough spot.

4. Remove the hybridization cocktail and store at –80◦C.
5. Load to appropriate volume of “buffer A” – 100 μl for the

Test 3 array or 250 μl for the U133A array.
6. Wash and stain the arrays using the Micro v1.1 protocol for the

Test 3 array and the EukGE-WS2v4 for the GeneChip U133.
7. When the third wash cycle begins start the scanner so that it

completes its warm up cycle.

3.3.8. Scanning
and Image Analysis

1. After the washing and staining protocol is complete check the
arrays to make sure there are no air bubbles present.

2. Scan the arrays. Once the scan is complete check the grid align-
ment in the corners and in the center of the array.

3. Analyze the image using Microarray Analysis Suite 5.1
(Affymetrix) utilizing the following parameters scaling: All
Probe sets: Target Signal 250, Normalization: User Defined,
value 1. All other parameters are set at default values. The per-
cent of genes called present (%P) is usually low in platelets
(<20%), whereas the 5’/3’ ratios is higher. The latter may
be the result of partial degradation of platelet mRNA due to
platelet aging and/or RNAse activity in the absence of ongo-
ing transcription.

4. Further data processing and bioinformatic analysis is
performed using GeneSpring software or its analogs using
standard microarray data mining algorithms. Description
of bioinformatic techniques is beyond the scope of this
chapter.

3.4. Serial Analysis
of Gene Expression
Analysis

SAGE is a powerful mRNA-based method for comprehensive
analysis of gene expression patterns (18,19). In the original SAGE
procedure, double-stranded cDNA is synthesized from poly (A)+
mRNA by priming first-strand cDNA synthesis with a biotiny-
lated oligo (dT)18 primer. The cDNA is then cut with a restric-
tion endonuclease having a 4-bp recognition sequence (typically
NlaIII, recognition sequence CATG, which theoretically results
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in cleavage on average every 256 bp), and the 3’-terminal cDNA
fragments are captured on streptavidin-coated magnetic beads.
These fragments are ligated with DNA cassettes containing a
recognition sequence for BsmFI, a type IIS restriction endonu-
clease. Subsequent cleavage with the BsmFI releases short (13–14
bp) but positionally defined sequences, referred to as tags, which
are eventually concatenated into arrays and cloned into a plas-
mid vector for DNA sequencing. The power of the method, as
its name implies, is that many tags can be read serially from each
clone during the sequencing step which vastly increases through-
put. Over 10 million cDNA tags have been analyzed by this
method since it was first described, many of which are publicly
available at (http://www.ncbi.nlm.nih.gov/SAGE).

In recent years, several new commercially available enzymes
which cleave further into the DNA thereby increasing tag length,
have superseded BsmF1 since longer tags are particularly useful
in characterizing expression patterns in the absence of complete
genome sequence data, i.e., from “uncharted transcriptomes”
and in designing primers to obtain full-cDNAs from transcripts
whose tags are not currently present in RefSeq or similar expres-
sion databases. One very useful enzyme is MmeI which cleaves
20/18 bases past its non-palindromic (TCCRAC) recognition
sequence (20, 21). MmeI is now commercially available from
NEB which has led to its use in numerous SAGE-type studies;
typically referred to as Long SAGE due to the increase in tag
length. In addition, detailed protocols are available on the web
which explain many of the steps for preparation and analysis of
SAGE libraries. A good starting point is the description of the
I-SAGETM Long kit (Catalog no. T5000-03) from Invitrogen
(www.invitrogen.com)

3.4.1. Magnetic Beads
Preparation and mRNA
Capturing

1. Briefly vortex tube with Dynal oligo(dT) magnetic beads.
2. Remove 100 μl of bead suspension, place into clean 1.5 ml

siliconized microcentrifuge tube and place tube on the mag-
netic holder. Beads will collect on the wall of the tube near
the magnet.

3. Gently remove supernatant without disturbing the beads.
4. Wash the beads with 400 μl lysis-binding buffer from the

Dynal Dynabeads mRNA Direct kit. To do this, remove tube
from the magnet, wash beads off the wall using buffer, place
the tube back on the magnet and wait for ∼5 min to collect
the beads.

5. Mix total platelet RNA (3–5 μg) with 200 μl lysis/binding
buffer supplemented with 10 μg/ml glycogen.

6. Add RNA solution to the beads, incubate at 60◦C for 5 min
to help melt the secondary structure, cool slowly to room
temperature with occasional mixing (once–twice per minute)
to allow the poly (A) tracks in the mRNA to hybridize to the
oligo dT.
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7. Collect the beads by placing the tube back on the magnetic
holder, carefully remove the supernatant, and store it at 4◦C.

8. Wash beads twice using 400 μl wash buffer A, supplemented
with 20 μg/ml glycogen.

9. Wash beads three times with 400 μl wash buffer B, supple-
mented with 20 μg/ml glycogen. Move beads to a fresh tube
after the first wash.

10. Wash beads two times with 400 μl RT first strand buffer sup-
plemented with 20 μg/ml glycogen and 2 μl SuperRNAseIn.

3.4.2. First Strand cDNA
Synthesis

1. Re-suspend beads in 25 μl RT first strand buffer supplemented
with 20 μg/ml glycogen and 2 μl SuperRNAseIn.

2. Incubate at 42◦C for 2 min followed by incubation at 37◦C
for 2 min.

3. In a separate tube, prepare the following pre-mix for the
reverse transcription reaction: 9 μl DEPC-treated water, 1 μl
SuperRNAsin, 5 μl RT first strand buffer, 2.5 μl dNTP (10
mM each), 5 μl 0.1 M DTT, 2.5 μl SuperScript II reverse
transcriptase.

4. Scrape beads off sides if necessary, add the pre-mix to the
beads. Gently pipette up and down and incubate at 37◦C for
1 h with gentle mixing.

5. Heat to 60◦C for 3 min, incubate at 37◦C for 2 min, and then
add an additional 2 μl of reverse transcriptase.

6. Incubate at 37◦C for an additional hour. Repeat one more
time. Total volume of reverse transcriptase used for three cycles
of cDNA synthesis equals 6.5 μl.

7. Collect beads and carefully remove RT first strand buffer.

3.4.3. Second Strand
synthesis

1. In a separate tube, prepare a pre-mix: 254 μl DEPC-treated
water, 70 μl 5× second strand buffer, 8 μl dNTP (10 mM
each), 2.5 μl Escherichia coli DNA ligase, 10 μl E.coli DNA
polymerase, 2.5 μl E.coli RNAse H, 3.5 μl glycogen.

2. Add pre-mix to the beads, incubate at 16◦C overnight with
gentle mixing for first 3 h.

3. Collect beads and wash six times with TEN/BSA buffer,
using 500 μl per wash. For the first wash re-suspend in
TEN/BSA, heat to 75◦C for 10 min, and, slowly cool to room
temperature.

4. Wash six more times, however, during the subsequent washes
heating is not needed. After the fourth wash, transfer the beads
with attached cDNA to a clean tube.

3.4.4. Digestion
with NlaIII

1. Wash beads three times with 200 μl 1× New England Biolabs
#4 buffer (optimal for NlaIII).
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2. Re-suspend beads in 200 μl 1× New England Biolabs #4
buffer, supplemented with 1× BSA and 4 mM spermidine
(HCl)3.

3. Add 2 μl NlaIII (∼10 U/μl).
4. Mix by pipetting up and down. Incubate at 37◦C for 2 h.
5. Add an additional 2 μl NlaIII and incubate for an additional

2 h at 37◦C.
6. Capture beads, carefully remove as much supernatant as

possible.
7. Wash beads with an additional 100 μl 1× NEB #4 buffer,

pool and then precipitate the released DNA by adding 30 μl
2.5 M Na acetate, pH 5.2, and 1 μl glycogen. Mix well by
vortexing.

8. Add 500 μl of cold 95% ethanol, vortex briefly, and incubate
at –20◦C for 2 h.

9. Centrifuge for 30 min at 12,000g in microcentrifuge.
10. Air-dry under vacuum for 3–5 min. Store beads in TEN/BSA

buffer at 4◦C.

3.4.5. Ligation of First
Linker Cassette (Cassette
A) Containing Restriction
Site for MmeI Tagging
Enzyme

The schema of MmeI restriction, cassette A and its ligation to
cDNA is shown in Fig. 16.4.
1. Capture beads using magnetic holder, wash three times in 200

μl LoTE (10 mM Tris–HCl, pH 8.0; 0.1 mM EDTA), one
time – in 200 μl 1× T4 DNA ligase buffer (Takara).

2. Make the following pre-mix for cassette A ligation: 38 μl
LoTE, 5 μl 10× T4 DNA ligase buffer, 4 μl linker cassette
A (mix of LS–LT primer and LS–LB primer, 10 pmoles/μl
each)

Fig. 16.4. Cassette A, MmeI restriction site and ligation of cassette A.
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3. Heat pre-mix at 50◦C for 2 min, cool to RT on the bench, and
incubate at RT for 15 min.

4. Add 3 μl of T4 DNA ligase (∼10 U). Mix well by pipetting.
5. Add to the beads and incubate at 16◦C for 2 h with occasional

gentle mixing.

3.4.6. MmeI Digestion
to Generate Cassette A
Ligated Beads

1. Wash beads six times with 400 μl TEN.
2. Capture beads, remove wash. Wash beads two times with 200

μl 1× MmeI buffer (NEB #4)
3. In a separate tube, make the following pre-mix: 85 μl ddH2O

(total volume will be 100 μl), 10 μl 10× MmeI buffer, 1
μl 100× SAM (4 mM – freshly prepare from 32 mM stock
provided with the enzyme), 4 μl MmeI (∼2 U/μl, 8 U total)

4. Incubate reaction at 37◦C for 2 h and, mixing occasionally.
5. Collect beads using magnetic holder.
6. After MmeI digestion the cDNA/tags will be released into

supernatant. Carefully remove as much supernatant as possi-
ble and transfer it to a fresh tube.

7. Rinse beads with 100 μl LoTE and combine with first super-
natant.

8. To inactivate enzyme, extract supernatant with equal volume
of TE-saturated phenol. Add phenol, vortex vigorously for 1
min and spin in microcentrifuge at top speed (∼12,000g) for
approximately 5 min at 4◦C.

9. Carefully transfer upper aqueous phase to a fresh tube and
extract with an equal volume of chloroform/IAA (24:1 v/v).
Vortex briefly and spin in microcentrifuge at top speed for 15
min at 4◦C.

10. Gently remove as much upper phase as possible, avoid dis-
turbing the interphase. Place supernatant in a fresh tube.

11. Precipitate the released DNA/tags with ethanol. To 200 μl
of supernatant, add 3 μl of GlycoBlue and 133 μl of 7.5
M ammonium acetate. Mix well and add 1 ml of cold 100%
ethanol. Vortex and incubate at –70◦C for 1 h or at –20◦C
overnight.

12. Spin at 12,000g for 30 min at 4◦C. Wash twice with 75%
ethanol, dry under vacuum for 5–10 min.

3.4.7. Ligation of Second
Linker Cassette (Cassette
B) Containing NlaIII
Restriction Site

The schema of cassette B and its ligation to cassette A-tag is
shown in Fig. 16.5. MmeI cuts 20–21/18–19 bp past its recog-
nition site. Therefore cutting the linkered DNA in step 6, releases
the linker and 17–18/15–16 bp immediately 3′ to the NlaIII site.
These sequences become the SAGE tags which are PCR amplified
and ligated together to form ≥500 bp long concatemers prior to
cloning and DNA sequencing. Because each clone contains multi-
ple tags, sequencing throughput increases accordingly. Using the
strategy described below, the two unique nucleotides at the 3′
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Fig. 16.5. Cassette B, PCR amplification product and concatamerized SAGE tags.

end of each tag are not lost. One strategy for capturing these
nucleotides is based on the approach used in the process called
TALEST (tandem arrayed ligation of expressed sequence tags)
developed by Spinella et al. (22) and modified by our labora-
tory for our original GST protocol (6). It employs ligation with a
16-fold degenerate oligonucleotide (cassette B) to capture all the
sequence information in the MmeI cleaved DNAs 3′ extensions.
1. Re-suspend DNA pellet (can be visible only as a blue dot

because of GlycoBlue) in 29.5 μl TEsl.
2. Add 4 μl 10× T4 DNA ligase buffer and 3.5 μl linker cas-

sette B (mix of LS–RT primer and LS–LB primer, 10 pmol/μl
each).

3. Mix well, incubate at room temperature for 15 min, and then
add 3 μl of T4 DNA ligase (∼10 U).

4. Mix well by pipetting and incubate 2 h to overnight at 16◦C.
5. Final product of ligation should be 98-mer with two NlaIII

restriction sites, as shown in Fig. 16.5, panel B.

3.4.8. PCR Amplification
of cDNA Tags Using
Biotinylated Primers

For this PCR, use biotinylated forward and reverse primers that
corresponds to a portion of cassette A upper strand and to a por-
tion of cassette B bottom strand (see Fig. 16.4).
1. Place clean microcentrifuge tube on ice and make PCR mix

as follows: 371 μl ddH2O, 50 μl 10× Promega buffer, 20
μl 50 mM MgSO4, 15 μl dNTP (10 mM each), 20 μl 10
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μM forward biotinyl-primer, 20 μl 10 μM reverse primer, 2.0
μl platinum Taq polymerase, 2.0 μl cDNA product from step
3.4.7. Store remaining cDNA product at –80◦C for further
analysis, if needed.

2. Mix well by brief vortexing, spin to remove traces of solution
from walls of the tube.

3. Divide 500 μl PCR mix into ten small thin-wall PCR tubes,
50 μl per tube. Keep tubes on ice.

4. Run PCR using the following cycle parameters:
5. 95◦C, 2 min 30 cycles with 95◦C, 30 s;

58◦C, 30 s; 72◦C, 30 s 72◦C,
4 min 10◦C - hold

3.4.9. Optimizing PCR by
Linear Amplification to
Resolve Heteroduplexes
(LARHD)

In our experience, standard PCR as above usually gives the
expected ∼94 bp product plus variable amounts of material
migrating as a more slowly migrating diffuse band. As discussed
in detail in Ref (GST paper), this material probably represents
amplicons with perfectly base-paired cassette regions flanking
SAGE tags with some miss paired bases. These products are then
converted to completely duplex forms by a process, we termed
LARHD.
1. Pool solution after PCR from ten tubes into one tube and mix

well. Total volume should be 500 μl.
2. In a fresh tube, make the following pre-mix, total volume

1,250 μl: 682.5 μl ddH2O, 125 μl 10× Promega buffer, 50 μl
50 mM MgSO4, 37.5 μl dNTP (10 mM each), 50 μl 10 μM
forward biotinyl-primer, 50 μl 10 μM reverse primer, 250 μl
first round amplified tags from previous step (1/2 of the total
volume), 5.0 μl platinum Taq Hi Fi polymerase.

3. Divide pre-mix into smaller thin-wall PCR tubes, keeping vol-
ume 50–100 μl per tube.

4. Run LARHD reaction (one cycle only): 95◦C, 2 min 30 s;
58◦C, 30 s; 72◦C, 5 min; 10◦C, hold.

5. Pool PCR products, saving 10 μl for gel analysis if desired.
Products should be 94 bp in length, as shown in Fig. 16.5.

3.4.10. Exonuclease
Digestion of Primers

1. To PCR products, add, 6.25 μl E. coli exonuclease I, 10
U/μl to 1,250 μl of LARHD products.

2. Incubate at 37◦C for 30 min, remove and store 5 μl for gel
analysis.

3. Perform phenol/chloroform purification as described in
Section 3.4.6.

4. Wash lower (phenol) phase with a small volume of TEsl.
5. Pool and then precipitate in as many tubes as needed. One

tube should contain: 270 μl sample, 30 μl 3 M Na acetate,
pH 6.0, and 750 μl 100% ethanol (–20◦C)

6. Place at –20◦C for 20 min.
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7. Spin down amplicons at 4◦C, 30 min, 12,000g.
8. Redissolve in 0.3 M Na acetate, re-precipitate in one tube

with 2.5 volumes of cold 100% ethanol. Place at –20◦C for
20 min.

9. Centrifuge at 12,000g for 30 min at 4◦C, remove super-
natant, and carefully wash with 1 ml of cold 70% ethanol.

10. Spin down amplicons and air-dry.

3.4.11. NlaIII Digestion to
Release SAGE Tags

1. Dissolve amplicons in 50 μl of 1× NEB buffer #4, supple-
mented with 1× BSA, and 4 mM spermidine HCl.

2. Add 4 μl of NlaIII, mix well by pipetting, and incubate for 2
h at 37◦C.

3. Add another 4 μl of NlaIII and incubate for additional 2 h.
(see Fig. 16.5 for schema of this restriction). This step releases
the monomeric tags from the flanking cassettes used for PCR
amplification.

4. Bring total volume to 200 μl with 1× NEB buffer #4 and mix
well. Keep tube on ice.

5. Conduct phenol/chloroform purification as described in
Section 3.4.6 and precipitate with ethanol.

3.4.12. Gel-Purification of
23-mer SAGE Tags

In our hands, removing the biotinylated cassettes by capturing on
streptavidin beads usually does not leave pure tags in the unbound
fraction. Therefore we recommend loading the entire sample on
a 10–12% non-denaturing polyacrylamide gel. It is important to
electrophorese the sample slowly (100 V) until the bromophenol
blue dye front reaches 1–2 cm from the bottom so that the tags
are not heat denatured.
1. After electrophoresis, stain the gel in 0.5 μg/ml ethidium bro-

mide plus 50 mM NaCl and visualize the bands under long
wave length UV light. You should see a sharp 23–24 band
below the cassette arms.

2. Using a clean razor blade, excise the tag band from each lane
of the gel, place on a clean piece of parafilm, and then cut each
gel piece into smaller pieces and place them into one or more
0.5-ml microcentrifuge tubes as needed that have had a hole
pierced into the bottom by a 18-gauge needle.

3. Place each 0.5-ml microcentrifuge tube in a sterile 1.5-ml non-
stick microcentrifuge tube and centrifuge at maximum speed
for 2–3 min. The excised gel pieces will pass through the hole
and be broken into much smaller pieces and be collected in
the 1.5-ml microcentrifuge tube.

4. To each tube add 200–400 μl of LoTEsl plus 2.5 M ammo-
nium acetate making sure that enough buffer is used to com-
pletely submerge the gel pieces.
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5. Incubate at 37◦C for several hours with occasional vortexing
to elute the DNA.

6. Remove the eluates and pass them though a clean spin filter to
remove any particles of polyacrylamide.

7. Combine the eluants and precipitate with ethanol. From this
point, the procedure follows the standard SAGE methods for
tag concatemerization, cloning into pZERO, and sequence
analysis. The caveat, of course, is that our protocol generates
runs of monomeric tags (Fig. 16.5), not the standard ditags
that is the norm with other SAGE procedures.

4. Notes

1. All procedures of platelet purification should be performed at
room temperature unless specified otherwise to avoid platelet
activation. In our experience, platelet activation can be pre-
vented during purification by using three inhibitors – EDTA
or citrate, PGE, and aspirin. If platelets were activated during
purification, the yield of total RNA is minimal and its quality is
not good for microarray analysis, as estimated by hybridization
to the test chip in Affymetrix protocol.

2. At this step, magnetic separation columns are used to cap-
ture any remaining CD45+ cells (leukocytes) by positive selec-
tion. The amount of time needed for this step is somewhat
unpredictable, but may take from 30 min to 2 h. Buffer flow
may dramatically decrease or platelets may start to clog the
columns. Although this procedure helps to remove traces of
leukocyte contamination, it may be omitted with minimal
effect on final platelet purity.

3. Avoid taking too much PRP for gel filtration since this may
result in leukocyte contamination of the sample.

4. In small-scale platelet purification schema, platelets if necessary
can be concentrated before gel filtration by centrifugation at
2,000g for 10 min and re-suspended 1–2 ml of the running
buffer (HBMT) (Section 3.3.2, step 1). Add inhibitors to
avoid platelet activation (see Section 3.1.1).

5. Trizol protocol for total RNA isolation allows simultaneous
isolation of a protein fraction. This may be useful if further
studies include immunodetection of protein of interest or val-
idation of transcript profiling at the protein level. If neces-
sary, harvest protein pellet before guanidine step exactly as
described in Trizol reagent protocol and store it at –80◦C
for further analysis. Protein pellets can be stored for up to 6
months at –80◦C without detectable degradation and be ana-
lyzed by the Western blotting.
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Chapter 17

Genome-Wide Platelet RNA Profiling in Clinical Samples

Angelika Schedel and Nina Rolf

Abstract

Human blood platelets are anucleate cells that contain minute amounts of translational active mRNA.
Investigation of the gene expression profile by microarray analysis has become an excellent tool for bet-
ter understanding of normal and pathological platelet function. Its use, however, is often limited by the
low yield of megakaryocytic-derived mRNA, the possible contamination with leukocytes during platelet
preparation and the small platelet volume in clinical settings, especially in pediatric patients. In this chap-
ter, we present a protocol for the isolation of leukocyte-depleted platelet samples in clinical settings and
an optimized procedure for transcript profiling, using the Agilent oligo microarray technology. In partic-
ular, we discuss the special aspects of platelet purification when working with blood sample volumes not
exceeding 3–5 ml, which is typical in pediatric patients and we furthermore provide detailed information
for transcript profiling of extremely small amounts of platelet RNA.

Key words: Platelet disorders, pediatric patients, thrombocytopenic patients, leukocyte depletion,
platelet isolation, platelet RNA profiling.

1. Introduction

Although circulating platelets are anucleate cells and therefore
devoid of genomic DNA, they do contain minute amounts of
residual plasmatic mRNA upon separation from the megakary-
ocytic cytoplasm. During this process only a vestigial amount of
megakaryocytic mRNA is integrated into the developing platelet
which has hampered gene expression analysis in platelets for many
years. Platelet mRNA is not very stable and degrades in the
peripheral circulation within 24–48 h (1). Flow cytometric meth-
ods could prove the existence of mRNA within platelets after
incubation with the DNA stain thiazole orange (2) confirming
that the highest mRNA-content is found in young platelets.

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
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Identification of platelet-specific mRNA is often limited due
to possible contamination of platelet preparations with leuko-
cytes. Since the amount of mRNA in single leukocytes is approxi-
mately 100,000 times higher than in platelets, a small number of
leukocytes can significantly distort the mRNA profile of platelet
gene expression. It is calculated that a single platelet contains
approximately 0.002 fg mRNA (based on our own experience).
Therefore, large volumes of leukocyte-depleted blood (up to 500
ml) or platelet apheresates were often employed for gene-profiling
studies. However, drawing such quantities of blood in a clinical
setting is unrealistic, particularly in pediatric patients where blood
samples often cannot exceed 3–5 ml, or when donors are throm-
bocytopenic.

Growing interest in isolating residual amounts of RNA from
platelets in order to perform multiple genetic studies, such as
RNA profiling (3, 4) and real-time PCR (5) called for a proto-
col that can reliably be applied to smaller blood samples (3–5 ml)
possibly with limited platelet numbers when collected in throm-
bocytopenic patients.

Thus, in order to guarantee reliable and platelet-genome spe-
cific results it is mandatory to first isolate highly purified platelet
yields before analysis of platelet-specific gene expression is feasi-
ble. Our protocol for the isolation of leukocyte-depleted platelet
samples successfully copes with all three major problems such as
extremely minute amounts of mRNA per platelet, contamination
of platelet preparations with leukocyte as well as small blood sam-
ple volumes in a clinical setting (6). Thus, a high-platelet yield
(40%) with a degree of leukocyte depletion of 0–0.1/μl platelet
isolate is feasible. It is estimated that 3–5×108 platelets, corre-
sponding to 5 ml citrated blood with an initial platelet count of
100,000/μl, are at least required for safely performing further
platelet genome studies.

The expected amount of platelet RNA obtained from
3–5×108 platelets can be as little as 50–100 ng. For direct
transcript profiling at least 5 μg of total RNA is required. There-
fore a method that amplifies the starting mRNA, without alter-
ation of the gene expression profile, is required. Several RNA
amplification strategies are currently under use, they include
reverse transcription, which is followed either by exponential PCR
amplification (7–9) or by T7-based linear in vitro transcription
(10–12).

We and our co-workers investigated the reliability and preci-
sion of RNA amplification, using the SMART – (switching mech-
anism at the 5’ end of RNA templates) amplification method
(13). In six independent microarray experiments, original and
SMART-amplified platelet RNA was profiled across 9850 genes
and revealed a strong linear relationship. In addition, we success-
fully applied the SMART protocol to clinical samples (6). Even
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so, the SMART protocol is a reliable method for RNA amplifica-
tion, it remains a time consuming procedure.

In order to decrease the hands on time, we introduced several
modifications to the existing T7-protocol from Agilent Technolo-
gies. We will illustrate and discuss a detailed protocol for platelet
purification and RNA isolation from blood samples not exceed-
ing 3–5 ml. With the proposed procedure platelet RNA profiling
is feasible and easier to perform for studies on pediatric and/or
thrombocytopenic patients in clinical settings.

2. Materials

2.1. Isolation of
Leukocyte-Depleted
Platelet Samples

1. Plastic aspiration tubes with one-tenth volume of 0.106 M
trisodium citrate solution (Sarstedt, Germany).

2. Purecell� PL High-Efficiency Leukocyte Reduction Filter for
Platelet Transfusion (PALL Medical, USA).

3. Record positive, luer negative adapter (Söllner GmbH,
Deggendorf, Germany).

4. Sterile 10 ml syringe.
5. Propidium iodide.
6. Cell counter.
7. Flow cytometer.
8. Microcentrifuge (room temperature).

2.2. Total RNA
Extraction

1. Trizol Reagent (cat. No. 15596-018; Invitrogen).
2. Liquid nitrogen.
3. Chloroform.
4. Isopropyl alcohol.
5. Ethanol (70%) diluted in DEPC-treated water.
6. DEPC-treated water.
7. Refrigerated microcentrifuge (4◦C).

2.3. cRNA Synthesis
and Fluorescent
Labeling

1. DEPC-treated water.
2. Agilent low RNA input fluorescent linear amplification kit

containing: T7 promoter primer; cDNA-mastermix: 5× first
strand buffer, 0.1 M DTT, 10 mM dNTP mix, MMLV-RT,
RNaseOUT.

3. Cyanine 3-CTP (10 mM), (PerkinElmer/NEN Life Science).
4. Cyanine 5-CTP (10 mM), (PerkinElmer/NEN Life Science).
5. Transcription master mix: 4×transcription buffer, 0.1 M DTT,

NTP mix, 50% PEG, RNaseOUT, Inorganic pyrophosphatase,
T7 RNA polymerase.

6. Water baths (40◦C, 65◦C, 80◦C).
7. Ice and ice bucket.
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2.4. Purification and
Quantification of
cRNA Products

1. RNeasy mini Kit (Qiagen).
2. DEPC-treated water.
3. Ethanol (96–98%) diluted in DEPC-treated water.
4. Microcentrifuge.
5. UV-Spectrophotometer.

2.5. Microarray
Hybridization,
Scanning, and
Analysis

1. Agilent G2545A Hybridization Oven (Agilent Technologies).
2. Agilent microarray hybridization chamber kit (Agilent Tech-

nologies) containing chamber base, chamber cover, clamp
assembly, tweezers, gasket slide, 1 microarray/slide format
(G4112A), glass cover slip, 25× fragmentation buffer and 2×
hybridization buffer.

3. Slide rack.
4. Horizontal shaker.
5. Water bath (60◦C).
6. DEPC-treated water.
7. Gen expression wash buffer 1 and 2 ( Agilent Technologies).
8. Stabilization and drying solution (Agilent Technologies).
9. Microarray Scanner including data analysis software.

3. Methods

Although the following platelet isolation protocol is simple
and straightforward, we suggest to proceed slowly with gentle
strength for obtaining highest platelet yield and complete leuko-
cyte depletion.

3.1. Isolation of
Leukocyte-Depleted
Platelet Samples

1. Collect venous blood into plastic aspiration tubes with one-
tenth volume of 0.106 M trisodium citrate solution (see
Note 1).

2. Prepare the set-up for the platelet isolation system:

a. Remove re-adjustable plunger from 10 ml syringe, place
and adjust syringe upside down onto laboratory stand
in a slightly tilted position so that the opening of the
syringe is in the lowest position allowing for best output of
fluid.

b. Cut off filter system approximately 3 cm above the filter,
discard collecting bag, turn around the clamp on the tube
and tighten.

c. Adjust tube via adapter onto the syringe opening and place
a falcon tube under filter for collection of platelet isolate.

3. Determine platelet count and white blood cell count by using
an automated cell counter.
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4. For preparation of platelet-rich plasma (PRP), centrifuge cit-
rated blood sample for 15 min at 150g (at room temperature,
with brake).

5. Aspirate approximately 8/10 of PRP gently and very slowly,
beginning from the surface near the tube-wall, neither aspi-
rating leukocytes from the buffy coat nor activating platelet
aggregation due to heavy suction. Gently discharge the aspi-
rated PRP from pipette, again lean the tip against the tube-
wall into the syringe (see Note 2).

6. Open the clip and collect platelet isolate into a falcon tube.
7. Once the isolate stops draining through the filter (occasion-

ally it stops inexplicably half-way); slowly adjust the plunger
into the syringe and gently press down (see Note 3). Care-
fully watch the filter tip for light bubbles and remove filter
before bubbly isolate falls into tube in order to avoid leuko-
cyte contamination.

8. In order to validate the degree of leukocyte contamination in
the platelet isolate, use approximately 120 μl of highly puri-
fied platelet isolate for FACS analysis that sufficiently detects
residual leukocytes as rare events after staining with DNA-
intercalating dye propidium iodide (see Note 4). Only pro-
ceed with samples not exceeding 0.1 leukocyte/μl platelets.

9. Determine the approximate platelet count in the platelet iso-
late by using an automated cell counter (see Note 5).

10. Prepare aliquots from platelet isolate into 2 ml Eppendorf
tubes containing approximately 3–5 × 108 platelets based on
estimated platelet counts by centrifugation at 5,000g for 10
min.

11. Carefully remove supernatant (see Note 6).
12. Store pellets at –80◦C or proceed with RNA extraction.

3.2. Total RNA
Extraction

Working with RNA requires certain precautions to prevent RNase
contamination; all the plastic ware and solutions for RNA extrac-
tion should be reserved for RNA work only. Disposable cloves
should always be worn and the work should only been done on a
clean bench.

1. Add 1 ml of Trizol reagent to the platelet pellet (3–5 × 108

cells) and lyse the cells by repetitive pipetting (see Note 7 and
Note 8).

2. Incubate samples for 5–10 min at room temperature.
3. Add 0.2 ml of chloroform, shake tubes vigorously for 15 s,

and incubate samples at room temperature for 5 min.
4. Centrifuge the samples at 12,000g at 4◦C for 15 min.
5. Obtain the aqueous phase and transfer it to a fresh tube.
6. Add 0.5 ml of isopropanol to precipitate the RNA, shake

carefully and let the tube sit for another 10 min at room tem-
perature (see Note 9).

7. Centrifuge the samples at 12,000g at 4◦C for 10 min.
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8. Remove the supernatant and wash the RNA pellet in 1 ml of
75% ethanol (see Note 10).

9. Centrifuge at 7,500g at 4◦C for 5 min.
10. Discard the wash and air-dry the pellet for 20–30 min (see

Note 11).
11. Dissolve the RNA pellet completely by adding 10.3 μl

DEPC-treated H2O. If the sample is not used immediately
for cDNA-synthesis store RNA at –80◦C (see Note 12).

3.3. cDNA Synthesis
from Total RNA and
Generation of
Fluorescent cRNA

For the cDNA synthesis and generation of fluorescent cRNA use
the protocol provided by Agilent Technologies (briefly repro-
duced here) with our modification.
1. Add 1.2 μl of T7 promotor primer to the tube containing the

total RNA in 10.3 μl DEPC-treated water. The total reaction
volume should be 11.5 μl.

2. Denature the primer and the template by incubating the reac-
tion in a 65◦C water bath for 10 min.

3. Place the tube immediately on ice and incubate for 5 min.
4. Prepare the reverse transcription reaction mix in the follow-

ing order: for each reaction combine 4 μl of 5× first strand
buffer, 2 μl of 0.1 M DTT, 1 μl of 10 mM dNTPmix, 1 μl
of MMLV-RT, and 0.5 μl of RNaseOUT (see Note 13).

5. Add 8.5 μl of this mix to each sample tube and incubate
samples at 40◦C for 4 h.

6. Incubate the tubes in a 65◦C water bath for 10 min.
7. Place the tubes on ice and incubate for 5 min.
8. To each sample tube, add either 2.4 μl of cyanine 3-CTP (10

mM) or 2.4 μl of cyanine 5-CTP (10 mM).
9. Prepare the transcription master mix in the following order:

for each reaction combine 15.3 μl of DEPC-treated water,
20 μl of 4× transcription buffer, 6 μl of 0.1 M DTT, 8 μl of
NTP mix, 6.4 μl of 50% PEG, 0.5 μl of RNaseOUT, 0.6 μl
of inorganic phosphatase, and 0.8 μl of T7 RNA polymerase
(see Note 14).

10. Add 57.6 μl of the transcription master mix to each sample.
11. Incubate samples for 15 h in a 40◦C water bath.

3.4. Purification and
Quantification of
cRNA Products

For the purification of the amplified cRNA we recommend using
Qiagen’s RNeasy mini spin columns. The RNeasy mini kit proto-
col is reproduced here.
1. Add 20 μl of DEPC-treated water to the cRNA sample, to

obtain a total volume of 100 μl.
2. Add 350 μl of buffer RLT and mix thoroughly.
3. Add 250 μl of 96–98% ethanol and mix thoroughly by pipet-

ting. Do not centrifuge.
4. Transfer 700 μl of cRNA sample to an RNeasy mini column

in a 2 ml collection tube. Centrifuge the sample for 30 s at
10,000g.



Platelet RNA Profiling in Clinical Samples 279

5. Transfer the RNeasy column to a new collection tube and
wash the sample by adding 500 μl of buffer RPE to the col-
umn. Centrifuge the sample for 30 s at 10,000g.

6. Wash the sample again by adding 500 μl of buffer RPE to the
column. Centrifuge the sample for 60 seconds at 10,000g.

7. Elute the cleaned cRNA sample by transferring the RNeasy
column to a new 1.5 ml collection tube. Add 30 μl DEPC-
treated water directly onto the RNeasy filter membrane.
Incubate 60 seconds and centrifuge 30 seconds at 10,000g.
Save the flow through in the collection tube.

8. Again, add 30 μl DEPC-treated water onto the filter mem-
brane and wait 60 second before centrifuging for 30 sec-
onds at 10,000g. The final volume is approximately 60 μl
(see Note 15).

9. Determine the concentration of cRNA in each sample, using
an appropriate spectrophotometer (see Note 16).

10. Store the cRNA sample at –80◦C or continue directly with
the hybridization protocol.

3.5. Microarray
Hybridization

1. Prepare 2× cRNA target solution by mixing 5 μg each of
cyanine 3- and cyanine 5-labeled linear amplified cRNA. Add
DEPC-treated water to yield a total volume of 240 μl per
tube (see Note 17).

2. To each tube add 10 μl 25× fragmentation buffer and incu-
bate in a 60◦C water bath in the dark for 30 min.

3. To terminate the fragmentation reaction, add 250 μl 2×
hybridization buffer to reach a final volume of 500 μl per
microarray. Try to avoid introducing bubbles while mixing.

4. Without introducing bubbles, place 490 μl of the labeled
sample onto the gasket well and flip the slide with the
microarray onto it to obtain a sandwich (see Note 18).

5. Place the hybridization chamber into the hybridization oven
and set the rotator to rotate at approximately 6 rpm.

6. Hybridize the slides at 60◦C for 22 h.
7. Disassemble the chambers and immediately place the

microarray in the slide rack.
8. Move the slide rack in wash solution 1 and place it on a hor-

izontal shaker.
9. Wash the microarray at 60 rpm for 10 min.

10. Move the slide rack into wash buffer 2 and wash for 5 min at
60 rpm.

11. Dry the microarray slide prior to scanning by immersing it
into stabilization and drying solution (see Note 19).

12. Place the microarray in a clean-slide box until scanning.

3.6. Scanning and
Analysis

1. Scan the microarray with a high-resolution laser confocal scan-
ner to obtain raw data images with fluorescence signals.
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2. Quantitate and analyze the data using computer software for
microarrays (see Note 20).

4. Notes

1. Depending on the patient’s platelet count and age draw
3–20 ml blood. In order to reduce formation of platelet
aggregates clotting the filter system and thereby leading to
significant platelet loss particularly in small sample volumes,
blood should be drawn whenever possible without tourni-
quet, discarding the first 2 ml of blood, while aiming at
distracting children from crying (including EMLA R© patch
application).

2. Where applicable, note initial blood volume as well as
removed amount of supernatant for future calculations.

3. It is very important not to apply any force to the filter for the
possibility of removing caught leukocytes from the filter into
the purified PRP.

4. The FACS method is successfully used in the standardized
and quality-controlled evaluation and validation of leukocyte-
depleted platelet concentrates (14). It allows for detecting
rare leukocyte events up to 0.1/μl platelet isolate. Leuko-
cyte contamination should not exceed 0,1 leukocyte/μl
platelet isolate. Since platelets are believed to contain
approximately 100,000 times less RNA than leukocytes, the
leukocyte–platelet ratio should be recalculated for the RNA
level.

5. Note that some microaggregates are usually present. If indi-
cated perform blood smear for optical evaluation.

6. If necessary, perform multiple volume steps into the same
tube. Note that the platelet pellet might be invisible during
the first volume step.

7. For better cell-lysis, we recommend to shock freeze the
homogenized cells in liquid nitrogen and refreeze them
in 40◦C water bath. Freezing circles can be repeated sev-
eral times to ensure complete lysis of the platelets. If liq-
uid nitrogen is not available, a homogenizer can be used
instead.

8. Washing cells before addition of Trizol should be avoided as
this increases the degradation of RNA.

9. RNA samples can be stored at –80◦C in isopropanol if not
used immediately.

10. The RNA precipitate forms a gel like structure on the
side bottom of the tube and is often hardly visible.
Care should be taken when removing the supernatant
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because the small pellet is easily lost while performing this
step.

11. It is important not to let the RNA pellet dry for to long as
this will decrease its solubility. On the other hand, remain-
ing ethanol will inhibit enzymes essential for the subsequent
cDNA synthesis. The air drying is a crucial step and needs to
be monitored carefully.

12. The dry pellet is dissolved in 10.3 μl H2O, the exact amount
necessary for subsequent cDNA synthesis. Due to the low
amount of total RNA we abstain from RNA quantification.
Based on the initial platelet number of ∼5×108we expect to
reach a total RNA yield of at least 50 ng (based on our own
experience).

13. Prewarm the 5× first strand buffer by incubating the vial in
an 80◦C water bath for 3–4 min prior to use.

14. Prewarm the 50% PEG solution by incubating the vial in a
40◦C water bath for 1 min.

15. When the amount of purified cRNA is expected to
be extremely low, we recommend elute only once.
The final flow through volume should be approximately
30 μl.

16. The typical cRNA amplification reaction, starting with
approximately 50 ng (initial platelet number of 5×108)
will yield 200–300 ng/μl. We recommend using the
Gene Quant Spectrophotometer (Amersham/Bioscience)
to minimize the amount of sample consumed by the
measurement.

17. The volume of DEPC-treated water will vary with the con-
centration of the cRNA. If necessary, the 2× target solution
can be stored at –80◦C up to 1 month.

18. Flip the oligo microarray so that the numeric side is fac-
ing up and lower it onto the gasket slide. Gently place the
oligo microarray slide against the gasket slide to complete
the sandwich. Be sure that the microarray slide and the gas-
ket slide are completely aligned, before you correctly place
the chamber cover onto the sandwiched slides and close the
chamber. Inspect the sandwiched slides and note the bubble
formation. A large mixing bubble should have formed. For
more detailed instructions, refer to the Agilent microarray
hybridization chamber user guide.

19. The slide should be fully covered with stabilization and dry-
ing solution and be removed again very slowly preventing the
development of bubbles on top of the microarray side of the
slide.

20. Comparative analysis of individuals from two study groups
revealed strong correlation (Fig. 17.1). This indicates that
the protocol for platelet RNA profiling leads to highly repro-
ducible results.
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Fig. 17.1. Scatter plot of mean signal intensity values from comparative microarray analysis of more than 40,000 human
genes in pediatric patient (x-axis) and pediatric control (y-axis) platelet RNA. The line indicates the linear relationship
between the microarray hybridization results from patient and control samples (r = 0.991) The mean values of 21
patients and 15 controls are represented.
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Chapter 18

PCR-Based Amplification of Platelet mRNA Sequences
Obtained From Small-Scale Platelet Samples

Jutta M. Rox, Jens Müller, and Bernd Pötzsch

Abstract

Platelet transcriptome studies provide a powerful tool in the analysis of disorders affecting the
megakaryocytic-platelet lineage. However, individualised platelet gene expression profiling is hampered
by the exceptionally low yield of platelet mRNA. The yield of mRNA transcripts that can be obtained from
small-scale platelet preparations is generally not sufficient for standard RNA-labeling reactions used in
expression profiling. Furthermore, leukocyte contaminants in platelet preparations are a potential source
of ‘unwanted’ mRNA since they contain several orders of magnitude more mRNA than platelets. To
overcome these limitations a strategy that combines leukocyte filtration and a PCR-based amplification
technique (SMARTTM) has been developed and extensively evaluated.

Key words: Platelets, platelet mRNA, leukodepletion, SMARTTM amplification, platelet
transcriptome.

1. Introduction

Platelets are anucleate but they contain a significant number of
megakaryocyte-derived RNA transcripts (1) and maintain func-
tionally intact protein translational capabilities. Posttranscrip-
tional regulation of de novo protein synthesis has been described
for Bcl-3, pro-IL-1 beta, and tissue factor (2–4).

However, platelet transcriptome analysis is limited by the
exceptionally small yield of mRNA and the risk of leukocyte
contamination during platelet preparation. We describe a pro-
tocol for PCR-based amplification of mRNA (SMARTTM) from
single-donor platelets to provide a template for gene expression
studies like microarray analysis. The maintenance of the original
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transcript ratios was assessed using quantitative PCR for selected
transcripts and microarray analysis (5).

The protocol described makes platelet mRNA isolated from
single patients available for gene expression studies aimed at
detecting target genes involved in the development of megakary-
ocytic/platelet disorders.

2. Materials

2.1. Platelet
Preparation

1. Blood collection tubes with 0.105 M trisodium citrate stock
solution (final concentration of 10% (v/v)), e.g., S-Monovette
Coagulation (Sarstedt, Nürnbrecht, Germany).

2. Tyrodes buffer: 139 mM NaCl, 2.9 mM KCl, 1.0 mM
Na2HPO4, 5 mM HEPES, 10 mM D-Glucose; pH 6.5. Store
at 4◦C.

3. Leukocyte removal filter (Purecell PL leukocyte removal filter;
Pall Biomedizin GmbH, Dreieich, Germany).

2.2. Isolation of
Platelet poly A+ RNA

1. Dynabeads� Oligo (dT)25 magnetic beads (Invitrogen,
Karlsruhe, Germany). Store at 4◦C.

2. Magnet for 1.5 ml tubes, e.g., Dynal MPCTM-S (Invitrogen).
3. Gauge needle (25) and 1 ml syringe.
4. Lysis buffer: 0.5 M LiCl, 0.1 M Tris–HCl (pH 8.0), 0.01 M

EDTA, 1% LiDS, 5 mM dithiothreitol (DTT). Store at 4◦C.
5. Binding buffer: 20 mM Tris–HCl, pH 7.5, 1.0 M LiCl, 2 mM

EDTA. Store at 4◦C.
6. Washing buffer with LiDS: 10 mM Tris–HCl, pH 7.5, 0.15 M

LiCl, 1 mM EDTA, 0.1% LiDS. Store at 4◦C.
7. Washing buffer without LiDS: 10 mM Tris–HCl, pH 7.5, 0.15

M LiCl, 1 mM EDTA. Store at 4◦C.
8. Deionised H2O, RNase free. Store at –20◦C.

2.3. First-Strand
cDNA Synthesis and
Amplification

1. SMARTTM PCR cDNA Synthesis Kit (Clontech) containing:
SMART IITM A oligonucleotide (5′-AAGCAGTGGTATCAA
CGCAGAGTACGCGGG-3′, 12 μM; store at –70◦C); -3′
SMARTTM CDS Primer II A (5′-AAGCAGTGGTATCAA
CGCAGAGTACT(30)VN-3′, 12 μM; store at –20◦C); 5×
First-strand buffer: 250 mM Tris–HCl (pH 8.3), 375 mM
KCl, 30 mM MgCl2; store at –20◦C; 5′ PCR Primer II A
(5′-AAGCAGTGGTATCAACGCAGAGT-3′, 12 μM; store at
–20◦C); dNTP mix (10 mM each; store at –20◦C); dithiothre-
itol (DTT, 20 mM; store at –20◦C); deionised H2O (store at
–20◦C).

2. SuperScriptTM III reverse transcriptase, 200 U/μl (Invitro-
gen). Store at –20◦C.
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3. Advantage 2 PCR Kit (Clontech) containing: deionised H2O;
10× Advantage 2 PCR buffer; 50× dNTP mix; 50× Advan-
tage 2 polymerase mix; all components stored at –20◦C.

4. DNA size marker (e.g., 1-kb DNA ladder). Store at 4◦C.

2.4. Purification of
cDNA Amplification
Products

1. QIAquick PCR Purification Kit (Qiagen Hilden, Germany)
containing: QIAquick spin columns, buffer PBI, buffer PE
(concentrate, add stated volume of ethanol), collection tubes.

2. Sodium acetate 3 M, pH 5.0.
3. Ethanol (p.a.).

3. Methods

Platelet gene expression analysis faces two main technical obsta-
cles: (i) leukocyte contamination of platelet preparations and (ii)
the low level of residual cytoplasmatic RNA in platelets.

It has been estimated that a single platelet contains about
0.2 fg total RNA while a single leukocyte contains about 104

as much (6). Thus, a small number of contaminating leuko-
cytes can significantly disturb a gene expression profile obtained
from a platelet sample. Many techniques, such as differential cen-
trifugation, filtration , magnetic beads coated with anti-leukocyte
antibodies, or laser-assisted microdissection can be used for
leukodepletion.

We describe leukofiltration that results in a 1,000-fold reduc-
tion of leukocyte mRNA as shown by quantification of leukocyte-
specific CD45 transcripts in platelet mRNA obtained before and
after one filtration step (Fig. 18.1). The extend of leukodeple-
tion that has to be performed depends on the sensitivity of down-
stream applications.

The minimal platelet number required has to be determined
for each application. Platelet loss during sample preparation is
high (with this protocol about 70%) and depends mainly on the
extent of leukodepletion steps. In our hands, 40 ml whole blood
or 2 × 109 leukodepleted platelets were sufficient to generate
reliably 20–30 μg of amplified platelet cDNA.

3.1. Platelet Sample
Preparation from
Whole Blood

1. Collect 40 ml peripheral blood from the patient or donor in
tubes with a sodium citrate stock solution to final concentra-
tion of 10% v/v with the anticoagulant. Avoid platelet activa-
tion by gentle aspiration of the blood sample. Mix the blood
with the anticoagulant by inverting the tube immediately. Do
not cool the sample. Spin the blood samples at 150 × g for 20
min at room temperature without brake to obtain platelet-rich
plasma (PRP).
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Fig. 18.1. Amplification curves of CD45 real-time RT-PCR. To determine leukocyte filtration efficacy, real-time RT-PCR
was performed using oligonucleotide primers and probe specific for CD45 RNA. Platelet mRNA was prepared as described
in this protocol, with (open symbols) or without (closed symbols) one leukocyte filtration step. The leukocyte filtration
step results in an approximate 103 reduction of CD45 RNA as estimated on cycle threshold values (x-axis). Data points
represent the mean from duplicate wells (reproduced from Ref. (7) with permission from S. Karger Medical and Scientific
Publishers).

2. Aspirate carefully the upper two thirds of the PRP in a 50 ml
tube.

3. Add twice a volume of Tyrodes buffer and mix gently by
inverting the tube.

4. Flush the leukocyte depletion filter with 10 ml Tyrodes buffer.
Remove the bag connected to the filter.

5. Filter the PRP by gravitation force only. Use a 50 ml tube to
collect the filtrated samples. Do not use any pressure.

6. Centrifuge the sample at 1,000 × g for 15 min at room tem-
perature and remove the supernatant.

7. Freeze the platelet pellet in liquid nitrogen and store at –80◦C.

3.2. Isolation of
Platelet poly A+RNA

1. Wash Dynabeads� Oligo (dT)25 (0.2 ml) in lysis buffer (0.2
ml) using the magnet.

2. Remove leukodepleted platelet pellets from the –80◦C freezer
and immediately add 1.2 ml of lysis buffer.

3. Use a 25G needle and a syringe to resuspend the cell pellet in
the lysis buffer and repeat syringe uptake and repulsion until
the solution is no longer viscous. This homogenisation process
should not take more than a few minutes.

4. Transfer the lysed material in a microcentrifuge tube and
spin for 45 s at gmax. Transfer the supernatant to the
microcentrifuge tube containing the washed Dynabeads�
Oligo (dT)25.



PCR-Based Platelet mRNA Amplification 289

5. The beads are hybridised to poly A+RNA for 4 min at room
temperature (see Note 1).

6. Place the tube in the magnet for 1–5 min (until all beads are
collected on the tube wall) and remove all supernatant gently.

7. Wash the beads twice with 1 ml washing buffer containing
LiDS and twice with 1 ml washing buffer without LiDS, to
remove all of the detergent that can inhibit the following enzy-
matic reactions.

8. Elute the poly A+ RNA by adding 10 μl H2O, heat to
85◦C, and immediately place the tube on the magnet. Gently
and immediately transfer all supernatant containing the eluted
mRNA into a chilled 1.5 ml tube and place on ice (see Note 2).

3.3. First-Strand
cDNA Synthesis
and Amplification

3.3.1. First-Strand cDNA
Synthesis

1. For each sample, combine the following reagents in a 0.2 ml
reaction tube to a total volume of 5 μl: 3 μl of the poly A+
RNA sample (see Section 3.2); 1 μl 3′ SMARTTM CDS Primer
II A (12 μM); 1 μl SMARTTM II A Oligonucleotide (12 μM).

2. Mix contents by pipetting and spin briefly.
3. Incubate the tube at 72◦C for 2 min and subsequently cool on

ice for 2 min.
4. Centrifuge the tube briefly to collect all contents at the bot-

tom. Then add the following to each reaction tube: 2 μl 5×
first-strand buffer; 1 μl DTT (20 mM); 1 μl dNTP mix (10
mM of each dNTP); 1 μl SuperScriptTM III reverse transcrip-
tase (200 U/μl).

5. Mix by gently pipetting and spin briefly.
6. Incubate the tubes at 42◦C for 1 h, preferably in a hot lid

thermal cycler.
7. Place the tube on ice to terminate first-strand synthesis.
8. Generated first-strand cDNA can be directly applied to LD

PCR amplification or stored at < –20◦C until used.

3.3.2. Amplification of
First-Strand cDNA by
Long-Distance PCR

1. For each sample, combine the following reagents in a 0.2 ml
reaction tube to a total volume of 98 μl or, if appropriate, pre-
pare a corresponding master mixture: 80 μl deionised H2O;
10 μl 10× Advantage 2 PCR buffer; 2 μl 50× dNTP mix (10
mM of each dNTP); 4 μl 5′ PCR Primer II A (12 μM); 2 μl
50× Advantage 2 polymerase mix.

2. Centrifuge the tube briefly and subsequently, add 2 μl of the
generated first-strand cDNA sample (see Section 3.3.1)

3. Mix contents by gently flicking the tube.
4. Centrifuge the tube and place it in a preheated (95◦C) hot lid

thermal cycler.
5. Start the amplification reaction using the following tempera-

ture profile: 95◦C, 1 min; 18 cycles with 95◦C, 15 s, 65◦C,
30 s and 68◦C, 6 min.
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6. When cycling is completed, electrophorese 5 μl of each sample
on a 1.1% agarose/EtBr gel in 1× TAE buffer. Also run 0.1
μg of a 1-kb DNA ladder.

7. A smear of cDNA should be visible from approximately 0.5–6
kb with an intensity comparable to that of the loaded (0.1 μg)
DNA size-marker (see Note 3).

3.4. Purification
of cDNA Amplification
Products

1. Depending on desired downstream applications, LD PCR
reaction mixtures need to be purified from unused primers and
dNTPs in order to allow accurate quantification of generated
SMARTTM amplification products. The following described
application of chromatography using silica-gel membrane spin
columns is a fast but also reproducible method for the purifi-
cation of PCR amplicons.

2. Add 5 volumes of buffer PBI to 1 volume of the PCR sample
and mix. Check that the color of the mixture is yellow. If the
color of the mixture is orange or violet, add 10 μl of 3 M
sodium acetate, pH 5.0, and mix.

3. Apply the sample to a QIAquick spin column placed in a 2
ml collection tube and centrifuge at approximately 18,000 × g
for 30–60 s. Discard flow-through and place the QIAquick
column back into the same tube.

4. To wash, add 0.7 ml buffer PE to the QIAquick column and
centrifuge at approximately 18,000 × g for 30–60 s. Discard
flow-through and place the QIAquick column back into the
same tube. Perform the washing step three times, place the
column in the emptied collection tube and centrifuge for an
additional 1 min to remove any traces of washing buffer.

5. Place the QIAquick column in a clean 1.5 ml microcentrifuge
tube, add 50 μl of ddH20 to the center of the membrane,
incubate for 2 min and finally centrifuge at approximately
18,000 × g for 30–60 s. Store the RNA at –80◦C.

4. Notes

1. Dynabeads� Oligo dT(25) (200 μl) are able to bind about 2
μg poly A+ RNA. For economy, only 200 μl Dynabeads�
Oligo dT(25) are sufficient to obtain platelet mRNA from
single-donor samples.

2. Dynabeads� Oligo dT(25) can be used up to five times. After
each mRNA isolation, suspend the used beads in 0.1 M NaOH
(200 μl), heat the mixture to 65◦C for 2 min. Place the tube
immediately in the magnet. After 30 s discard the supernatant.
Wash the beads two times with 0.1 M NaOH (200 μl). Then
wash the beads four times with 200 μl storage buffer (250 mM
Tris–HCl, pH 7.5, 20 mM EDTA, 0.1% Tween-20, 0.02%
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sodium azid). After the last washing step, measure the pH of
the supernatant. If the pH is >8.0 perform additional washing
steps with storage buffer until the pH is <8.0. Suspend the
beads in 200 μl storage buffer and store at 4◦C.

3. Although the given protocol had been optimised and eval-
uated to work with low numbers of platelets gained from
individual subjects, optimal amplification conditions may vary
depending on used reagent batches and thermal cycler char-
acteristics. It might therefore be necessary to adapt the num-
ber of PCR cycles to the given conditions in your laboratory.
If a banding pattern is present but appears weak and does not
comprise a size distribution of at least 5 kb, perform additional
PCR cycles and electrophorese 5 μl samples until the opti-
mum pattern characteristics is obtained. In contrast, an obvi-
ously strong smear of cDNA that comprises a size distribution
of more than 7 kb is indicative of PCR overcycling. If this is
the case, repeat the experiment described in Section 3.3.2 but
initially perform only 15 amplification cycles. Alternatively, run
an extra tube for each sample and subject all tubes to 15 cycles.
Then, use the extra tubes to determine the optimal number
of additional PCR cycles that finally have to be applied to
the sample tubes. By monitoring the amplification of various
platelet-derived cDNA sequences during LD PCR, we found
a linear increase of both low- and high-abundance sequences

Fig. 18.2. Scatter plot of mean signal intensity values from comparative microarray analysis. Glass slide microarrays,
representing 9,850 human genes, were used to characterise the mRNA profile in human platelets. Mean values of
hybridisation signals were calculated from six individual experiments for each individual gene and compared between
unamplified (x-axis) and SMART-amplified samples (y-axis), indicated by gray circles in the scatter plot. The line indicates
the linear relationship between the microarray hybridisation results from unamplified and amplified samples (R2 = 0.915)
calculated by the equation: y = 0.8226 + 203.5 (reproduced from Ref. (5) with permission from the American Association
for Clinical Chemistry).
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if low starting concentrations of platelet mRNA were used,
as achieved in the single-donor-protocol presented here (5).
Accordingly, original platelet mRNA profiles were found to be
sufficiently preserved for microarray analysis after a total of 24
amplification cycles (Fig. 18.2).
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Chapter 19

MicroRNA Profiling of Megakaryocytes

Ramiro Garzon

Abstract

MiRNAs are non-coding RNAs of 19–25 nucleotides in length that regulate gene expression. Recent
work suggests a role for miRNAs during hematopoiesis. Here, we described in detail how to successfully
obtain highly pure megakaryocytes precursors from human CD34+ stem cells in culture to perform
high-throughput miRNA profiling using a custom microarray platform.

Key words: MicroRNAs, megakaryocytes, hematopoiesis, microarrays, cytokines.

1. Introduction

MiRNAs are non-coding RNAs of 19–25 nucleotides in length
that regulate gene expression by inducing translational inhibi-
tion or cleavage of their target mRNA through base pairing to
partially or fully complementary sites (1). Initially discovered
as regulators of mechanisms involved in cell proliferation, cell
death and development, stress resistance, and fat metabolism
(1), more recently miRNAs have been shown to be involved
in hematopoiesis (2–5). We have recently described the miRNA
expression during megakaryocytic differentiation of CD34+ cells
in vitro (2). Using a novel approach to culture stem cells in
vitro we were able to obtain enough numbers of high-quality
megakaryocytes precursors to perform phenotypic characteriza-
tion by flow cytometry and miRNA microarray studies (2). To
analyze miRNA expression we used a custom microarray plat-
form that contained 250 miRNAs probes (OSU CCC version 2)
(6). Oligonucleotide probes (about 40-mer) for each miRNA
were designed, one containing the mature miRNA sequence and

Peter Bugert (ed.), DNA and RNA Profiling in Human Blood: Methods and Protocols, vol. 496
C© 2009 Humana Press, a part of Springer Science+Business Media
DOI 10.1007/978-1-59745-553-4 19 Springerprotocols.com

293



294 Garzon

the other the miRNA precursor without the mature sequence.
Using these distinct sequences, we were able to separately ana-
lyze the expression of mature miRNA and pre-miRNA transcripts
for the same miRNA. This microarray platform has been recently
updated (OSU CCC version 4) and now includes more than 700
cloned and predicted miRNAs probes. Here, we will discuss in
detail, first how to obtain high-quality differentiated megakary-
ocytes and second how to perform miRNA profiling using these
samples.

2. Materials

2.1. In Vitro Culture
of CD34 Cells

1. For optimal results, we recommend to use high-quality
CD34+ stem cells obtained from “steady state” bone marrow
healthy donors (see Note 1).

2. Alternatively cord blood CD34+ samples could be used. We
do not recommend the use of mobilized CD34+ stem cells
because the cytokines employed for mobilization (usually G-
CSF) will modify the miRNA expression of the stem cells
(unpublished data).

3. To culture the CD34+ cells we use StemSpam SFEM (serum-
free expansion media) (StemCell technologies, Vancouver,
BC) which contains: Isocove- modified Dulbecco’s medium
supplemented with human transferrin, insulin, human low-
density lipoprotein, and glutamine. This media should be
stored at –20◦C until use. Once in use, store at 4◦C.

4. To obtain megakaryocytes precursors from CD34+ cells we
use the following cytokines: recombinant human throm-
bopoietin (rh-TPO) alone (PeproTech, Rocky Hill, NJ) and
Cytokine cocktail CC-200, which includes: rh-TPO, rh-
interleukin-3 (Il-3), and rh-stem cell factor (SCF) (StemCell
technologies).

5. Trizol reagent for RNA extraction (Invitrogen, Carlsbad, CA).

2.2. Microarray
Analysis

1. To generate cDNA from total RNA we use the follow-
ing reagents: random oligonucleotideprimer [3′-(N)8-(A)12-
biotin-(A)12-biotin-5′]; 5× first-strand buffer, DTT, 10 mM
dNTP mix, and SuperScript II RNaseH−reverse transcriptase
(200 units/μl) (Invitrogen).

2. NaOH (0.5 M)/50 mM EDTA solution.
3. Tris–HCI (1 M), pH 7.6 (Sigma).
4. SSPE/formamide (6×): 0.9 M sodium chloride; 60 mM

sodium phosphate; 8 mM EDTA; 30% formamide. Adjust pH
to 7.4.

5. TNT (0.75×): 0.1 M Tris–HCl, pH 7.5; 0.15 M NaCl; 0.05%
Tween 20.
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6. Streptavidin-Alexa647 conjugate is required for the detection
of the biotin conjugates.

7. Custom microarray contains 385 probes corresponding to 250
mature and precursors human and mouse miRNA genes.All
probes on these microarrays are 40-mer oligonucleotidesspot-
ted by contacting technologies and covalently attached toa
polymeric matrix (6).

3. Methods

3.1. Differentiation of
CD34+ Cells to
Megakaryocyte
Precursors In Vitro

To obtain highly pure megakaryocyte precursors from CD34+
hematopoietic stem cells in vitro, first we culture steady state bone
marrow CD34+ cells with a serum free media supplemented ini-
tially only with the specific megakaryocyte cytokine (TPO) for
4 days. Previous work have shown that unilineage CD34+ cul-
tures using only TPO yield a high percentage of megakaryocyte
precursors, though at lower numbers (7). Our strategy was to
direct the CD34+ differentiation process to the megakaryocyte
lineage using only TPO for the first 4 days and then to add other
cytokines to stimulate the proliferation of the committed clones
to the megakaryocyte lineage. Here we will describe in detail our
method.

3.1.1. Day 0 1. Remove 1 × 106cells of high-quality CD34+ cells from frozen
storage and quickly thaw in a 37◦C waterbath by gently
agitating vial.

2. As soon as the ice crystals melt, pipette gently into a 15 ml
centrifuge tube containing prewarmed StemSpam medium.

3. Centrifuge the cells at 1,000 rpm for 10 min, pour off the
supernatant and resuspend in 10 ml of prewarmed StemSpam
media containing only TPO at 100 ng/ml and no antibiotics
(see Note 2).

4. Plate the cells in two wells of a six-well plate (5 ml each well).
5. Put the plate at 37◦C with 5% CO2 in a standard cell incubator

for 48 h.

3.1.2. Day 2 1. After 48 h of culture, mix thoroughly the cells by pipetting
and split the cells 2:1, resulting in four wells with 2.5 ml each.

2. Add 2.5 ml of prewarmed StemSpam media with TPO (100
ng/ml) to each well. Place again the plate in the incubator for
48 h.

3.1.3. Day 4 1. Combine all the cells from the four wells (total volume 20 ml)
into a 50 ml centrifuge tube.

2. Take an aliquot (100 ul) and check the cell number and
viability.
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3. Centrifuge at 1,100 rpm for 7 min.
4. Remove the old supernatant from the tube and replace with

fresh prewarmed StemSpam media with the following cytokine
combination; TPO 100 ng/ul, IL-3 (10 ng/ml), and SCF (50
ng/ml).

5. Dilute the cells to a concentration of 0.2 × 106 /ml in 12-well
plates (2 ml each well).

6. Place the plates in the incubator at 37◦C. At this stage, it is
possible to obtain 2–4 × 106 cells (Fig. 19.1). An aliquot
of cells (1 × 106) could be used for RNA extraction (see
Note 3).

3.1.4. Day 6, 8, 10, 12,
and 14

Cultures should be examined daily, observing the morphology,
the color of the medium and the density of the cells.
1. Count cells and adjust to keep a concentration of 0.20 × 106

cells/ml.
2. Harvest cells (at least 1 × 106 cells) to obtain RNA to perform

microarray analysis.

Fig. 19.1. In vitro differentiation of CD34+ cells to megakaryocytes. (A) Schematic representation of the culture of CD34+
stem cells in vitro. On top, different cytokines are shown in relationship to the day when they are added to the media.
The specific markers for megakaryocytic differentiation CD41a and CD61a increased during the differentiation process
more than 85% with respect to CD34+ stem cells. (B) Number of differentiated CD34+ cells in culture with the described
protocol in a representative experiment. The number of cells is shown as n ×106.
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3. For characterization of megakaryocyte-specific antigens
(CD41a, CD61a, CD42) using FACS analysis, we also rec-
ommend to use a minimum of 1 × 106 cells.

4. After 2 weeks in culture, the cells will exhibit high expression
of CD41a, CD61a, and CD42 and low expression of CD34
(Fig. 19.1A).

5. The total amount of cells obtained after 2 weeks of culture is
between 10 and 20 × 106 (Fig. 19.1B).

3.2. MiRNA Profiling
of Megakaryocyte
Precursors

To perform high-throughput miRNA expression analysis of
megakaryocyte precursors we used a custom miRNA microar-
ray chip, which is based on a one-channel system (OSU CCC
version 2) (6). The chips contain gene-specific oligonucleotide
probes, corresponding to the 250 human mature and precursor
miRNAs in quadruplicate spotted by contacting technologies and
covalently attached to a polymeric matrix.

3.2.1. Target Preparation 1. For RNA extractions we use Trizol reagent according to the
manufacturer protocol.

2. Five micrograms of total RNA is separately added to a reaction
mix with a final volume of 12 μl, containing 1 μg of [3′-(N)8-
(A)12-biotin-(A)12-biotin-5′] random oligonucleotide primer
(see Note 4).

3. Incubate the mixture for 10 min at 70◦C and chill on ice.
4. With the mixture remaining on ice, 4 μl of 5× first-strand

buffer, 2 μl of 0.1 M DTT, 1 μl of 10 mM dNTP mix,
and 1 μl of SuperScript II RNaseH- reverse transcriptase (200
units/μl) are added to a final volume of 20 μl, and the mixture
is incubated for 90 min in a 37◦C water bath.

5. After incubation for first-strand cDNA synthesis, 3.5 μl of 0.5
M NaOH/50 mM EDTA was added into 20 μl of first-strand
reaction mix and incubated at 65◦C for 15 min to denature
the RNA/DNA hybrids and degrade RNA templates.

6. Then, 5 μl of 1 M Tris–HCI, pH 7.6 is added to neutralize
the reaction mix, and labeled targets are stored at –80◦C prior
to hybridization.

3.2.2. Array Hybridization 1. Hybridize labeled targets on each miRNA chip in 6×
SSPE/formamide at 25◦C for 18 h.

2. Wash chips in 0.75× TNT at 37◦C for 40 min.
3. Process chips by using direct detection of the biotin-

containing transcripts by Streptavidin-Alexa 647 conjugate (see
Note 5).

3.2.3. Array Scanning Processed slides are scanned using a GenePix Axon 4000B
microarray scanner, with the laser set to 635 nm, at fixed PMT
setting of 800, and a scan resolution of 10 mm.
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4. Notes

1. It is critical to use high-quality CD34+ stem cells. These cells
could be obtained commercially from Allcells.com or Stem-
cell technologies. Other cheaper alternatives include the use of
cord blood-selected CD34+ cells. Failure to use high-quality
products will result in decreased numbers and low percentages
of differentiated megakaryocytes.

2. Other major issue is bacterial contamination, due to the lack
of use of antibiotics in the culture. Extra precautions should
be taken to avoid contamination of the cultures.

3. Differentiated cells at early stages of the culture (days 4–8) may
need to be sorted for CD41a + CD34- to obtain homogenous
populations for microarrays analysis.

4. In the event that there is not enough RNA to obtain cDNA, it
is possible to use successfully as little as 2.5 ug of total RNA,
according to a previous report from our group (6).

5. Experimental design. When designing experiments the
researcher should consider to include proper controls, assure
all the samples are hybridized in the same batch (one array
can hold up to 100 different samples) and in triplicates when-
ever possible. The remaining material from each sample used
for the microarray should be stored at –80◦C to be used for
validation of the microarrays using a different technology.
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Chapter 20

Serial Analysis of Gene Expression Adapted for Downsized
Extracts (SAGE/SADE) Analysis in Reticulocytes

Béatrice Bonafoux and Thérèse Commes

Abstract

Reticulocytes are the last stage of erythropoiesis before red blood cells (RBC). Although most of the
RBC proteins have been characterized, little is known about expression profile of their mRNA during
differentiation. Our goal was to initiate a genomic global solution to provide a transcriptional data base
on which it will be possible to follow the erythroid differentiation and study RBC disorders. We used a
modified protocol of serial analysis of gene expression (SAGE), the serial analysis of downsized extracts
(SADE) which allows identification of genes from small amounts of mRNA and is thus an appropriate
method starting from reticulocyte. SAGE does not depend on previous knowledge of genes. The method
produces a set of cellular transcribed gene signatures (tags) and provides a comprehensive view of cells
phenotypes by computational analyses.

Key words: SAGE, SADE, reticulocyte, blood, mRNA, red blood cells, transcriptome.

1. Introduction

Of the approximately 100,000 genes in the human genome, only
a fraction are thought to be active in each type of cell, but
there are several thousand different types of cells in the human
body and each has a unique pattern of gene expression. SAGE
allows us to study thousands of genes simultaneously, to mea-
sure their expression, and to quickly identify the genetic differ-
ences between normal and tumor cells. SAGE is a technique used
by molecular biologists to produce a snapshot of the messenger
RNA population in a sample of interest. The original technique
was developed by Velculescu at the Oncology Center of Johns
Hopkins University, and was published in Science in 1995 (1).
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Elalouf et al. (2) set up a SAGE adaptation for down-
sized extracts, enabling a 1,000-fold reduction of the amount
of starting material. The potential of this approach was evalu-
ated by studying gene expression in microdissected kidney tubules
(50,000 cells). It is concluded that SAGE adaptation for down-
sized extracts makes possible the large-scale quantitative gene
expression measurements in small biological samples and will help
to study the tissue expression and function of genes not evidenced
with other high-throughput methods.

For the construction of a SAGE/SADE library of reticulo-
cytes (3) we considered the following points: (1) we first choose
healthy adult donors of reticulocytes; (2) we purified reticulocytes
from whole blood, delicate step like seen in other SAGE library
which all contain transcripts from reticulocytes (e.g., HBB);
(3) SAGE/SADE method was employed; and (4) sequence anal-
ysis was realized by C+tag and Preditag softwares for tag sequence
data analysis and tag to gene mapping, respectively (4,5).

2. Materials

2.1. Reticulocyte
Purification

1. VACUETTE� heparin tube (Greiner bio-one, Courtaboeuf).
2. Syringe (10 ml) (Terumo, Guyancourt).
3. α-Cellulose (Sigma-Aldrich).
4. Microcrystalline cellulose (Sigma-Aldrich).
5. Whatman no. 1 (VWR).
6. Hepes buffer (pH 7.4): 154 mM NaCl, 10 mM Hepes, 1 g/L

BSA.

2.2. RNA Extraction 1. TRIzol� (Life Technologies).
2. Chloroform.
3. Isopropyl alcohol.
4. Ethanol (70%) (prepared with molecular biology grade water).
5. RNase-free water.
6. Glycogen for molecular biology (Boehringer Mannheim).

2.3. SAGE/SADE
Analysis

1. Dynabeads mRNA DIRECTTM kit (Dynal).
2. Magnetic particle concentrator (MPC; Dynal).
3. cDNA synthesis kit for first and second strand cDNA (Invit-

rogen).
4. Sau3AI (4 U/μL) (Promega).
5. TEN: 10 mM Tris–HCl, pH 8; 1 mM EDTA; 1 M NaCl.
6. TE: 10 mM Tris–HCl, pH 7.5; 1 mM EDTA.
7. loTE: 3 mM Tris–HCl, pH 7.5; 0.2 mM EDTA.
8. BSA (bovine serum albumin).
9. Linkers (Table 20.1).

10. T4 DNA ligase 2,000,000 cohesive end units/ml (NEB).
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Table 20.1
Linkers and PCR primers

Name Sequence (5′ to 3′)

Linker 1A TTTTGCCAGGTCACTCAAGTCGGTCATTCATGTCAGCACAGGGAC

Linker 1B GATCGTCCCTGTGCTGACATGAATGACCGACTTGAGTGACCTGGCA

Linker 2A TTTTTGCTCAGGCTCAAGGCTCGTCTAATCACAGTCGGAAGGGAC

Linker 2B GATCGTCCCTTCCGACTGTGATTAGACGAGCCTTGAGCCTGAGCAA

Primer 1 GCCAGGTCACTCAAGTCGGTCATT

Primer 2 TGCTCAGGCTCAAGGCTCGTCTA

11. BsmFI (2000 U/ml) and NEB IV (NEB).
12. Ethanol (75 and 100%).
13. Isopropyl alcohol.
14. PCI: Phenol/chloroform/isoamyl alcohol (25:24:1)

(Promega).
15. Glycogen (Boehringer Mannheim).
16. Ammonium acetate (3 M).
17. Blunt-ending T7 DNA polymerase kit (Promega).
18. AmpliTaq Gold (Applied Biosystem).
19. Ampliwax� PCR Gem 100 (Perkin Elmer).
20. Primers 1 and 2: unmodified for first step “12 PCR” and 5′-

biotinylated for second step “200 PCR” (Table 20.1).
21. Ammonium persulfate (APS) 10%.
22. TEMED.
23. Acrylamide/bis, 19:1 and 37.5:1 (Sigma-Aldrich).
24. Costar� Spin-X� Centrifuge Tube Filters, 0.22 μm pore

CA membrane corning.
25. Bromophenol blue loading buffer (BB): 0.125% bromophe-

nol blue, 10% Ficoll 400, 12.5 mM EDTA (filtered on 0.45
μm membrane).

26. SYBR Green� I (Invitrogen).
27. TAE 1×: 40 mM Tris–acetic acid, pH 8.0, 1 mM EDTA.
28. Streptavidin magnetic beads (Promega).
29. W&B buffer (2×): 10 mM Tris–HCl, pH 7.5, 1 mM EDTA,

2 M NaCl.
30. MboI (20 U/ml) (NEB).

3. Method

3.1. Reticulocyte
Purification

One of the difficulties of SAGE library construction is to
obtain a purified cell population. This artifact is observed in all
SAGE libraries from fresh tissues, most of them containing HBB
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transcripts, the gene of the beta globin chain, one of the most
abundant proteins in RBC.

3.1.1. Adult Donors
Selection

1. Five men and five women healthy Caucasian adult volunteers
gave fresh whole blood, after consent.

2. They had normal blood cell counts, blood smears, hemoglobin
electrophoresis, red cell membrane resistance tests, no martial
deprivation, and no biological signs of hemolysis (serum hap-
toglobin, LDH, total serum bilirubin were normal).

3. A volume of 4.5 ml of venous blood in heparin tube was drawn
from each donor.

3.1.2. Reticulocytes
Purification

The aim of this step is to eliminate leukocytes and reticulated
platelets, containing mRNA. The Beutler technique was used for
purification (6). The principle of this technique is based on sepa-
ration of cells by filtration through a cellulose column.
1. Spin each heparin tube of fresh whole blood, 5,000g for 5 min,

remove plasma and buffy coat.
2. At the same time, prepare the cellulose column: Cut a disc of

filter paper Whatman with a diameter equal to that of a 10 ml
syringe, put it at the bottom of the syringe.

3. Fill the syringe by the mixture of cellulose (equal volume of α-
cellulose and of microcrystalline cellulose suspended in Hepes
buffer), maintain the syringe vertically.

4. Filter blood cells through the column, carry out Hepes buffer
in order to obtain a final volume equal to the starting volume.
Wash cells three times in saline solution.

5. After filtration, a typical reticulocyte count of 50,000 /μL is
obtained. Other typical counts are given in Table 20.2.

3.2. Total RNA
Extraction

We used TRIzol� reagent for the isolation of total RNA from
cells, an improvement of the single-step RNA isolation method

Table 20.2
Typical blood cell counts in whole blood (A) and after
filtration through cellulose column (B)

Cell type A B

Red blood cells (/μL) 4 × 106 4 × 106

Reticulocytes (/μL) 50,000 50,000

Leukocytes (/μL) 6,000 <200

Leukocytes/red blood cells 0.0015 (0.15%) 0.00005 (0.005%)

Leukocytes/reticulocytes 0.12 (12%) 0.004 (0.4%)

Platelets (/μL) 300,000 Undetectable
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developed by Chomczynski and Sacchi (7) and allowing manufac-
turer’s instructions. After purification by the column, each blood
sample was treated separately.
1. Spin the cells at 1,000g for 3 min and remove supernatant.
2. Add 10 ml of TRIzol� and vortex the sample.
3. Add 2 ml of chloroform, incubate 2–3 min at room tempera-

ture (RT) and spin for 15 min at 12,000g at 4◦C. Transfer the
aqueous phase in a fresh tube.

4. Add 5 ml of isopropyl alcohol and incubate for 5 min at RT.
5. Add 10 μL of glycogen. Vortex and spin for 10 min at

12,000g.
6. Gently remove the supernatant, leaving a rest of about 50 μL

in the tube.
7. Wash the RNA pellet once with 1 ml of ethanol (75%), spin 10

min at 7,500g at 4◦C, remove supernatant, air dry and dissolve
in 20 μL H2O RNase-free.

8. Pool total RNA from ten samples. Keep at –80◦C (see Note 1
and 2).

3.3. SAGE/SADE
Analysis

A detailed description of the SAGE method is available:
http://www.sagenet.org. Three principles underlie the SAGE
methodology. First, a major principle of SAGE was to reduce
sequence tags to their minimal size by using a type IIS restric-
tion enzyme (1). Associated with the positional information, this
size (14 pb in conventional method) is usually sufficient for iden-
tifying each transcript, considering that 1,048,576 (104) different
sequences can be distinguished. The strategy used to amplify the
whole population of tags preserves the same quantitative distri-
bution as in the initial mRNA population. Second, another char-
acteristic of SAGE was to assemble tags into concatemers before
DNA sequence analysis so that multiple tags (20–30 or more)
could be read from each sequencing lane. Third, quantification
of the number of times a tag is observed provides the expression
level of the corresponding transcript.

The main steps of SAGE are as follows:
1. Trap mRNA with magnetic beads and convert mRNA into

cDNA.
2. Make a cut in each cDNA with “anchoring enzyme” so that

there is a broken end sticking out. Attach a “docking module”
or a “linker” to this end; here a new enzyme (called “tagging
enzyme”) can dock, reach down the molecule, and cut off a
short tag. Combine two tag in a unit, a ditag. Make billions of
copies of the ditags using PCR.

3. Remove the modules and glue the ditags together into long
concatemers. Put concatemers into bacteria and copy them
millions of times. Pick the best concatemers and sequence
them.
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4. Use software to identify how many different cDNAs are there
and count them. Match the sequence of each tag to the gene
that produces the RNA. The SAGE adaptation for downsized
extracts (SAGE/SADE) method was established by Elalouf
and collaborateurs (2) in order to reduce RNA quantity (see
Note 3).
The main modifications are the following:

5. Total RNA is extracted from cells and pooled. Then, mRNA is
purified with oligo(dT) magnetic beads.

6. “Anchoring” enzyme Sau3AI is used instead of Nla III. More-
over, Sau3AI has no restriction site on HBA1 and HBA2
mRNA. This procedure eliminates all mRNA of alpha globin,
the most abundant protein known in the reticulocyte.

7. T7 DNA polymerase for blunt-ending cDNA tags.
8. Biotinylated PCR primers are used for ditags amplification and

purification.
9. Only one step of PCR amplification of ditags is done in the

SAGE method. In SAGE/SADE, a first step of PCR amplifi-
cation (12 PCRs of 28 cycles) is followed by a purification step
on acrylamide gel and a second PCR amplification.

10. Concatemers are cloned into pBluescript II vector, after lin-
earization with BamHI and dephosphorylation.

In the following paragraphs, we describe in detail the steps of the
SAGE/SADE method.

3.3.1. mRNA Isolation
Using Magnetic Beads

Poly(A) RNAs were isolated from purified total RNA (total vol-
ume of 300 μL) through hybridization of 500 μL magnetic beads
coupled with oligo-dT, and following manufacturer’s instruc-
tions. The protocol was adapted to reticulocytes mRNA purifi-
cation (see Note 4).
1. Dispense 500 μL of beads in a fresh tube and wash them twice

with the binding buffer.
2. Add 200 μL of total RNA, anneal mRNA to the beads by

incubating 10 min at RT on a rocking platform.
3. Using the MPC, remove the supernatant and perform the

washes (each wash buffer contains 20 μg/ml glycogen): twice
with 600 μL washing buffer containing lithium dodecyl sul-
fate, twice with 300 μL washing buffer alone and twice with
300 μL 1× first strand reaction buffer.

3.3.2. cDNA First and
Double Strand Synthesis

1. Prepare first strand reaction buffer: 10.5 μL H2O, 4 μL 5×
first strand buffer, 2 μL 10 mM DTT, 1 μL 100 mM each
dNTP, 1 μL oligo-dT primer (500 ng/μL).

2. Resuspend the beads containing mRNA in 20 μL first strand
mix and incubate at 42◦C for 2 min, then at 37◦C for 1 min.

3. Add 2.5 μL of Superscript II reverse transcriptase and incubate
at 37◦C for 1 h.

4. Chill the first strand reaction on ice for 2 min.
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5. Prepare the second strand reagents on ice: 89 μL RNase-free
H2O, 30 μL 5× second strand buffer, 3 μL 10 mM each
dNTP, 1 μL Escherichia coli DNA ligase, 4 μL E. coli DNA
polymerase I, 1 μL E. coli RNase H, 0.5 μL glycogen (5
μg/ml).

6. Add the mix to the beads and incubate at 16◦C for 2 h or
over-night.

3.3.3. Digesting with
Anchoring Enzyme
Sau3AI

1. Wash the beads, four times with 200 μL TEN, 1% BSA, twice
with 200 μL Sau3AI 1× buffer and twice with 400 μL 1×
Sau3AI buffer.

2. Add to the beads the mix for Sau3AI digestion: 173 μL H2O,
20 μL 10× Sau3AI buffer, 2 μL 1% BSA, 5 μL Sau3AI
(20 U). Incubate 3 h at 37◦C, vortex intermittently after 1
and 2 h.

3. Place the tube on MPC: keep the supernatant (5′ end) to check
for cDNA synthesis and Sau3AI digestion by PCR with appro-
priated HBB primers (5′ and 3′ ends).

3.3.4. Ligating Adapters
to the cDNA

1. Wash the bound fraction (3′ end) twice with 75 μL Sau3AI
buffer: 178 μL H2O, 20 μL 10× Sau3AI buffer, 2 μL 1%
BSA and twice with 200 μL TEN, 1% BSA.

2. Resuspend the beads in 200 μL TEN, 1% BSA and divide the
beads (cDNA) into two fractions of 100 μL called 1A/B and
2A/B.

3. Prepare the mix of the linkers (1A/B and 2A/B): 29 μL H2O,
1 μL linker 1A and 1B or 2A and 2B (7 pmol each), 4 μL 10×
ligase buffer.

4. Add 34 μL of the mix to each fraction 1A/B and 2A/B.
5. Incubate 5 min at 45◦C, put on ice.
6. Add 4 μL 10 mM ATP, 2 μL T4 ligase (5 U/μL) and incubate

at 16◦C over-night.

3.3.5. Cleaving with
“Tagging” Enzyme BsmFI
and Blunt-Ending

1. Wash the beads three times with 200 μL TEN, 1% BSA and
three times with 200 μL NEB IV, 1% BSA. It is important to
wash the beads extensively to eliminate unligated linkers.

2. Prepare the mix for BsmFI digestion : 87 μL H2O, 1 μL 1%
BSA, 10 μL 10× NEB IV buffer, 2 μL BsmFI. Add 100 μL
in each tube and incubate 2 h at 65◦C, and then 5 min at RT.

3. Collect supernatant which contains tags and wash the beads
twice with 75 μL iced TE, 1% BSA.

4. Pool the supernatants and purify each one with 250 μL PCI
and 60 μg glycogen, centrifuge for 10 min at 10,000g at
4◦C.

5. Transfer the aqueous phase to a fresh tube and ethanol pre-
cipitate by adding 125 μL of 10 mM ammonium acetate and
1.125 ml of 100% ethanol.
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6. Centrifuge for 20 min at 15,000g at 4◦C, and wash the pellet
twice with 400 μL 70% ethanol, vacuum dry and suspend in
10 μL loTE.

7. Prepare and add 15 μL of the following mix: 40 mM Tris–
HCl (pH 7.5), 20 mM MgCl2, 50 mM NaCl in each tube
and incubate for 2 min at 42◦C.

8. Prepare and 25 μL of the following mix: 7.5 μL H2O, 5.5
μL 0.1 M DTT, 11 μL dNTP mix (2 mM each), 1 μL T7
DNA polymerase. Incubate 10 min at 42◦C and pool the
fractions.

9. Rinse the two tubes with 150 μL loTE and 20 μg glycogen
and add to the pooled reaction (final volume: 250 μL).

10. Purify with 250 μL PCI, precipitate with ethanol 100%, wash
twice with ethanol 75%, vacuum dry and suspend in 6 μL
loTE.

3.3.6. Create Ditags and
PCR Amplification (first
step – “12 PCR”)

1. Ligation is made with 1 μL of T4 DNA ligase (5 U/μL), 2 μL
5× ligase buffer, 1 μL 10 mM ATP in 10 μL final volume.
Incubate at 16◦C over-night.

2. Add 90 μL loTE.
3. Perform a semi-quantitative PCR to estimate the optimal

number of cycles. We have successfully used standard PCR
reactions and Taq polymerase from various companies, the
annealing temperature for the PCR primers is 58◦C. The PCR
master mix (Promega) per reaction is as follows: 5 μL 10×
buffer, 67 μL H2O; 8 μL 25 mM MgCl2, 8 μL dNTPs (5
mM each), 2 μL each primer (50 pmol), 1 μL Taq polymerase
(5 U/μL), 2 μL of ditags per reaction.

4. Estimation for PCR cycles number made on agarose gel
(between 18 and 26 cycles). Load 10 μL of PCR products
to the gel. Here, we chose 26 cycles.

5. Then, run 12 PCRs with same parameters including 2 μL of
ditags. Pool all the PCR products obtaining a total volume of
1.2 ml. Load 10 μL of PCR products on a 2% agarose gel.

6. Divide PCR products into two parts of 600 μL. Purify and
precipitate as described in Section 3.3.5. Wash with 1 ml 75%
ethanol; air dry and dissolve in 80 μL loTE and 54 μL BB.

3.3.7. Purifying the 100
bp Ditags on Acrylamide
Gel

1. Prepare a 12% acrylamide gel (1.5 mm thickness): 23.7 ml
H2O, 10.5 ml acrylamide 19:1, 0.7 ml TAE 50×, 30 μL
TEMED, and 350 μL APS 10%.

2. Load the whole of the 107 μL ditags in the six wells of the
gel. Run the gel for about 3 h at 160 V (42–45 mA) until BB
is about 12 cm distant from the wells.

3. Reveal with 10 μL SYBR Green� I in 100 ml TAE 1×, stain
20 min in obscurity. Visualize on UV box and cut the six bands
at 110 bp (Fig. 20.1).
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Fig. 20.1. Purifying the 110-bp ditags on acrylamide gel.

4. Pierce the bottom of two 0.5-ml tubes with a 18-gauge needle,
put three bands per tube. Put each tube into a 2-ml tube and
add a mix of: 474 μL loTE, 25 μL ammonium acetate, 1 μL
glycogen. Spin for 5 min at 10,000 rpm.

5. Add 250 μL of the same mix at the bottom of the 2-ml tube.
Incubate at 37◦C for 1 h.

6. Use four Costar� Spin-X� centrifuge tube filters and add 1
μL glycogen to the bottom of the tubes. Load about 250 μL
of the ditags on top of each filter. Spin for 10 min at 15,000
rpm.

7. Pool all ditags in a 2-ml tube (final volume is about 1 ml).
Purify and ethanol precipitate as described. Wash twice with 1
ml ethanol 75%, vacuum dry and suspend in 300 μL loTE.

3.3.8. Amplification of
Ditags by Second PCR
“200 PCRs” Using
Biotinylated Primers

1. Set up two series each of 100 PCRs including the purified
ditags with the same parameters as described in Section 3.3.7.
Instead of unmodified primers 1 and 2 use 5′-biotinylated
primers.

2. After PCR, pool all PCR products (total volume: about
10 ml).

3. Purify with PCI as described, precipitate with isopropanol.
Wash once with 1 vol ethanol 75%. Vacuum dry and suspend
in 160 μL loTE.

3.3.9. Ditag Isolation by
Digesting 110-bp Ditags
with MboI

1. Prepare the following mix: 18.5 μL 10× NEB3 buffer, 1.8 μL
1% BSA, 9 μL MboI.

2. Add to 159 μL ditags. Save 1 μL of the ditags (110 bp DNA
fragment) for check.

3. Incubate 7.5 h at 37◦C.
4. Check for MboI digestion on 3% agarose gel: analyze 1 μL of

the uncut fragment and 3 μL of the digestion product showed
that most of the 80% the 110 bp fragment has been digested.

5. A second acrylamide electrophoresis is carried out with 12%
acrylamide gel allowing to purify fragments from 22 to 28 bp
(ditags). Purify, precipitate, and wash as described in Section
3.3.8.

6. For each series of 100 PCRs suspend in a 50 μL 1× W&B
buffer and pool.
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7. Wash 100 μL of streptavidin beads with 100 μL of 1× W&B
on the MPC and add 100 μL of the ditags to 100 μL of the
beads.

8. Wash once with 100 μL and then with 200 μL of 1× W&B
buffer, pool the supernatants (about 500 μL) and add 2 μL of
glycogen.

9. Purify by PCI, precipitate with isopropanol, wash twice with 1
ml ethanol 75%, vacuum dry, and dissolve in 6 μL H2O.

3.3.10. Concatemer
Synthesis and Separation
on Acrylamide Gel

1. Prepare the mix for the ligation: 1 μL 10× ligase buffer, 1 μL
10 mM ATP, 1 μL T4 DNA ligase, 1 μL H2O.

2. Add the 6 μL ditags and incubate at 16◦C over-night.
3. Prepare a 8% acrylamide gel (1 mm thickness): 31 ml H2O,

8 ml acrylamide 37.5:1, 800 μL 50× TAE, 35 μL TEMED,
and 400 μL 10% APS.

4. Incubate the ligation reaction for 5 min at 55◦C then for 5
min on ice.

5. Add 4 μL BB and load the total volume into one well of the
gel. Run the gel for about 2.5 h at 160 V (42–45 mA) until
BB is about 12 cm distant from the wells.

6. Reveal with SYBR Green� I and cut the fractions >1000 bp.
7. Purify with pierced tubes and Costar� Spin-X� Centrifuge

Tube Filters as described in Section 3.3.7.
8. Purify with PCI, precipitate with isopropanol, dissolve in 6 μL

H2O, and generate the first library with concatemers of 600–
2000 bp.

9. Use 2 μL for ligation to the vector and store the remaining 4
μL at 4◦C.

3.3.11. Cloning and
Screening

Concatemers can be cloned and sequenced in different vectors
with a BamHI site using classical method. For the study we
used pBluescript II (NEB, Beverly, USA) vector and Electromax
DH10B. PCR screening was performed using M13 sense and
antisense primers. Length of fragments were controlled and only
those whose size is higher than 500 bp (or 12 tags) are used for
sequencing (see Note 5).

3.3.12. DNA Sequencing
and SAGE Data Analysis

1. Sequencing reactions were performed on DNA minipreps by
using Big Dye terminator sequencing chemistry and run on
377-XL Applied Biosystems automated sequencers (Genome
Express, Meylan, France).

2. C+tag (Skuld-tech) was used for automatic tag detection and
counting. This program provided criteria for assessing the
quality of the SAGE libraries (length distribution of ditags,
frequency of replicate ditags, detection of linkers). Ditags with
less than 20 bp were discarded and repeated ditags were not
taken into account for calculation of tag numbers (see Note 6).
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3. For tag-to-gene mapping, we downloaded Hs.seq.uniq and
Hs.data files from the UniGene FTP site at NCBI (ftp://
ncbi.nlm.nih.gov/repository/UniGene). A table (Preditag)
was constructed by extracting virtual tags from the repre-
sentative sequences associated with each UniGene cluster in
Hs.seq.uniq files, then by parsing attributes associated to each
cluster in Hs.data files as previously described (3). Microsoft
Access functions were used for tag-to-gene assignment and
subsequent data management. A query using tag sequence as
the primary key allowed us to match experimental sequences,
virtual sequences (Preditag), and selected annotations, thus
generating a table of results. SAGE reticulocytes library was
edited manually to complete Unigene data.

4. Notes

1. The majority of the common cells contain approximately 5 μg
of total RNA per 106 cells. This account is sufficient to realize
the SAGE method. Concerning reticulocyte, we estimated that
its RNA content is lower. For this reason, we chose to purify
a higher number of reticulocytes in order to obtain at least
an equivalent quantity in total RNA. Here, we purified 2.25
×109 reticulocytes.

2. Purity and integrity of RNA are critical elements for gene
expression profiling. A check of quality of total RNA in our
experiments was performed using agarose gel electrophore-
sis on test samples. The proportion of the ribosomal bands
(28S/18S) is conventionally viewed as the primary indicator
of integrity.

3. Several methodological improvements have been recently
published concerning SAGE. The method has benefit from
progress in DNA sequencing technology increasing the rate
of acquisition and reducing the cost of analysis. We recently
report data of a modified protocol and the successful high-
throughput sequencing, preserving the main advantages of
the digital method in terms of measurement of expression
levels (8). In contrast to the original SAGE library proce-
dure based on concatemer preparation, this application could
potentially allow one individual to prepare and sequence sev-
eral SAGE libraries in a few days. As described, building a
SAGE library requires several days of skillful work, (synthesis
of cDNA, ditags purification and PCR amplification, ligation
of concatemers inserted in cloning vectors, and sequenced).
The last steps (from Section 3.3.8) are minimized in terms of
time-scale, because ditags are processed directly as “molecu-
lar clones”. The need to concatenate SAGE tags is inherent to
the use of the classical Sanger method, which is economically



310 Bonafoux and Commes

realistic only if several hundred nucleotides are sequenced in
each run. Since the high-throughput sequencing (or mas-
sive sequencing) technologies allow hundreds of thousands
individual DNA fragments to be processed at once by par-
allel sequencing, there is no need to concatenate them. The
new strategy consists to simplify all the steps by preparing
ditags and directly sequenced them after adaptator ligation as
for experimental conditions designed for processing randomly
fragmented genomic DNA fragments (8).

4. A high rate of rRNA may be observed due to the low abun-
dance of mRNA. Purified mRNA isolated with oligo(dT) mag-
netic beads are devoided of rRNA from commun cell types.
Starting from purified reticulocytes, we found a significant
amount of nuclear-encoded rRNAs corresponding to 5% of
the tags. The tags were manually annoted and extracted from
the analysis.

5. Purification and concatenation of SAGE ditags are critical for
optimal performance. This is critical to obtain long concate-
mers to facilitate the sequencing step.

6. The major problems encountered in this study are related to
the specificity of the cell type. Reticulocytes are cells with low
mRNA levels comprising a high rate of hemoglobin (HBB)
transcripts. A significant number of repeated ditags: The C+tag
program provides criteria for assessing the quality of the SAGE
library, such as ditags (ditags are the combination of two tags
into a unit), frequency of repeated ditags, and detection of
linkers. For the definition of these terms see http://www.embl-
heidelberg.de/info/sage. The rate of contamination by linker
sequences was usually less than 0.5%. For this particular retic-
ulocyte library, repeated ditags (mainly from the HBB gene)
represented 40% of the total ditag population. A high fre-
quency reveals an artifactual loss of complexity during the
library construction or, as expected in this cell, a low com-
plexity of the original mRNA population observed in highly
specialized tissues. In the aim to determine the most abun-
dantly expressed genes and without the goal to quantitative
comparison; such a library could be sequenced and explored.
With the same protocol, the amount of repeated ditags was
less than 1.5% in libraries constructed in our laboratory.

Acknowledgments

We acknowledge the support of the Languedoc-Roussillon
Génopole� for this work.



SAGE/SADE Analysis in Reticulocytes 311

References

1. Velculescu, V. E., Zhang, L., Vogelstein, B.,
et al. (1995) Serial analysis of gene expression.
Science 270, 484–487.

2. Virlon, B., Cheval, L., Buhler, J. M., et al.
(1999) Serial microanalysis of renal transcrip-
tomes. Proc Natl Acad Sci USA 96, 15286–
15291.

3. Bonafoux, B., Lejeune, M., Piquemal, D.,
et al. (2004) Analysis of remnant reticulocyte
mRNA reveals new genes and antisense tran-
scripts expressed in the human erythroid lin-
eage. Haematologica 89, 1434–1438.

4. Piquemal, D., Commes, T., Manchon, L.,
et al. (2002) Transcriptome analysis of mono-
cytic leukemia cell differentiation. Genomics 80,
361–371.

5. Quere, R., Manchon, L., Lejeune, M.,
et al. (2004) Mining SAGE data allows
large-scale, sensitive screening of antisense
transcript expression. Nucleic Acids Res 32,
e163.

6. Beutler, E., Gelbart, T. (1986) The mechanism
of removal of leukocytes by cellulose columns.
Blood Cells 12, 57–64.

7. Chomczynski, P., Sacchi, N. (1987) Single-
step method of RNA isolation by acid guani-
dinium thiocyanate-phenol-chloroform extrac-
tion. Anal Biochem 162, 156–159.
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Chapter 21

Real-Time PCR Analysis for Blood Cell Lineage
Specific Markers

Louise Edvardsson and Tor Olofsson

Abstract

We here describe the methods for the isolation of distinct hematopoietic subpopulations, as defined by
their immune phenotype by fluorescence-activated cell sorting, and how these cells can be analyzed even
at a single-cell level for the gene expression of a number of transcription factors and other differentiation
markers.

Key words: Hematopoiesis, transcription factors, cytokines, growth factor receptors, cell sorting,
RT-PCR.

1. Introduction

Characterization of hematopoietic cell differentiation and
maturation has evolved rapidly over the last decades. This has
been driven by firstly, the development of a large number of
monoclonal antibodies for detection of surface antigens applied
in flow cytometric analysis, and secondly by the availability of a
wide selection of specific primers and probes for analysis of gene
expression patterns by real-time PCR (RT-PCR). The combina-
tion of fluorescence-activated cell sorting and quantitative RT-
PCR now provides very powerful tools for characterization and
analysis of even small subpopulations and small number of cells
along the different hematopoietic maturation lineages.

Hematopoietic differentiation from stem cells (HSC) to
mature blood cells occurs through a number of lineage choices
and maturation steps governed by a set of transcription factors
(1–12) and cytokines/chemokines and their respective receptors
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(13–17). The hematopoietic differentiation stages for isolation
purposes are defined by their immune phenotype as analyzed by
flow cytometry using a set of monoclonal antibodies, and there
are several schemes established for isolation of stem cells, progen-
itor cells, and their progeny (18–24).

Flow cytometry and cell sorting is the method of choice
for the isolation of phenotypically defined populations of bone
marrow and blood cells for functional assays and gene expres-
sion analysis. Freshly isolated cells are directly sorted into lysing
buffer, taken to reverse transcription, and the cDNA analyzed by
quantitative RT-PCR for a number of transcription factors and
other differentiation markers, such as cytokine receptors or pro-
teins synthesized at a specific maturation stage. We have used
these methods to characterize human hematopoietic cells along
the myeloid lineages.

2. Materials

2.1. Cell Isolation 1. Bone marrow from healthy volunteers after informed consent.
2. IMDM/FBS: Iscove´s Modified Dulbecco medium (IMDM)

supplemented with 5% FBS (Gibco; Invitrogen Inc., Carlsbad,
CA, USA).

3. Heparin, 5,000 IU/ml.
4. LymphoprepTM (Fresenius Kabi, Norway).
5. Indirect CD34 microbead kit and CD19 microbeads, LS

columns, and MACS separator stand with magnet (Miltenyi
Biotec, Bergisch Gladbach, Germany).

6. PBS/BSA/EDTA: sterile PBS, pH 7.2 supplemented with
0.5% BSA (w/v) and 2 mM EDTA (Sigma, St Louis, MO,
USA).

7. Cell strainer (40 μm) and 5 ml polystyrene round-bottomed
tubes with cell-strainer cap (FalconTM; BD, Becton Dickinson,
Franklin Lakes, NJ, USA).

2.2. Cell Sorting 1. Cell sorter, e.g., FACS Vantage of FACS Aria (BD) with
ACDU (automated cell deposition unit).

2. Monoclonal antibodies; see Table 21.1.
3. Lysing solution for collection of sorted cells: add 5 μL NP-40

to 995 μL RNase free water. Vortex to make a homogeneous
solution. This solution should be prepared immediately before
cell sorting and kept on ice.

4. Collection tubes: 0.2 ml low profile thin-walled eight tube
and flat cap strips (Low Profile Thermo-Strips; Abgene Ltd,
Epsom, UK).

5. Strip holder: MicroAmp 96-well base (Applied Biosystems,
Foster City, CA, USA) (see Note 1).
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Table 21.1
Examples of transcription factors (TF), growth factor
receptors (GFR), and other lineage markers useful for
characterization of hematopoietic differentiation

Gene
Type of marker/protein
name MoAb Assay IDa

TAL1 TF SCL Hs 00268434 m1

SPI1 TF PU.1 Hs 00231368 m1

GATA1 TF GATA-1 Hs 00231112 m1

GATA2 TF GATA-2 Hs 00231119 m1

NFE2 TF NF-E2 Hs 00232351 m1

CEBPA TF C/EBPα Hs 00269972 s1

CEBPE TF C/EBPε Hs 00357657 m1

KIT Stem cell factor receptor CD117 Hs 00174029 m1

FLT3 Flt3 CD135 Hs00174690 m1

IL3RA IL-3Rα CD123 Hs 00174356 m1

MPL TpoR CD110 Hs 00268434 m1

CSF2RB βc-Chain CD131 Hs 00166144 m1

CSF3R G-CSF receptor CD114 Hs 01114427 m1

CSF2RA GM-CSF receptor CD116 Hs 00538896 m1

EPOR Erythropoietin receptor Hs 00181092 m1

GPIIB Integrin GPIIb CD41 Hs 00166246 m1

ABO ABO transferase Hs 00220850 m1

GYPA Glycophorin A CD235a Hs 00266777 m1

GYPC Glycophorin C CD236R Hs 00242583 m1

KEL Kell antigen CD238 Hs 00220850 m1

HBB β-Globin b

PRTN3 Proteinase 3 Hs 00160521 m1

LTF Lactoferrin Hs 00158924 m1

18S rRNA Hs 99999901 s1

B2M Human β2-
microglobulin

4326319E

aAssays-on-Demand Targets and Endogenous Control Assays (Applied Biosys-
tems); bForward primer: 5’-CACCTTTGCCACACTGAGTGA-3’; reverse primer:
5’-GTGATGGGCCAGCACACA-3’; probe: 5’-FAM-TGAGAACTTCAGGCTCCT-
MGB-3’; when appropriate the corresponding monoclonal antibody (MoAB) for
GFRs are given; other surface markers for cell sorting include CD45, CD34, CD133,
CD7, CD19, CD13, CD33, CD15, CD14, CD11b, CD71, CD45RA.
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2.3. Reverse
Transcription and
Real-Time PCR

1. Nuclease free water.
2. Nonidet P40 substitute (NP-40; USB Corporation, Cleve-

land, OH, USA).
3. RT buffer, 10× (Applied Biosystems).
4. TE buffer: 10 mM Tris–HCl, pH 8; 1 mM EDTA (Applied

Biosystems).
5. dNTPs, 5 mM each (Applied Biosystems).
6. Random hexamers, 50 μM (Applied Biosystems).
7. RNAse inhibitor, 20 U/μL (Applied Biosystems).
8. Sensiscript RT Kit (Qiagen, Hilden Germany).
9. TaqMan gene expression assays (Applied Biosystems); see

Table 21.1.
10. TaqMan PreAmp master mix or gene expression master mix

(Applied Biosystems).
11. TaqMan Universal PCR master mix (Applied Biosystems).

3. Methods

3.1. Cell Isolation and
Cell Sorting

1. Bone marrow cells obtained by aspiration (10 ml or more) are
immediately transferred to a 50 ml tube containing an equal
volume of IMDM with heparin (100 IE/ml) and mixed thor-
oughly.

2. Isolate bone marrow mononuclear cells (MNC) on a Lym-
phoprep gradient; 20 ml Lymphoprep in a 50 ml tube is
overlayered with 20 ml bone marrow cell suspension and cen-
trifuged for 20 min at 2,000 rpm in a swing out tube holder.

3. Carefully remove the interphase containing the MNC by
pipetting, transfer to another 50 ml tube and add cold ster-
ile PBS/BSA/EDTA to 40 ml and centrifuge for 10 min at
1,300 rpm; this will leave most of the platelets in the super-
natant.

4. Resuspend the cells in 20 ml cold PBS/BSA/EDTA buffer,
filter through a cell strainer 40 μm and make a cell count;
spin down the cells for 10 min at 1,000 rpm.

5. Resuspend the cells in a small volume PBS/BSA/EDTA
buffer (<500 μL).

6. The cells are now ready for isolation of CD34+ cells (see
Note 2)

7. Use the Indirect CD34 microbead kit for isolation of CD34+
cells and follow the manufacturer´s instructions, keep buffers
and cells cold and work fast without interruptions (see Note
3and 4).

8. After elution of the CD34+ cells in 5 ml PBS/BSA/EDTA
buffer, count the cells and add 5 ml of IMDM/FBS; spin
down the cells at 1,000 rpm for 5 min.
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9. Resuspend the cells in cold IMDM/FBS to a concentration
of 107 cells per ml.

10. The cells are now ready for labeling with fluorochrome-
conjugated monoclonal antibodies (e.g., FITC, PE, PE-
TexasRed, PerCP-Cy5.5, PE-Cy7, APC, APC-Cy7, Pacific
Blue, or any of the Alexa fluorochromes available).

11. Add 5–20 μL (as recommended by the manufacturer) of each
antibody to the CD34+ cells, mix well, and incubate in a
refrigerator for 15 min.

12. Wash the cells twice in 4 ml cold IMDM/FBS and resuspend
in 500 μL of the same buffer.

13. During antibody labeling of the cells, prepare the lysing
buffer for collection of the sorted cells; for lysing buffer, see
Sections 3.2.2 and 2.2.3. For single-cell sorting add 10 μL
per tube and for 500 cells add 42 μL per tube and keep the
strips on ice until sorting. Do not use the first and the last
tube of the eight tube strips (see Note 5).

14. Before starting to sort, filter the cells through a 5 ml
polystyrene round-bottomed tubes with cell-strainer cap (see
Note 6).

15. Use a 70 μm nozzle for sorting to keep the addition of sheath
fluid to the sample as little as possible and sort in “single-cell
mode” at less than 1,000 events/s (see Note 7).

16. Sort the defined subpopulations directly into the 0.2 ml low
profile eight tube strips. Immediately after sorting is com-
pleted, which will take only seconds, firmly cover the strip
with the caps, tap the strip gently with your finger tips, and
centrifuge the strip placed in a MicroAmp 96-well base strip
holder in a centrifuge equipped with a 96-well plate holder
at 1,000 rpm for 60 s. Then place the strip on ice until lysing
and reverse transcription.

17. An example of sorting myeloid progenitors and subpopula-
tions thereof is shown in Fig. 21.1. For further reading on
stem cell isolation and cell sorting, the reader is referred to
Chapter 3 in Hematopoietic Stem Cell Protocols, ed JM
Walker, no. 63 in the series Methods in Molecular Medicine,
Humana Press, and Refs. (18–24).

3.2. Lysing and
Reverse Transcription

1. The following mixtures should be prepared immediately
before cell sorting and kept on ice.

2. a) To make a 10 μL single-cell collection mixture, add 0.5
μL RNase inhibitor to 9.5 μL water/NP-40. Mix well and
add 10 μL to each tube and keep the strip on ice.

b) To make a 42 μL 500-cell collection mixture, add 2 μL
RNAse inhibitor to 40 μL water/NP-40. Add 42 μL to
each tube and keep on ice.

3. Immediately after cell sorting and centrifugation of the strips
proceed to lysing by placing the strips with tightly secured caps
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Fig. 21.1. Isolation of human common myeloid progenitor (CMP) subpopulations by cell sorting. CD34+/CD19- cells
were labeled with CD123-FITC/CD135-PE/CD34-PE-TexRed/CD38-PerCP-Cy5.5/CD33-PE-Cy7/CD110-APC/CD45RA-
PacBlue. P4 containing myeloid progenitors was displayed in the CD110/CD45RA plot where P5 contains the CMP;
these were further separated in CD135+/− populations P7 and P8. P7 was further separated in CD33+/− cells in
P11 and P12. P8 was separated in P9 and P10. Single-cell sorting was performed on P9, P10, P11 and P12 allowing a
detailed analysis of the impact of CD33-expression of CD135+ and CD135- common myeloid progenitors. For example
the results showed that CD135-/CD33+ cells expressed neutrophil markers (PR3+, G-CSFR+), whereas the CD135-
/CD33-negative cells lacked expression of PR3 and G-CSFR, suggesting subtle pre-commitment steps of the cells within
the CMP population.



RT-PCR Analysis of Blood Cell Markers 319

in a BioRad iCycler and run the lysing program: 65◦C, 1 min;
22◦C, 3 min; 4◦C hold (be sure not to use hot start).

4. Proceed with reverse transcription as soon as possible after
lysing.

5. Prepare master mix for reverse transcription as follows:

a) for single-cell (one reaction; multiply as needed):

RT buffer (10 ×), 1.54 μL
dNTPs (5 mM each), 1.54 μL
Random hexamer (50 μM), 0.77 μL
RNase free water (0.385 μL)
RNase inhibitor (20 U/μL), 0.385 μL
Sensiscript (0.77 μL).
Mix thoroughly but do not vortex, centrifuge slightly, and

add 5.4 μL of this master mix to each single-cell tube
(10 μL preamplified cDNA), tap the tubes firmly with
your finger tips and centrifuge.

b) For 500-sorted cells (one reaction; multiply as
needed):

RT buffer (10 ×), 6.69 μL
dNTPs (5 mM each), 6.69 μL
Random hexamer (50 μM), 3.35 μL
RNase free water (1.67 μL)
RNase inhibitor (20 U/μL), 1.67 μL
Sensiscript (3.35 μL)
Mix thoroughly but do not vortex, centrifuge slightly, and

add 23.5 μL of this master mix to each 500-cell tube
(42 μL cDNA), tap the tubes firmly with your finger
tips and centrifuge.

6. Place the strips in the BioRad iCycler and run the RT-reaction
at 37◦C, 60 min; 95◦C, 5 min; 4◦C hold (do not use hot start).

7. a) In the case of single-cells immediately proceed with
preamplification.

b) After reverse transcription, the resulting cDNA samples
from 500 cells can be frozen at –80◦C before RT-
PCR analysis is performed. Each cDNA sample from
500 cells is sufficient for RT-PCR of four targets run in
triplicates.

3.3. Preamplification
of Single-Cell cDNA

1. Make a 1/100 pool of the TaqMan gene expression assays of
interest; you can pool at least ten different assays, e.g., 2 μL
of ten different assays added to 180 μL TE buffer; the assays
contain both primers and probe

2. For each single-cell sample mix in a 0.2 ml PCR tube: 25
μL PreAmp master mix, 12.5 μL pooled assays, and 12.5 μL
cDNA.



320 Edvardsson and Olofsson

3. Run the following preamplification: 95◦C, 10 min; 16 cycles
with 95◦C, 15 s and 60◦C, 4 min; 4◦C hold.

4. Transfer the tubes to ice as soon as possible after completion
and add 200 μL TE buffer to each tube and transfer to 1
ml eppendorf tubes. This is the preamplified single-cell cDNA
sample ready for RT-PCR analysis and is sufficient for RT-PCR
of four targets run in triplicate.

3.4. Real-time PCR
analysis

1. Thaw cDNA samples and perform gene expression assays on
ice.

2. Make a mix of ten volumes of TaqMan Universal PCR mas-
ter mix with one volume of the TaqMan gene expression
assay (e.g., eight samples in triplicate and a negative control
in duplicate will be analyzed for one target mix of 360 μL
master mix with 36 μL gene expression assay).

3. a) For each sample take:

Master mix (44 μL)+ assay
cDNA (15.5 μL) from 500-cell samples or 20 μL from

single-cell samples
RNase free water to a total volume of 80 μL
This will give you 3 × 25 μL triplicates.

b) For the negative control:
Master mix (32 μL)+ assay
RNase free water (26 μL)
This will give you 2 × 25 μL negative control.

4. a) In case of single-cell analysis, we use β2-microglobulin
instead of 18S (see Note 8).

b) In addition to the different specific targets to be ana-
lyzed, include a sample with 18S ribosomal RNA when
analyzing 500 cells; the results from this will be used for
normalization of target quantities.

5. Standard curves for each gene should be established by ana-
lyzing serial dilutions of cDNA.

6. As a calibrator, a cDNA from a pool of unseparated CD34+
cells or a mixture of CD34+ cell cDNA with cDNA from
mononuclear bone marrow cells is recommended (see Note
9).

7. Use a high-quality optical 96-well PCR plate or strips and
cautiously transfer 25 μL of samples (triplicates) and negative
controls (duplicates) to the bottom of the wells; cover with
an optical lid and centrifuge the plate or strips for 15 s at
1,000 rpm.

8. Put the plate/strips in the RT-PCR instrument (e.g., ABI
Prism 7000 sequence detection system).

9. The PCR reaction is run as: 50◦C, 2 min; 95◦C, 10 min; 40
cycles with 95◦C, 15 s and 60◦C, 1 min.
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10. Quantification of the relative levels of the specific mRNA of
interest is achieved by the relative standard curve method
(described in detail in Applied Biosystems User Bulletin No.
2: Relative Quantification of Gene Expression).

4. Notes

1. It is important that the strip holder allows free movement
of the ACDU during cell sorting and we have found that
MicroAmp 96-well Base works fine with the FACS Aria.

2. In case you are primarily interested in myeloid cells you
can include a CD19+ cell depletion using MACS CD19
microbeads. This will remove all CD34+/CD19+ precur-
sor B-cells that sometimes make up 25% of the CD34+
cells which could interfere with the isolation of pure myeloid
progenitors.

3. The manufacturer gives the option of using the small MS col-
umn for separation of <2 × 109 MNC, but we would recom-
mend to always use the larger LS column.

4. You may save the CD34-negative cells passing through the
column in case you would like to isolate more mature cells
along the myeloid lineages.

5. We sometimes have had problems with leakage from the first
and last tube of the strip during reverse transcription and
therefore routinely avoid using these positions.

6. Do not forget this filtering step, it will save you a lot of time
from cleaning a clogged nozzle.

7. We sort at high-speed settings with sheath pressure of 70
psi, which the stem cells and progenitor cells tolerated very
well.

8. We usually first analyze for β2-microglobulin expression to cer-
tify that the sample actually contained a cell, before analyzing
for more specific targets; this will save you negative results and
money.

9. Making a pool of cDNA from CD34+ cells will give you the
possibility to include the same calibrator over many separate
experiments.
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Chapter 22

Monitoring the Immune Response Using Real-Time PCR

Patrick Stordeur

Abstract

Induction of an immune response to a particular antigen is the basis of vaccination. This has been done
for years to prevent infectious diseases, and has the potential for the treatment of cancer. The immune
response is nowadays more precisely modulated rather than simply induced, like in case of immunotherapy
of allergic diseases. Likewise, autoimmune diseases are associated with an inappropriate immune response,
and many efforts are made for specifically inhibiting this unwanted response. A possible line of attack is
the induction of an antigen-specific immune tolerance, which also has a use in the field of transplantation,
where allogeneic responses are deleterious for the graft. In all of these fields of fundamental and clinical
medicine, the modulation of immune response requires the assistance of laboratory tests, among which
real-time PCR appears more and more helpful. This chapter describes a protocol to quantify immune-
related mRNAs using reverse transcription-real-time PCR. The transcripts can be quantified in cultured
cells or in cultured whole blood, after an incubation period in the presence of the antigen to which
the immune response is analyzed. This is the typical approach to evaluate the efficacy of a vaccine. The
transcripts can also be quantified directly in the biological sample, giving information about the in vivo
immune status of the individual. The techniques to achieve these different methods are described, and
are illustrated by the analysis of the response against the toxoid tetanus antigen.

Key words: Whole blood, peripheral blood mononuclear cells, immune monitoring, methods,
messenger RNA, real-time PCR, cytokine, IL-2, IFN gamma, antigen, tetanus toxoid,
transplantation, allergy, autoimmunity.

1. Introduction

The monitoring of the immune response is critical for the follow-
up and treatment evaluation of numerous diseases. This is the
case, for example, for the development of new vaccines includ-
ing those directed against tumor cells, for the evaluation of new
clinical transplantation protocols aiming to induce tolerance, and
for the follow-up of immunotherapy of allergic and autoimmune
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diseases. Current techniques to monitor immune responses
mainly include cytokine protein quantification and effector T cell
frequency analysis. More recently, protein arrays provided a new
tool particularly for the monitoring of the humoral response.
Apart from the latter, these techniques are generally blood con-
suming and labor intensive, and results are obtained only after
several days to weeks (1–5). In contrast, real-time PCR can be
performed in one or two days and requires small blood volumes.
These advantages, added to the high sensitivity and precision of
this technique, have paved the way to a new approach of moni-
toring immune responses (6–8).

There are different ways to apply real-time PCR to immune
monitoring.The high sensitivity of the technique can be taken
advantage of to easily and rapidly detect immune-related mRNA
transcripts in a limited number of cells where the corresponding
protein could barely be measured. This approach has been used

Fig. 22.1. Different ways to apply real-time PCR for immune monitoring. The antigen to which the immune response
is analyzed is added to PBMC purified from peripheral blood (A) or directly to whole blood (B). This antigen can be
any antigen like TT as described in this chapter. After several hours incubation, the culture is stopped and mRNAs are
quantified by real-time PCR. A different approach consists in quantifying the transcripts directly in stabilized whole blood
and other biological samples (C) (see Note 8).
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to detect acute kidney rejection before clinical signs of renal fail-
ure appear. Indeed, low levels of different mRNAs involved in the
immune response can be detected in urine in this clinical situation
(9). Real-time PCR can thus be performed in that way on differ-
ent body fluids that contain a limited number of cells, or in which
proteins like cytokines disappear rapidly contrary to their corre-
sponding mRNA. Real-time PCR is also performed to detect the
induction of different mRNAs in response to a particular antigen
after in vitro incubation of blood samples. Two approaches are
possible: the antigen to which the immune response is analyzed
can be added to whole blood, or to peripheral blood mononuclear
cells (PBMC) purified from blood. Use of whole blood presents
several advantages: (1) it avoids time-consuming purification of
PBMC, this step being able in addition to either non-specifically
activate the cells or modulate cytokine mRNA levels; (2) it allows
the use of smaller blood volumes; and (3) it is more representa-
tive of the in vivo situation than purified cells. However, most of
the techniques used to monitor immune responses are still per-
formed on PBMC. Therefore, the two alternatives are described
here, using tetanus toxoid (TT) as antigen (Fig. 22.1).

2. Materials

2.1. Blood Samples Blood should be collected in sodium heparinate. Avoid lithium
heparinate. We observed heterogeneous and sometimes incom-
prehensible results when using lithium heparinate.

2.2. Cell Purification
and Culture

1. AIM-V� medium (GIBCO, Invitrogen, Merelbeke, Bel-
gium).

2. Hanks balanced salt solution (HBSS) ×10, without calcium
and magnesium (GIBCO, Invitrogen).

3. PBS without calcium and magnesium (BioWhittakkerTM,
Cambrex Bioscience, Verviers, Belgium).

4. Fetal bovine serum (FBS) (HyClone, Perbio Science, Erem-
bodegem, Belgium).

5. PBS supplemented with 2% of FBS.
6. LymphoprepTM (Axis-Shield, Oslo, Norway).
7. Trypan blue 0.4% w/v (StemCell technologies, Vancouver,

Canada).
8. Tetanus toxoid (TT) (Statens Serum Institute, Denmark)

(1 Lf/ml corresponds to 2.5 μg/ml).

2.3. mRNA Extraction 1. MagNA PureTM instrument (Roche Applied Science, Vil-
vorde, Belgium).

2. PAXgene tubes (Qiagen Benelux, Venlo, The Netherlands).
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3. MagNA PureTM mRNA extraction kit “MagNa PureTM LC
mRNA Kit I” (Roche Applied Science).

4. TaqMan pre-developed assay reagent for human CD3 epsilon
chain (Applied Biosystems, Foster City, CA).
Facultative reagents:

5. TriPureTM isolation reagent (Roche Applied Science).
6. TRIzol� reagent (Invitrogen).
7. PAXgene blood RNA kit (Qiagen).

2.4. PCR 1. LightcyclerTM 2.0 instrument (Roche Applied Science).
2. LightcyclerTM RNA master hybridization probes kit (Roche

Applied Science).
3. Oligonucleotides “OliGold�” (Tables 22.1 and 22.2) are

from Eurogentec (Eurogentec, Seraing, Belgium).
4. Wizard SV gel clean-up system (Promega, Leiden, The

Netherlands).
5. DNA from fish sperm, MB-grade (Roche Applied Science).

Prepare a 10 mg/ml stock solution in TE buffer (pH 8.0).
Keep at –20◦C.

3. Methods

3.1. Isolation of
Peripheral Blood
Mononuclear Cells
(PBMC)

1. Transfer 12 ml of heparinized blood in a 50 ml Falcon tube
and make it up to 35 ml with HBSS ×1 (see Note 1).

2. Layer the diluted sample on top of the LymphoprepTM or layer
the LymphoprepTM underneath the diluted sample. Be careful
to minimize mixing of LymphoprepTM and sample. Use 15 ml
of LymphoprepTM.

3. Centrifuge for 20 min at 800–1,200 g (see Note 2) at room
temperature, with the brake off.

4. Recover the PBMC fraction from the LymphoprepTM: plasma
interface and transfer it in a 50 ml Falcon tube. Suspend the
fraction to 50 ml with 1× HBSS.

5. Centrifuge at 800 g for 10 min. Discard the supernatant and
repeat this washing step.

6. Suspend cell pellet by adding 5 ml of AIM-V to the cell pel-
let (centrifugation of suspended cells in AIM-V must be done
without brake, to ensure complete sedimentation of all the
cells).

7. Count the cells, evaluate their viability using Trypan blue (mix
one volume of cell suspension with one volume of Trypan blue
solution; dead cells appear light blue).

8. Adjust the volume with AIM-V to obtain 1 million cells per
ml, for FACS analysis and for cell culture.
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9. Analyze 100,000 cells by flow cytometry. Use an antibody
cocktail that gives at least the percent of total, CD4 and CD8
T cells, B cells, NK cells.

3.2. Antigenic
Stimulation

1. Add TT to 10 μg/ml (equivalent to 4 Lf/ml) (see Note 3) to
200,000 PBMC (see Note 4). Because one works with cell sus-
pensions at one million per ml, the total culture volume should
be around 200 μL in AIM-V medium (see Note 5). Or:Add
10 μg/ml of TT to the volume of whole blood that contains
200,000 T cells (usually 200–300 μL in healthy subjects) (see
Note 6).

2. Incubate for 16 h at 37◦C in a 5% CO2 atmosphere (see
Note 3).

3. Stop the reaction by adding, for PBMC, 600 μL (i.e., 2.5
volume) of the reagent contained in the PAXgene tubes (see
Note 7). Or: For whole blood, add 2.5 volumes (i.e., 250 μL
per 100 μL of blood) of the reagent contained in the PAXgene
tubes.

4. Incubate at least 1 h at room temperature. The lysate is stable
at room temperature for up to 5 days, and for months at –80◦C
(see Note 8).

3.3. mRNA Extraction Extracting mRNA using an automatic device such as the MagNA
PureTM (Roche Applied Science) provides reproducible amounts
of high-quality mRNA. Moreover, the RT-PCR reaction mixtures
containing all reagents, oligonucleotides and samples, are fully
prepared directly in the PCR reaction vessel (in the case of the
LightcyclerTM, a capillary), by the MagNA PureTM instrument.
The sampling of RT-PCR components is fully automated, avoids
manual sampling errors and thereby enhances the reproducibil-
ity and accuracy of the qPCR. In this approach, the RNA sam-
pled by the device will be mRNA instead of total RNA. Reverse
transcription and the PCR are successively performed in one step
RT-qPCR reaction in the same reaction tube (or capillary). In the
case of mRNA, the concentration is too low to be measurable at
260 nm. Hence, the same volume of mRNA (i.e., 5 μL) is always
added to the PCR mixture, given the reproducibility ensured
by the automation of the procedure. The technique described
here is based on the use of the MagNa PureTM LC mRNA Kit
I (Roche Applied Science) on the MagNA PureTM instrument.
However, this expensive step in this method can be replaced by
other conventional and less costly methods of RNA extraction.
Different kits or reagents that provide high-quality RNA exist. A
good choice is the kit provided by the manufacturer of the PAX-
gene tubes, the PAXgene blood RNA kit (Qiagen), but the use of
reagents like TriPureTM (Roche Applied Science) and TRIzol�
(Invitrogen) is also possible. If one of these alternatives is chosen,
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the concentration of total RNA should be measured on a spec-
trophotometer at 260 nm. Total RNA (100 ng) are then engaged
in the PCR reaction.
1. Gently suspend the precipitate of the cell lysate of Section 3.2.

and transfer 300 μL in a microtube.
2. Centrifuge for 5 min at 16,000 g.
3. Discard the supernatant.
4. Dissolve thoroughly the nucleic acid pellet in 300 μL of the

lysis buffer contained in the MagNa PureTM LC mRNA Kit I.
The pellet is difficult to dissolve.

5. Vortexing for 45–60 s is often required. Some very small
aggregates often remain undissolved (see Note 9).

6. Proceed with mRNA extraction following manufacturer’s
instructions.

7. Elute in 100 μL and use 5 μL by PCR reaction. If low number
of PBMC (e.g., 50,000) or low blood volumes (e.g., 100 μL)
are used, the elution volume can be reduced to 50 μL, and the
volume added to the PCR kept at 5 μL.

3.4. RT-qPCR Several assays are available to perform real-time PCR (10–12).
The choice of which one to use depends on the application of
the technique (e.g., polymorphism detection and/or quantifica-
tion). As far as mRNA quantification is concerned, three good
choices are SYBR�Green, hybridization probes, and hydroly-
sis (Taqman) probes. The first one is the cheapest, but also
the less specific and sensitive (SYBR�Green binds all double-
stranded DNAs, including unspecific PCR products and primer
dimers). The use of probes eliminates this problem. Both for-
mats can be used, but the design of the primers and probes is
somewhat easier with the Taqman chemistry (only three oligonu-
cleotides in all (two primers and one probe) instead of four
with hybridization probes (two primers and two probes)). The
technique described in Section 3.4.1 uses Taqman probes and
the LightcyclerTM RNA Master Hybridization probes kit on the
LightcyclerTM instrument (Roche Applied Science). For details
on the design of oligonucleotides see Note 10.

3.4.1. Preparation and
Execution of RT-qPCR
Reaction

1. Prepare a RT-qPCR reaction mixture as follows (each volume
can be multiplied by the number of samples (plus one per
ten samples) to prepare the quantity needed for all samples
of the experiment): RNA master hybridization probes (2.7×
conc.) 7.5 μL; 1.3 μL 50 mM Mn(OAc)2; 1, 2 or 3 μL of 6
pmoles/μL forward and reverse primers (final concentration
300, 600, or 900 nM, depending on the mRNA target; see
Note 11 and Table 22.1); 1 μL of 4 pmoles/μL TaqMan
probe (final concentration 200 nM); 5 μL purified mRNA (or
containing 100 ng of total RNA) or standard dilution; up to
20 μL H2O.
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2. Transfer the capillaries in the LightcyclerTM and start the RT-
PCR reaction.

3. The cycling conditions are as follows: after an incubation
period of 20 min at 61◦C to allow mRNA reverse transcrip-
tion, and then an initial denaturation step at 95◦C for 30 s,
temperature cycling is initiated. Each cycle consists of 95◦C for
0 s and 60◦C for 20 s, the fluorescence being read at the end of
this second step (F1/F2 channels when using FAM/TAMRA
labeled probes, F1 channel when using FAM/BHQ1 labeled
probes, no color compensation). Overall, 45 cycles are per-
formed (see Note 12).

3.4.2. Generation of
External Standards

mRNA levels can be expressed either in absolute copy numbers
or in relative copy numbers normalized against a house-keeping
gene (see Note 13). This is achieved by constructing, for each
PCR run, a standard curve from serial dilutions of purified DNA.
The latter consists in a PCR product that includes the quantified
amplicon, and that is prepared by “classical” PCR from cDNA
positive for the concerned target mRNA. These PCR products
used as standards are purified from agarose gel by the “Wiz-
ard SV Gel Clean-up System” following manufacturer’s instruc-
tions. The copy number of the standards is calculated from the
DNA concentration measured by spectrophotometry (13). Dilute
from 10 to 10 in TE buffer (pH 8.0) supplemented with 10
μg/ml fish DNA, to get dilutions from 108 to 102 copies (see
Note 14). Detailed information concerning these standards is
given in Table 22.2.

4. Notes

1. Blood volume depends on the number of PBMC needed for
the experiment. Generally, at least one million PBMC can
be obtained from 1 ml of blood from a subject with normal
WBC count.

2. To convert g to rpm, use the following formula: rpm =
square root of RCF / (1.118 × 10−5 × radius), where RCF
= relative centrifugal force (g), rpm = centrifuge speed in
revolutions per minute, radius = radius of rotor in cm.

3. TT has been chosen to illustrate this protocol, the response
to this antigen having been well studied. However, the tech-
nique can theoretically be applied to study the response to
any antigen, what we did successfully for allergens, alloreac-
tive cells, and autoantigens (Fig. 22.2) (14–18). For each
antigen, it is recommended to firstly perform kinetic exper-
iments at a “supposed” working concentration. Depending
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Fig. 22.2. Induction of higher IL-2 mRNA levels in type 1 diabetes mellitus patients
compared to healthy subjects in response to GAD65 antigen. Type 1 diabetes mellitus
is an autoimmune disease where T lymphocytes play a major role in the destruction
of insulin-producing pancreatic β-cells. The isoform 65 of glutamic acid decarboxy-
lase (GAD65) is one of the putative antigens recognized by autoreactive T cells. Whole
blood from 10 diabetic patients and from 10 healthy subjects was incubated for 16 h in
the presence of 10 μg/ml GAD65, and IL-2 mRNA was quantified as described. Y-axis:
IL-2 mRNA copies per million of β-actin mRNA copies; mean + SEM are represented.
Significantly higher levels of IL-2 mRNA were observed in diabetic patients compared
to controls (p = 0.0142, Mann-Whitney test) (Laurent Crenier, personal communica-
tion). This suggests a possible use of this technique as a diagnosis tool in autoimmune
diseases.

on the antigen and the mRNA studied, it could be necessary
to test times spreading out from 1 h to 10 days. For exam-
ple, maximum IL-2 mRNA levels are generally reached in 16
h when the whole antigen protein is added, while this maxi-
mum can be reached in 2 hours when antigenic peptides are
used instead of the whole protein. Of course, these peptides
have to be restricted to the major histocompatibility complex
(MHC) antigens expressed on the cells used in the test. Like-
wise, some mRNAs are induced really more quickly than oth-
ers. One example is, IL-4 mRNA is induced maximally in 1
h in whole blood in response to an allergen, whereas FOXP3
and IL-17 mRNAs generally require days to be induced in
response to whole protein antigens, which implies the stimu-
lation of PBMC. Indeed, the incubation time cannot exceed
20 h with whole blood. After this time, spontaneous lysis of
red and white cells occurs. Once the time corresponding to
the maximal induction level is determined, it is recommended
to perform dose–response experiments to find the ideal work-
ing concentration of the antigen.

4. The number of PBMC needed to perform RT-PCR mainly
depends on the yield of the technique used to isolate RNA.
The technique described in this chapter, i.e., mRNA iso-
lation on the MagNA Pure instrument allows a high-yield
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RNA recovery. The minimum number of PBMC required
in this case is 100,000 or even 50,000, but best results are
obtained when using 200,000 PBMC. Manual RNA purifi-
cation methods generally require larger samples. As a general
rule, the ideal number of cells should be the first parameter to
be tested as follows. Extract mRNA from different numbers
of cells (e.g., from 100,000 to 1,000,000 by step of 100,000)
and perform real-time RT-PCR for a house-keeping gene
mRNA. Work with the number of cells that is in the middle
of the curve which establishes a direct correlation between
the starting number of cells and the copy number of mRNA
(Fig. 22.3).

5. In the best case, the solution of antigen should be 20 × con-
centrated, in order to add 10 μL, a volume easy to take and
which does not significantly dilute the PBMC or the blood.

6. Ideally, the volume of blood should be chosen to contain
100,000–200,000 responding cells. The best blood volume
can also be determined as described in Note 4 for PBMC (see
also Fig. 22.3).

7. This reagent induces complete cell lysis and, at the same
time, nucleic acid precipitation. The nucleic acids can then
be dissolved in guanidium/thiocyanate solutions similar to
that described in 1987 by Chomczynski and Sacchi (19), or
to the guanidium/thiocyanate solution contained in the lysis
buffer provided with the MagNA Pure LC kit for mRNA iso-
lation (Roche Applied Science). The advantage of adding this
reagent directly to the cell culture is that there is no need to
discard the supernatant, reducing the potential loss of cells
that can occur when working with such small volumes.

8. RNA can also be extracted directly from whole blood at the
moment of blood collection using PAXgene tubes. The direct
stabilization of mRNA by the reagent contained in the tube
allows an accurate quantification of circulating mRNA levels
without in vitro stimulation, making available an evaluation
of peripheral immune status (15). Alternatively, blood can
be taken on sodium heparin and immediately added to the
reagent of the tube, in order to take smaller blood volume
like 200 μL. The analysis can also be performed from other
body fluids such as urine and cerebrospinal fluid, and from
biopsies (Fig. 22.1).

9. If RNA is extracted using TriPure or TRIzol, simply replace
the lysis buffer of the MagNA Pure LC mRNA Kit I by
the TriPure or TRIzol reagent, and proceed in the same
way. Then follow the manufacturer’s instructions as recom-
mended for a “normal” cell lysate.

10. The primers and probes described here were designed with
the Primer 3 software (http://www-genome.wi.mit.edu/
cgi-bin/primer/primer3 www.cgi) (20). The default param-
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eters of the program were applied except for the following:
product size 90–150 bp, primer size 20–27 bp, primer Tm
59–62◦C with a maximum Tm difference of 2.0◦C, oligo
Tm 69–72◦C, product Tm 0–85◦C, maximum self and 3′ self
complementarily = 6.00, maximum poly X = 3, primer and
Hyb Oligo penalty (penalty weights for primer pairs) = 2.0.
In addition, the oligonucleotides were selected according to
the following criteria (listed in order of importance): (1)
intron spanning if possible; (2) no G at the probe 5′ end; (3)
no more than two Gs or Cs within the five 3‘nucleotides for
primers; (4) more Cs then Gs in the probe. The expected size
of the real-time PCR product must be checked by agarose gel
electrophoresis for every new mRNA target.

11. The same protocol is used for all target mRNAs, the only
adjustment being the primer concentration. Using the stan-
dard at 105 copies or a corresponding cDNA, primer titration
is performed at 300, 600, or 900 nM, the three concentra-
tions being checked for each primer. The conditions specific
for different mRNA targets are listed in Table 22.1.

12. To use this protocol on other instruments that do not use
capillaries and air for heating/cooling, the following adjust-
ments are needed: increase denaturation time to 10–20 s,
and the combined hybridization/elongation step to 40–60 s.
Keep the concentration of mRNA and oligonucleotides. Use
the reagent mix provided by the manufacturer of the thermal
cycler. Most of these reagents are formulated to be used at
one “universal” concentration.

13. Best results are obtained with multiplex PCR, i.e., the
co-amplification of the mRNA of the house-keeping gene
together with the specific mRNA. This is not possible with
SYBR�Green and therefore this requires the use of probes,
which are labeled with different fluorochromes. The choice
of these depends on the real-time PCR instrument. The flu-
orochromes adapted to a particular instrument can be found
on the website of several companies specialized in oligonu-
cleotides synthesis, among which Biosearch Technologies
(http://www.biosearchtech.com/hot/multiplexing.asp).
Primer titration is performed as described in Note 11,
separately for primers targeting the house-keeping gene
mRNA and the mRNA of interest, and primers and probes
of both mRNA targets are added together to the PCR mix
described in Section 3.4.1. In some cases, the total volume
can exceed 20 μL, which should not make any problem up
to 3 excess μL.

14. In case of multiplex PCR, serial dilutions of both standards
(i.e., standard for the mRNA of interest and standard for the
mRNA of the house-keeping gene) are mixed, giving serial
dilutions of 108–102 copies of both standards. The choice
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of the house-keeping gene to be used as internal standard
is critical, and nevertheless, never fully adequate (12). One
acceptable gene for whole blood and PBMC is the gene cod-
ing for human acidic ribosomal protein (HuPO) (21). More-
over, when the aim of the method is the assessment of a
T cell response, the most satisfactory house-keeping gene
can be the epsilon chain of the CD3 complex. In this case,
use per PCR reaction, 1 μL of the TaqMan pre-developed
assay reagent for human CD3ε chain (a ready to use mix
of probe and primers) from Applied Biosystem, and express
the results in copies of the quantified mRNA per million of
CD3ε mRNA copies. An alternative to avoid external stan-
dard curve is to express the results in ��Ct (10,14).
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