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Background: Genetic analysis of platelet mRNA may
facilitate the diagnosis of disorders affecting the
megakaryocytic-platelet lineage. Its use, however, is
limited by the exceptionally small yield of platelet
mRNA and the risk of leukocyte contamination during
platelet preparation.
Methods: We depleted platelet suspensions of leuko-
cytes by filtration and used a PCR-based RNA amplifi-
cation step [switching mechanism at the 5� end of RNA
templates (SMART)]. We tested the reliability and pre-
cision of the RNA amplification procedure by use of
real-time PCR to measure quantities of specific tran-
scripts: von Willebrand factor (vWF), A-subunit of co-
agulation factor XIII (F13A), and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Microarray analysis
was performed on platelet RNA with and without
amplification.
Results: Microgram quantities of platelet-specific cDNAs
were produced from as little as 50 ng of total platelet
RNA or 40 mL of whole blood. At cycle numbers <16,
amplification of all transcripts tested was exponential
with slightly more efficient amplification of low-abun-
dance transcripts. Expression profiling of 9850 genes
gave identical results for 9815 genes (1576 positive/8239

negative). Eight transcripts failed to be amplified by the
SMART procedure. Expression of vWF, F13A, and
GAPDH transcripts showed only minor day-to-day vari-
ations in three healthy individuals.
Conclusion: The proposed protocol makes extremely
small amounts of platelet RNA available for gene ex-
pression analysis in single patients.
© 2004 American Association for Clinical Chemistry

Platelets are anucleated but contain small amounts of
mRNA. This mRNA is of megakaryocytic origin and is
translationally active (1 ). Recently, the platelet transcrip-
tome was profiled by microarray analysis (2, 3 ). At the
same time, the platelet proteome was defined by high-
resolution 2-dimensional polyacrylamide gel electro-
phoresis (4 ). Combining of these data has enabled the
molecular anatomy of human platelets to be resolved as a
tool for better understanding of normal and pathologic
platelet function (5, 6 ).

Analysis of the platelet transcriptome in patients, how-
ever, is limited by the exceptionally small yield of platelet
mRNA. Thus, more than 1 � 1012 platelets, representing
more than 5000 mL of whole blood, are usually required
to obtain 1–4 �g of poly(A)� RNA (7 ). Platelet apheresis
offers the only chance of obtaining such a high number of
platelets from a single donor, but this approach cannot be
performed in patients with platelet disorders (8 ).

Techniques that amplify the starting mRNA may over-
come these limitations (9–11). At present, two amplifica-
tion strategies are typically used for RNA amplification;
both include reverse transcription, which is followed
either by exponential PCR amplification (12–15) or by
T7-based linear in vitro transcription (16–19). To mini-
mize the amount of whole blood needed for platelet gene
expression analysis in a single patient, we decided to use
an exponential PCR amplification method, the switching
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mechanism at the 5� end of RNA templates (SMART)4

technique (12 ). The main concern about amplification
procedures, especially with PCR-based methods, is that
they provide genetic information with high yield but an
altered gene expression profile (10, 17, 20, 21 ).

We carefully evaluated this aspect by comparative
microarray analysis and by quantitative PCR. In the
microarray experiments, original and amplified platelet
RNA was profiled across 9850 genes. To determine the
bias between transcript ratios, selected transcripts were
quantified by real-time PCR during the amplification
process. von Willebrand factor (vWF) was selected for
two reasons: (a), with a length of 8.3 kb, vWF mRNA is
one of the longest human messages; and (b), it is ex-
pressed exclusively in platelets and endothelial cells. We
selected RNA coding for subunit A of coagulation factor
XIII (F13A) as a second platelet typical RNA. This 3.8-kb
spanning RNA represents the group of medium-sized
RNAs and is highly expressed in platelets (2, 3, 5, 6 ).
Recently, expression of fibrinogen �-chain (FGA; 2.2 kb)
has been found in platelets by array analysis. It has been
ranked in position 632 of the most abundant platelet
messages, lying between F13A (rank 199) and vWF (rank
2465) (5 ). On the basis of these data, we decided to use
FGA as an additional candidate RNA representing plate-
let RNAs that are expressed in low to moderate concen-
trations. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was chosen because this 1.3-kb gene is highly
expressed in nearly all cells, including platelets.

Because the concentration of mRNA in platelets is
much lower than in leukocytes, a small number of leuko-
cytes can distort platelet gene expression profiles (22 ). To
address this problem, we included a leukocyte depletion
step in the platelet preparation protocol and monitored its
efficiency by analyzing leukocyte-specific gene products.

Finally, we tested the reproducibility and sensitivity of
our approach and the day-to-day variations by measuring
the amounts of vWF, F13A, and GAPDH RNA over time
in three healthy individuals.

Materials and Methods
isolation and preparation of platelets
For large-scale RNA preparation, platelets were collected
from healthy blood donors by platelet apheresis on an
Amicus Crescendo cell separator (Baxter). Each leukocyte-
reduced apheresate contained �2 � 1011 platelets in
200–300 mL of autologous plasma. Contaminating leuko-
cytes (�1 � 106 per unit of apheresate) were completely
removed by filtration (PXL2; Pall Biomedizin) as judged
by flow cytometric analysis (LeucoCountTM; Becton Dick-

inson). The platelets were washed with Tyrode’s buffer
and collected by centrifugation at 1000g for 15 min, after
which the platelet pellets were frozen in liquid nitrogen
and stored at �80 °C. To obtain RNA from a single donor
blood, we collected 20–80 mL of citrate-anticoagulated
blood from healthy volunteers. Platelets were separated
from erythrocytes by centrifugation at 150g for 20 min at
room temperature. The upper two thirds of the platelet-
rich plasma (PRP) was resuspended in twice a volume of
Tyrode’s buffer, filtered through a Purecell PL leukocyte
removal filter (Pall Biomedizin), and processed as de-
scribed above.

rna extraction
For microarray analysis, total RNA was isolated from six
single donor platelet apheresis concentrates after leuko-
cyte depletion with the use of TRIzol reagent (Invitrogen)
as described previously (3 ). From each platelet concen-
trate with total platelet numbers in the range of 2.4–2.8 �
1011 (mean, 2.7 � 1011) we could obtain 18.5–28.2 �g
(mean, 22.5 �g) of total RNA. When we worked with
whole blood, we directly extracted mRNA from isolated
platelets with oligo(dT)-coupled paramagnetic beads
[Dynabeads Oligo(dT)25; Dynal] according to the proce-
dure described by Jakobsen et al. (23 ). Bead-coupled
platelet mRNA was eluted in 10 �L of RNase-free water.

cDNA generation and amplification
Platelet RNA was transcribed to cDNA and subsequently
amplified by SMART technology (BD Biosciences Clon-
tech) according to the manufacturer’s instructions. Sam-
ples were amplified in a PTC-200 thermal cycler (MJ
Research, Biozym Diagnostika, Hess) by use of the follow-
ing program: 95 °C for 1 min, then 2–18 cycles at 95 °C for
15 s, 58 °C for 30 s, and 68 °C for 6 min. After every two
cycles, 5 �L of the reaction mixture was transferred to a
fresh tube and kept at 4 °C; the remaining mixture was
subjected to additional cycles.

quantitative real-time pcr
One-step quantitative real-time reverse transcription-PCR
(RT-PCR) was used for measuring the concentrations of
RNA transcripts coding for vWF, FGA, F13A, and
GAPDH. Oligonucleotide primers and probes for quanti-
fication of vWF and FGA transcripts were designed by
use of Primer Express software, Ver. 1.5 (Perkin-Elmer).
Primer and probe sequences for amplification of GAPDH
mRNA were taken from the TaqMan Gold RT-PCR Kit
protocol (Perkin-Elmer). Oligonucleotides for quantifica-
tion of vWF, FGA, and GAPDH transcripts were pur-
chased from Eurogentec. Detailed sequence information is
provided in Table 1. For quantification of F13A tran-
scripts, we used a predeveloped primer/probe set from
Applied Biosystems (Assay-on-DemandTM product, con-
taining a 5�-6-carboxyfluorescein-labeled MGB® probe
with a black hole quencher at the 3� end). Corresponding
sequence information was not available. All sequences

4 Nonstandard abbreviations: SMART, switching mechanism at the 5� end
of RNA templates; vWF, von Willebrand factor; F13A, coagulation factor XIII
subunit A; RT-PCR, reverse transcription-PCR; FGA, fibrinogen �-chain;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PRP, platelet-rich plas-
ma; and Ct, threshold cycle.
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were chosen to prevent amplification of genomic DNA by
overlapping or spanning exon/intron boundaries.

Quantitative RT-PCR reactions were performed with
the QuantiTect Probe RT PCR Kit (Qiagen). Reactions
were performed in a final volume of 20 �L containing 1�
master mixture (including PCR buffer, deoxynucleotide
triphosphates, 4 mM MgCl2, and ROX reference dye),
FGA or vWF forward and reverse primers (150 nM each),
GAPDH forward and reverse primers (100 nM each), FGA
or vWF probe (200 nM), GAPDH probe (100 nM), 0.2 �L
of QT Probe RT Mix, and 1 �L of each dilution of
calibrators and samples. For quantification of F13A tran-
scripts, 1 �L of the primer/probe mixture was added to
each reaction. Samples were amplified in a 96-well spec-
trofluorometric thermal cycler (ABI Prism SDS 7700; Ap-
plied Biosystems) using the following program: 50 °C for
30 min, 95 °C for 15 min, 40 cycles at 94 °C for 15 s, and
60 °C for 1 min.

To measure amplified cDNA, we performed real-time
PCR using probes and primers identical to those used for
the quantitative RT-PCR. Multiplex reactions were per-
formed in a final volume of 25 �L containing 1� PCR
buffer [20 mM Tris-HCl (pH 8.5), 50 mM KCl], 4 mM
MgCl2, 200 mM each deoxynucleotide triphosphate, 0.5
�L of ROX reference dye, 1.25 U of PlatinumTaq DNA
polymerase, and 1 �L of each calibrator or sample prep-
aration. Oligonucleotide concentrations were the same as
those described for RT-PCR reactions. PlatinumTaq DNA
polymerase and ROX reference dye were purchased from
Invitrogen. Thermal cycling using the Prism SDS 7700
was performed with the following profile: 95 °C for 5 min
followed by 40 cycles consisting of 20 s of denaturation at
95 °C and 60 s of annealing and extension at 60 °C.

All calibrators and samples were run in duplicate.

rna synthesis and calibrator preparation
RNA calibrator for absolute quantification of vWF and
GAPDH transcripts were prepared by in vitro transcrip-
tion. Starting points were PCR-amplified cDNAs coding
for vWF and GAPDH that were cloned in the SrfI site of

pPCR-Script Amp SK (�) (Stratagene). These constructs
were used to generate DNA templates containing a T7
RNA polymerase promoter sequence at their 5� end with
the following sequences of vWF and GAPDH down-
stream: for vWF, bp 5633–5919 (GenBank accession no.
NM_000552); and for GAPDH, bp 8–525 (GenBank acces-
sion no. M33197). In vitro transcription was performed
with these modified DNA templates using T7 RNA poly-
merase (Invitrogen) according to the manufacturer’s in-
structions. After digestion of DNA templates with DNase
I (Roche), RNAs were purified by use of the RNeasy Mini
Kit (Qiagen). RNA was quantified by photometric mea-
surement (A260 reading of 1 � 44 mg/L). All RNA stock
solutions were stored at �70 °C. Total placental RNA (BD
Biosciences Clontech) was used for relative quantification
of F13A transcripts. One unit was defined as the number
of F13A transcripts present in 10 pg of the placental RNA.

Calibrators for quantification of SMART-generated
vWF and GAPDH cDNA products were prepared from
cDNA plasmids containing the sequences described
above. The plasmids were isolated from transformed
XL10-Gold (Stratagene) cultures and quantified by pho-
tometric measurement (A260 reading of 1 � 50 mg/L). The
DNA concentration is expressed in molecules/mL. All
DNA stock solutions were stored at �70 °C. For relative
quantification of SMART-generated F13A sequences, total
placental RNA was transcribed to cDNA by use of Super-
Script RNase H� reverse transcriptase (Invitrogen).

comparative microarray analysis
To compare gene expression profiles from platelet RNA
with and without amplification, we used total RNA
isolated from single donor platelet apheresis concentrates
in six individual experiments. Unamplified samples were
fluorescently labeled by use of 10 �g of platelet RNA,
Cy3- or Cy5-dCTP (Amersham Biosciences), and the La-
belStar reagents (Qiagen). Amplified samples were gen-
erated each from 0.5 �g of total platelet RNA by use of the
SMART fluorescent probe amplification reagents (BD

Table 1. Oligonucleotide primers and probes used for quantitative PCR.
Target mRNA Oligonucleotide Sequencea Positionb

FGA Forward primer 5�-AAGTACAGCATATCCAGCTTCTGC-3� 473–496
Reverse primer 5�-CCTCGACAAGATCGGATCTTAA-3� 575–554
Probe 5�-TCAATGTCCACCTCCAGTCGTTTCA-3� 551–527

vWF Forward primer 5�-TCTGTGGATTCAGTGGATGCA-3� 5720–5740
Reverse primer 5�-CGTAGCGATCTCCAATTCCAA-3� 5804–5784
Probe 5�-CGCCAGGTCCAACAGAGTGACAGTGT-3� 5752–5777

GAPDH Forward primer 5�-GAAGGTGAAGGTCGGAGTC-3� 81–99
Reverse primer 5�-GAAGATGGTGATGGGATTTC-3� 306–287
Probe 5�-CAAGCTTCCCGTTCTCAGCC-3� 277–258

a FGA and vWF probes were labeled with the fluorescent reporter dye 6-carboxyfluorescein (FAM) at the 5� end and the quencher 6-carboxytetramethylrhodamine
(TAMRA) at the 3� end. To enable multiplex reactions, a different reporter dye (JOE) was labeled at the 5�end of the GAPDH probe, but TAMRA was still used as quencher
at the 3� end.

b Nucleotide positions based on the GenBank accession nos. J00127 (FGA), NM_000552 (vWF), and NM-002046 (GAPDH).
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Biosciences Clontech) according to the manufacturer’s
protocol. The SMART PCR products were further pro-
cessed by random primed labeling with aminoallyl-dUTP.
Aminoallyl-labeled DNA was then labeled with Cy3 or
Cy5 by use of monoreactive dyes (Amersham Bio-
sciences). The differential labeling of the six RNA samples
was performed as follows: RNA samples 1, 2, and 3 were
labeled with Cy3 without amplification and labeled with
Cy5 after SMART amplification; RNA samples 4, 5, and 6
were labeled with Cy5 without amplification and with
Cy3 after SMART amplification.

Before the hybridization on microarray glass slides
representing 9850 human genes (MWG-Biotech AG), the
Cy3- and Cy5-labeled samples were combined as follows:
slide 1, unamplified sample 1 (Cy3) � unamplified sam-
ple 4 (Cy5); slide 2, unamplified sample 2 (Cy3) �
unamplified sample 5 (Cy5); slide 3, unamplified sample
3 (Cy3) � unamplified sample 6 (Cy5); slide 4, amplified
sample 1 (Cy5) � amplified sample 4 (Cy3); slide 5,
amplified sample 2 (Cy5) � amplified sample 5 (Cy3);
slide 6, amplified sample 3 (Cy5) � amplified sample 6
(Cy3). Arrays were hybridized and washed according to
the manufacturer’s protocol and scanned by a laser scan-
ner (GMS 417� MWG-Biotech). Computer-assisted data
evaluation was performed with use of the ArrayVision
software (Imaging Research, Inc.) as described previously
(3 ). In brief, negative hybridization signals revealed in-
tensity values �3000, the gray area range was 3000–5000,
and positive hybridization signals showed intensity val-
ues �5000. Mean values were calculated from the six
unamplified and the six amplified samples for each gene
spot on the microarray. The mean values from the unam-
plified and the amplified samples were compared in a
scatter plot.

Results
platelet preparation and precision of rna
isolation
Platelets were prepared from 40 mL of citrate-anticoagu-
lated blood from 16 healthy volunteers. Platelet count
ranged from 105 000 to 259 000/�L. Leukocyte counts
ranged from 3600 to 6100/�L. After preparation of PRP
and leukofiltration, no leukocytes were detectable by flow
cytometric analysis. Mean (SD) platelet loss attributable to
preparation of PRP and leukofiltration was 72 (3)%.

To determine the precision of mRNA isolation with
oligo(dT)-coupled magnetic beads, we aliquoted platelets
obtained from one donor by platelet apheresis after filtra-
tion (1 � 1010 platelets each), and mRNA was extracted in
triplicate on 3 different days. vWF and GAPDH mRNA
was analyzed by quantitative RT-PCR. The mean (SD) the
threshold cycle (Ct) values were 30.1 (0.65) and 19.1 (0.27)
for vWF and GAPDH mRNA, respectively; the CVs
indicate the low intraassay variation. For the run-to
run-variation, the mean (SD) Ct values were 30.21 (0.65)
and 19.52 (0.45) for vWF-and GAPDH mRNA, respec-
tively.

efficiency of amplification
One of the most critical steps in PCR-based RNA ampli-
fication is the maintenance of the original message profile.
To obtain optimum results, PCR should be in the expo-
nential phase of the reaction, and irrespective of length
and abundance, all mRNAs should be amplified with
equal efficiency. To establish optimum PCR conditions,
purified total platelet RNA at concentrations of 50 ng, 100
ng, and 1 �g was subjected to SMART-PCR amplification.
During the process of PCR amplification, aliquots were
repeatedly taken from each sample, and the concentra-
tions of vWF, F13A, and GAPDH cDNA were measured.
Copy numbers exponentially increased from cycles 10 to
18 for all RNA species tested when 50 or 100 ng of initial
RNA was used (Fig. 1). At a starting RNA concentration
of 1 �g, the reactions became nonexponential after 16
amplification cycles for F13A and GAPDH, whereas vWF
amplification remained in the exponential phase. Interest-
ingly, we failed to detect message for FGA in our samples.
We confirmed this result by testing 10 additional unam-
plified and SMART-amplified platelet RNA samples from
10 healthy individuals who tested positive for vWF tran-
scripts.

The amplification efficiencies were calculated for each
initial RNA concentration according to the formula: E � es

� 1, where E is the efficiency of the PCR and s is the slope
of the corresponding interpolation curve (Fig. 1). Efficien-
cies for vWF RNA amplification were 0.81, 0.84, and 0.80
when we used 50 ng, 100 ng, and 1 �g of total RNA,
respectively, as the initial starting concentration. In con-
trast to the nearly identical amplification efficiencies ob-
served for vWF, the amplification efficiencies of F13A
(0.66, 0.65, and 0.36) and GAPDH (0.72, 0.76, and 0.65)
transcripts decreased with increasing concentrations of
starting RNA (50 ng, 100 ng, and 1 �g). Overall, the
amplification efficiency was higher for vWF amplification
than for GAPDH or F13A amplification.

precision of amplification results
The assay-to-assay variation, which defines the precision
of the amplification process, was calculated by analysis of
cDNAs generated from identical RNA samples (0.5 �g)
using 14, 18, and 22 amplification cycles three times on 3
different days. The mean Ct values of the multiplex
vWF/GAPDH PCR decreased with increasing SMART
amplification cycles. The corresponding SD increased
with increasing SMART amplification cycles, but they did
not exceed 0.73 for both transcripts tested. Considering
that these values include the intraassay variability of the
PCR, they are remarkably low. We determined the in-
traassay variability of the multiplex PCR by processing
each cDNA calibration dilution six times in one experi-
ment. The maximum SD values calculated on the basis of
Ct values were 0.19 and 0.23 for vWF and GAPDH,
respectively.
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gene expression profiles of unamplified and
smart-amplified platelet rna
The platelet gene expression profile was determined in six
microarray hybridization experiments with either unam-
plified or SMART-amplified platelet RNA obtained from
six single donor platelet concentrates. Mean hybridization
signals were calculated for each gene and compared
between the unamplified samples (directly labeled with
Cy3 or Cy5 by reverse transcription) and the amplified
samples (SMART-amplified and labeled with Cy3 or
Cy5). The scatter plot of mean signal intensity values of
the unamplified vs the amplified samples revealed a
strong linear relationship (R2 � 0.915; Fig. 2). Positive
hybridization signals were detected for 1576 genes (16%)
in all samples. The most prominent genes corresponded
to those described previously (3 ), such as platelet factor 4,
RANTES, glycoprotein Ib�, and others. For 8239 genes
(83.6%), we found signal intensities in the gray area or
negative range in all samples analyzed. The CVs were in
the range of 0.001–1.6 [mean (SD), 0.34 (0.17)] for the
unamplified samples and 0.001–1.4 [0.31 (0.16)] for the
amplified samples. The hypothetical protein KIA0433
revealed that the highest CV values were 1.6 in the
unamplified and 1.4 in the amplified samples. This was
attributable to the highly positive signal intensity values
in unamplified and amplified RNA sample 5, whereas the
signals were negative or in the gray area range in all other
RNA samples. Similar results could be seen for the
ribosomal protein L29 (CVunamplified � 1.22; CVamplified �
1.39), the ubiquitin-specific protease 1 (1.26 and 1.12,
respectively), the acid fibroblast growth factor-like pro-
tein GLIO703 (1.22 and 1.20, respectively), and others. In
summary, 10 genes had CV values �1 in both sample
types. Furthermore, 28 genes had CV values �1 in at least
one of the two sample types (25 genes only in the
unamplified samples; 3 genes only in the amplified sam-

Fig. 1. Gene-specific monitoring of SMART amplification by quantitative
real-time PCR.
Total platelet RNA at concentrations of 0.05 �g (Œ), 0.1 �g (f), and 1 �g (�)
was amplified by the SMART method. At the indicated amplification cycle
numbers (x axis), vWF (A), F13A (B), and GAPDH cDNA (C) concentrations were
measured by quantitative real-time PCR. Results are shown as mean (SD; error
bars) of three independent experiments.

Fig. 2. Scatter plot of mean signal intensity values from comparative
microarray analysis.
Glass slide microarrays representing 9850 human genes were used to charac-
terize the mRNA profile in human platelets. Mean values of hybridization 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 hybridization results from unamplified and
amplified samples (R2 � 0.915) calculated by the equation: y � 0.8226x �
203.5.
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ples). In all cases, the high CV values resulted from one or
two positive signals among the six analyzed RNA samples,
indicating an interindividual difference in gene expression.

Only 35 of the 9850 genes (0.4%) revealed discrepant
results when we compared signal intensities for the
unamplified and the SMART-amplified samples. A full
list of these genes is available as a table in the Data
Supplement that accompanies the online version of this
article at http://www.clinchem.org/content/vol50/issue12/.
Among these genes we identified 27 with negative signals
in the unamplified samples and unambiguously positive
signals in the amplified samples, such as the matrix
metalloproteinase 14, troponin C2, and others. This may
reflect the higher sensitivity of the SMART amplification
and may not be regarded as a “true” discrepant result.
Positive signals in the unamplified samples but negative
signals in the SMART-amplified samples were found for
eight genes, such as serine racemase, actin-binding LIM
protein 1, and others. Microarray analysis without ampli-
fication revealed positive hybridization signals for these
genes in all RNA samples, but the signals were negative
when we used the amplification technique. These should
be regarded as true discrepant results because the SMART
technique in combination with microarray hybridization
analysis failed to detect the gene transcripts.

minimum sample size
The minimum sample size was defined as the volume of
whole blood needed as starting material to produce more
than 5 �g of platelet cDNA with detectable vWF tran-
scripts by SMART PCR amplification using a maximum of
18 cycles. The minimum platelet number needed for RNA
extraction and cDNA generation was first determined by
testing different numbers of platelets obtained by platelet
apheresis. When we started with 2 � 106 platelets,
GAPDH or vWF transcripts were not detectable by quan-
titative PCR even after 22 amplification cycles. When we
increased the platelet number to 2 � 107, we obtained
measurable GAPDH transcripts but vWF remained unde-
tectable. At starting concentrations of 2 � 108 platelets or
more, both marker transcripts became detectable in a
platelet concentration-dependent manner. Because 2 �
108 platelets are equivalent to 2–4 mL of whole blood, we
started the evaluation of the minimum volume of whole
blood with a minimum of 5 mL. However, because of
losses of thrombocytes during sample preparation and
leukofiltration, 40 mL of whole blood was required to
achieve reliable and reproducible results with a mean
yield of 25–30 �g of cDNA. Typical results obtained with
blood samples from healthy volunteers (platelet counts,
143 000–398 000/�L) are listed in Table 2.

inter- and intraindividual variability of vWF,
F13A, and gapdh transcripts in platelets
Blood samples (40 mL of whole blood) from three healthy
volunteers were obtained weekly over a period of 3
weeks. Platelet counts in citrate-anticoagulated blood

ranged from 138 000 to 146 000/�L, 159 000 to 169 000/
�L, and 217 000 to 265 000/�L in individuals 1, 2, and 3,
respectively. After mRNA isolation, vWF, GAPDH, and
F13A were quantified by RT-PCR. The results (Fig. 3)
demonstrated interindividual variations for all three tran-
scripts with the lowest concentrations seen in individual
1. These differences remained stable over time, indicating
a low intraindividual variability.

Discussion
Our aim was to establish a protocol that makes analysis of
the platelet transcriptome applicable to single patients
with suspected platelet disorders.

Contaminating leukocytes are a potential problem in
platelet RNA analysis because the content of mRNA in
leukocytes is �10 000-fold higher than in platelets (22 ). To
overcome this problem, several techniques, including
laser-assisted microdissection and manipulation, serial
filtration, and antibody-mediated depletion of leukocytes

Fig. 3. Intra- and interindividual variability of platelet vWF, F13A, and
GAPDH gene expression.
Whole blood (40 mL) was drawn weekly over a period of 3 weeks from three
healthy volunteers (circles, individual 1; triangles, individual 2; squares, individ-
ual 3). After preparation of mRNA, vWF (closed symbols), GAPDH (open symbols),
and F13A transcripts (open symbols with shadows) were quantified by RT-PCR.
Results are shown as copy numbers (vWF and GAPDH) or units (F13A).

Table 2. RNA amplification results for three representative
blood samples.

Sample

1 2 3

Platelets/40 mL of whole
blood

6.12 � 109 11.76 � 109 8.16 � 109

Platelets after sample
preparation

3.76 � 109 6.48 � 109 4.28 � 109

Amplified cDNA, �g 34 29 26
vWF transcripts/�g of

cDNA
9 � 106 237 � 106 80 � 106

GAPDH transcripts/�g
of cDNA

3000 � 106 3972 � 106 2738 � 106
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by magnetic beads, have been used (2, 3, 22 ). Filtration is
the only technique that is used on a routine basis (24, 25 ),
and filters adapted for the processing of small volumes of
PRP are commercially available. Taking these advantages
into account, we studied the efficiency of leukocyte filtra-
tion by flow cytometry analysis and determination of
CD45 and CD14 transcripts. After one filtration, leuko-
cytes were not detectable by flow cytometry analysis, and
negative array results were obtained for CD45 and CD14
transcripts. These results support previously published
data obtained on large volume preparations of platelets
(3, 26 ). When we used a more sensitive quantitative
RT-PCR approach, however, low concentrations of CD45
transcripts were detectable, indicating that the filtered
PRP was not completely devoid of leukocytes. Analyzing
the efficiency of leukocyte filtration, we found that one
filtration step reduced the amount of CD45 transcripts by
three orders of magnitude, corresponding to a reduction
in the leukocyte/platelet ratio from 1:2000 to 1:2 000 000.
Adding more filtration steps did not significantly reduce
the concentration of CD45 mRNA but led to additional
platelet loss. On the basis of these results, we included one
filtration step in our experimental protocol.

The quality of the mRNA preparation is of critical
importance when working with a tissue source that
contains only minute amounts of mRNA. We used oli-
go(dT)-coupled magnetic beads, which directly bind
platelet mRNA representing 1–3% of total RNA. To con-
trol our mRNA isolation procedure, we isolated mRNA at
various time points from one subsampled platelet prepa-
ration. Subsequently, the numbers of vWF and GAPDH
transcripts were measured. The SD for the Ct values never
exceeded 0.73, demonstrating the high reproducibility
and precision of this procedure.

The use of an amplification procedure before gene
expression analysis requires maintenance of the original
message profile. In our microarray investigation, we com-
pared mRNA profiles from 10 �g of unamplified and 0.5
�g of SMART-amplified platelet RNA and found that
91.5% of the gene expression information was maintained.
A total of 508 genes revealed negative signals in the
unamplified samples but were positive (27 genes) or in
the gray area range (481 genes) in the SMART-amplified
samples. These results may be regarded as indicative of
the higher sensitivity of the SMART technique, but not as
true discrepancies. However, we observed a false-nega-
tive microarray result in the SMART-amplified samples
for eight transcripts. Obviously, amplification of these
transcripts failed for unknown reasons. Their lengths
varied between 1.0 and 6.8 kb; therefore, length can
probably be ruled out as a main reason for the amplifica-
tion failure. One can speculate that failure of template
switching at the 5�end might occur because of secondary
structures in these transcripts. Such failures must be
considered for future studies on individual mRNA pro-
filing of platelet RNA.

SMART amplification revealed consistent results when

we compared microarray data from six individual exper-
iments. The CV for the majority of genes (8913 of 9850;
90.5%) was �0.5, and only 13 genes had CV values �1.
Mean CV values did not differ between amplified and
unamplified samples. This confirmed the maintenance of
gene expression profiles after SMART amplification. The
observed differences may not result from the amplifica-
tion technique but may represent individually different
gene expression patterns.

Comparability of array results depends on the array
format used (27 ). The array results presented here are
consistent with our previously published data obtained
with an identical platform (MWG Biotech) (3 ). When we
compared our results with the data published by
Gnatenko et al. (2 ) and McRedmond et al. (6 ),we had to
consider that these results were generated with a different
microarray platform (Affymetrix). Among the 50 most
abundant platelet transcripts identified by Gnatenko et al.
(2 ) and McRedmond et al. (6 ), 25 are arrayed on both
platforms. For 22 of these genes, we confirmed strongly
positive hybridization signals. Only three genes gave
discrepant results: one gave signal intensities in the gray
area (cofilin 1, nonmuscle) and two in the negative range
(progesterone receptor component and nonmuscle myo-
sin light chain).

Quantification of vWF, F13A, and GAPDH as marker
transcripts to determine how accurately PCR-generated
cDNA reflects the original platelet mRNA population
revealed exponential amplification between cycles 10 and
18 for all transcripts when 50 or 100 ng of total platelet
RNA was used as starting material. However, amplifica-
tion efficiency was slightly higher for vWF than for F13A
and GAPDH. Most likely, this is attributable to the more
than 200-fold lower concentration of vWF transcripts
compared with GAPDH transcripts in the starting mRNA,
which led to the C0t effect (28, 29 ). The bias toward more
efficient amplification of low-abundance transcripts dur-
ing SMART amplification has already been described in
other tissues (15, 18 ). However, when we compared plate-
let RNA with SMART-amplified RNA by microarray
analysis, the correlation was excellent. Presumably, the
semiquantitative microarray method is not sensitive
enough to detect such differences, which can be seen with
quantitative real-time PCR (29 ).

Using quantitative PCR, we were not able to detect
FGA transcripts in any of the amplified or unamplified
samples tested. This is in contrast to recently published
array data (5 ), but agrees well with data obtained by in
situ hybridization and PCR testing (30 ). Both sensitive
techniques failed to demonstrate FGA mRNA in platelets
or megakaryocytes. The reason for this discrepancy re-
mains unknown, but it emphasizes that array results need
to be validated by independent methods such as RT-PCR.

The platelet count is regulated in a narrow range with
minimal day-to-day individual variation (31 ). At present,
however, no data are available on intra- and interindi-
vidual variability in platelet gene expression. In prelimi-
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nary experiments, we measured changes in vWF, F13A,
and GAPDH mRNA concentrations over time in three
healthy individuals. The interindividual differences in the
expression of all three transcripts remained stable over 3
weeks, indicating that there is only minor intraindividual
variation.

In conclusion, the assessed protocol allows production of
micrograms of platelet-specific cDNA from blood vol-
umes as low as 40 mL. SMART amplification does not
cause distortion of the gene expression profile as esti-
mated by microarray analysis. Preliminary results on
samples from three healthy volunteers indicated interin-
dividual differences of platelet gene expression profiles
that seemed to be consistent over time. Therefore, this
protocol makes platelet RNA isolated from single patients
available for gene expression studies that may detect
target genes involved in the development of inherited
megakaryocytic/platelet disorders.
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RNA profiling of human platelets by microarray hybridisation.
Thromb Haemost 2003;90:738–48.

4. O’Neill EE, Brock CJ, von Kriegsheim AF, Pearce AC, Dwek RA,
Watson SP, et al. Towards complete analysis of the platelet
proteome. Proteomics 2002;2:288–305.

5. Coppinger JA, Cagney G, Toomey S, Kislinger T, Belton O, McRed-
mond JP, et al. Characterization of the proteins released from
activated platelets leads to localization of novel platelet proteins
in human atherosclerotic lesions. Blood 2004;103:2096–104.

6. McRedmond JP, Park SD, Reilly DF, Coppinger JA, Maguire PB,
Shields DC, et al. Integration of proteomics and genomics in
platelets. Mol Cell Proteomics 2004;3:133–44.

7. Wicki AN, Walz A, Gerber-Huber SN, Wenger RH, Vornhagen R,
Clemetson KJ. Isolation and characterization of human blood
platelet mRNA and construction of a cDNA library in lambda gt11.
Confirmation of the platelet derivation by identification of GPIb
coding mRNA and cloning of a GPIb conding cDNA insert. Thromb
Haemost 1989;61:448–53.

8. Simon TL, Sierra ER, Ferdinando B, Moore R. Collection of
platelets with a new cell separator and their storage in a citrate-
plasticized container. Transfusion 1991;31:335–915.

9. Domec C, Garbay B, Fournier M, Bonnet J. cDNA library construc-
tion from small amounts of unfractionated RNA: association of
cDNA synthesis with polymerase chain reaction amplification. Anal
Biochem 1990;188:422–6.

10. Dixon AK, Richardson PJ, Pinnock RD, Lee K. Gene-expression
analysis at the single-cell level. Trends Pharmacol Sci 2000;21:
65–70.

11. Wang J, Hu L, Hamilton SR, Coombes KR, Zhang W. RNA
amplification strategies for cDNA microarray experiment. Biotech-
niques 2003;34:394–400.

12. Matz M, Shagin D, Bogdanova E, Britanova O, Lukyanov S,
Diatchenko L, et al. Amplification of cDNA ends based on tem-
plate switching effect and step-out PCR. Nucleic Acids Res
1999;27:1558–60.

13. Schwabe H, Stein U, Walther W. High-copy cDNA amplification of
minimal total RNA quantities for gene expression analysis. Mol
Biotechnol 2000;14:165–72.

14. Zhu YY, Machleder EM, Chenchik A, Li R, Siebert PD. Reverse
transcription template switching: a SMART approach for full-length
cDNA library construction. Biotechniques 2001;30:892–7.

15. Feldman AL, Costouros NG, Wang E, Qian M, Marincola FM,
Alexander HR, et al. Advantages of mRNA amplification for mi-
croarray analysis. Biotechniques 2002;33:906–12, 914.

16. Phillips J, Eberwine JH. Antisense RNA amplification: a linear
amplification method for analysing the mRNA population from
single living cells. Methods 1996;10:283–8.

17. Baugh LR, Hill AA, Brown EL, Hunter CP. Quantitative analysis of
mRNA amplification by in vitro transcription. Nucleic Acids Res
2001;29:E29.

18. Hu L, Wang J, Baggerly K, Wang H, Fuller GN, Hamilton SR, et al.
Obtaining reliable information from minute amounts of RNA using
cDNA microarrays. BMC Genomics 2002;3:16.

19. Scherer A, Krause A, Walker JR, Sutton SE, Serón D, Raulf F, et al.
Optimized protocol for linear RNA amplification and application to
gene expression profiling of human renal biopsies. Biotechniques
2003;34:546–55.

20. Nygaard V, Løland A, Holden M, Langaas M, Rue H, Liu F, et al.
Effects of mRNA amplification on gene expression ratios in cDNA
experiments estimated by analysis of variance. BMC Genomics
2003;4:11.

21. Attia MA, Welsh JP, Laing K, Butcher PD, Gibson FM, Rutherford
TR. Fidelity and reproducibility of antisense RNA amplification for
the study of gene expression in human CD34� haemopoietic
stem and progenitor cells. Br J Haematol 2003;122:489–505.

22. Fink L, Hölschermann H, Kwapiszewska G, Muyal JP, Legemann B,
Bohle RM, et al. Characterization of platelet-specific mRNA by
real-time PCR after laser-assisted microdissection. Thromb Hae-
most 2003;90:749–56.

23. Jakobsen KS, Haugen M, Sæbøe-Larssen S, Hollung K, Espelung
M, Hornes E. Direct mRNA isolation using magnetic oligo(dT)beads:
a protocol for all types of cell cultures, animal and plant tissues.
In: Uhlén M, Hornes E, Olsvik Ø, eds. Advances in biomagnetic
separations. Westborough: Eaton Publishing, 1994:61–71.

24. Guide to the preparation, use and quality assurance of blood
components, 9th ed. Strasbourg: Council of Europe publishing,
2003:123–34.

25. Dzik WH. Leukoreduced blood components: laboratory and clinical
aspects. In: Rossi EC, Simon TL, Moss GS, Gould SA, eds.
Principles of transfusion medicine. Baltimore: Williams & Wilkins,
1996:353–72.

26. Elias MK, Smit JW, Weggemans M, Rijskamp L, Carper H, Mc-
Shine RL, et al. In vitro evaluation of a high-efficiency leukocyte
adherence filter. Ann Hematol 1991;63:302–6.

27. Järvinen AK, Hautaniemi S, Edgren H, Auvinen P, Saarela J,
Kallioniemi OP, et al. Are data from different gene expression
microarray platforms comparable? Genomics 2004;83:1164–8.

28. McClelland M, Honeycutt R, Mathieu-Daude F, Vogt T, Welsh J.
Fingerprinting by arbitrarily primed PCR. Methods Mol Biol 1997;
85:13–24.

29. Mathieu-Daude F, Welsh J, Vogt T, McClelland M. DNA rehybrid-
ization during PCR: the C0t effect and its consequence. Nucleic
Acids Res 1996;24:2080–6.

30. Louache F, Debili N, Cramer E, Breton-Gorius J, Vainchenker W.
Fibrinogen is not synthesized by human megakaryocytes. Blood
1991;77:311–6.

31. Tomer A, Harker LA. Megakaryocytopoiesis and platelet kinetics.
In: Rossi EC, Simon TL, Moss GS, Gould SA, eds. Principles of
transfusion medicine. Baltimore: Williams & Wilkins, 1996:207–
20.

8 Rox et al.: Platelet RNA Amplification


