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Aims: Whole blood is likely to become the prime tissue to detect biomarkers using gene 
expression analyses. In this study, we assessed whether whole-blood or globin-reduced RNA 
provides the most robust and sensitive results to detect small gene expression changes, for 
example, in response to hormone therapy (HT) exposure. Material & methods: Each sample 
(n = 12) was processed according to three different protocols: no globin reduction, globin 
reduction using peptide nucleic acids (PNAs) and globin reduction using magnetic beads in 
the GlobinClear™ kit from Ambion. Results: Both globin reduction approaches using 
Ambion kit and PNAs were efficient at reducing globin RNA. However, globin reduction using 
Ambion kit also lowered the remaining cRNA. Samples processed with PNAs gave an 
intermediary profile closest to the no globin reduction group, with a slight increase in 
sensitivity of transcript detection and decrease in variability, but a loss of reproducibility. 
Conclusions: Globin RNA processing method in blood transcriptome analyses should be 
optimized for each microarray platform to be used. In our study, globin reduction was not 
found to be beneficial using the Applied Biosystems microarray system (AB1700). 
As a major defense and transport system, blood
cells may adjust gene expression activity in
response to various clinical, biochemical and path-
ological conditions. Of note, blood sampling is
minimally invasive, easily obtained and at low
cost. Previous studies have found that use of
peripheral blood cells for transcriptome analysis
was valuable to assess disease-associated [1–4] and
drug response-related [5] gene signatures. Further-
more, blood-derived gene expression profiles were
associated to particular exposures, such as smok-
ing [6], metal fumes [7], benzene [8] or ionizing
radiation [9]. In our exploratory research, we have
previously studied gene expression profiles from
whole blood related to hormone therapy (HT)
use in postmenopausal women [10]. Comparing
treated with untreated women, very few genes
had change in expression greater than 1.5-fold,
which urges us to optimize detection sensitivity of
low-level gene expression changes in whole blood.

Analysis of whole blood rather than purified
peripheral blood mononuclear cells as surrogate
specimens minimizes variations due to sample
handling and processing. The use of the PAX-
gene™ blood RNA system (PreAnalytiX GmbH,
Hembrechtikon, Switzerland) or similar systems as
stabilization reagents offer advantages over nonsta-
bilized samples by direct preservation of RNA.
Several reports have shown that total RNA isolated
from stabilized whole blood offers high quality
RNA suitable for gene expression analyses [11,12].
However, a sensitivity issue is introduced using

whole blood due to excess globin mRNA, origi-
nating mainly from lysed immature reticulocytes
[13]. To address this problem, various protocols
have been introduced to reduce globin RNA levels
in whole blood cell RNA. While a nuclease-
dependent globin reduction protocol was reported
to increase the number of present calls, evaluation
of this procedure indicated a lack of requisite spe-
cificity of RNase H for the RNA:DNA hemo-
globin hybrids [14]. Recently, non-nuclease-
dependent globin reduction protocols employing
either peptide nucleic acid (PNA) oligomers that
block hemoglobin-specific reverse transcription or
magnetic beads that hybridize specifically into
globin RNA have also been introduced [15] and
should be further evaluated. 

In this study, we assessed whether whole-blood
RNA or globin-reduced RNA provides the most
robust and sensitive results to detect small gene
expression changes in response to an exposure
such as HT. We further evaluated different globin
RNA reduction methods and their application to
the Applied Biosystems Human Genome Survey
oligo-microarray platform, AB1700 (Foster City,
FL, USA).

Methods
Subjects
The study population was drawn from women
who are participants of the large prospective
NOWAC postgenome study [16,101]. Among
500 women who were mailed equipment for
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blood collection, 445 returned both PAXgene
and citrate tubes. Total RNA was isolated from
2.5 ml of whole blood drawn in PAXgene tubes
with the PAXGene Blood RNA System. 

To assess the effect of globin reduction proto-
cols on gene expression from whole blood, we
selected 12 postmenopausal women (six HT
users and six non-HT users) who were only using
HT at the time of blood sampling and in order to
cover a wide body mass index range in both HT
and non-HT users. The samples were also
selected to contain the highest concentration of
total extracted RNA.

RNA extraction & cRNA synthesis with & 
without globin reduction protocols
Total RNA was isolated from 2.5 ml of whole
blood with the PAXgene Blood RNA System.

Main protocol without globin reduction
The concentration of all total RNA was meas-
ured by the NanoDrop™ Spectrophotometer
and the integrity was assessed by the Agilent
2100 Bioanalyzer™. Without globin reduction,
0.9–1 µg of total RNA was incubated with
T7-Oligo (dT) Promoter Primer for 5 min at
70°C and then cooled to 4°C. This step is fol-
lowed by second-strand synthesis and cDNA
purification. Next, an IVT-based amplification
converts cDNA into digoxigenin (DIG)-labeled
cRNA according to instructions of the
NanoAmp™ RT-IVT Labeling Kit from Applied
Biosystems. DIG-labeled cRNA was then sub-
sequently hybridized to Applied Biosystems
Genome Survey Microarrays. 

Globin reduction protocol using peptide 
nucleic acids during amplification & labeling 
of RNA
Similar to the latest Affymetrix–Preanalytix pro-
tocol (i.e., GeneChip® Globin-Reduction Kit
Handbook), we used PNA oligomers in the
Applied Biosystems amplification/labeling proto-
col to block reverse transcription (RT) of the
globin transcripts. To reduce globin mRNA,
0.9–1 µg total RNA and dT Promoter Primer
mix was incubated with the globin-specific PNAs
for 10 min instead of 5 min at 70°C and then
cooled to 4°C. Sequences of the four PNA oligos
and preparation of the PNA mix were given in
the GeneChip Globin-Reduction Kit Handbook
by Affymetrix–Preanalytix. During the sub-
sequent first-strand cDNA synthesis reaction, the
PNAs bind to the globin mRNA, blocking
reverse transcription of the corresponding

transcripts. This step is followed by second-strand
synthesis and cDNA purification. An IVT-based
amplification then converts cDNA into DIG-
labeled cRNA according to instructions of the
NanoAmp RT-IVT Labeling Kit. 

Globin reduction protocol using 
GlobinClear™ kit from Ambion & 
amplification/labeling of RNA
α- and β-hemoglobin transcripts are depleted
from the blood total RNA samples using the
magnetic bead-based GlobinClear Human kit
(Ambion, Inc., Texas, USA) according to the
manufacturer’s instruction. The Ambion proto-
col is inserted after total RNA extraction and
before cDNA synthesis. To remove globin
mRNA, 1.4–2.6 µg of total RNA (in 14 µl)
from human whole blood is mixed with a bioti-
nylated Capture Oligo Mix in hybridization
buffer. Streptavidin Magnetic Beads are then
added to bind the biotinylated oligonucleotides,
thereby capturing the globin mRNA on the
magnetic beads. The Streptavidin Magnetic
Beads are then pulled to the side of the tube
with a magnet and the RNA, depleted of the
globin mRNA, is transferred to a fresh tube.
The RNA is further purified adding an RNA
Binding Bead suspension to the samples, and
using magnetic capture to wash and elute the
GLOBINclear-processed RNA. Total RNA
integrity after globin reduction with Ambion kit
is assessed using Bio-Rad Experion™ Auto-
mated Electrophoresis Station. Next,
0.5–0.8 µg RNA is amplified and labeled fol-
lowing the NanoAmp RT-IVT Labeling proto-
col converting RNA into DIG-labeled cRNA
for hybridization to Applied Biosystems
Genome Survey Microarrays. 

Microarray procedure & image analysis
The concentration of all amplified cRNA was
measured using a NanoDrop Spectrophotometer
and the integrity was assessed using a Agilent
2100 Bioanalyzer or Bio-Rad Experion Auto-
mated Electrophoresis Station.

Array hybridization, chemiluminescence
detection, image acquisition and analysis were
performed using Applied Biosystems Chemilu-
minescence Detection Kit and Applied Biosys-
tems 1700 Chemiluminescent Microarray
Analyzer following the manufacturer’s protocol. 

A total of 10 µg of labeled cRNA targets from
each sample were first fragmented, mixed with
internal control target (24-mer oligo labeled
with LIZ® fluorescent dye) and hybridized to a
Biomarkers Med. (2008)  2(1) future science groupfuture science group
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prehybridized microarray at 55°C for 16 h.
After washing to remove unhybridized
DIG-labeled molecules, an alkaline phos-
phatase–antibody conjugate is added to bind to
the DIG-labeled target. The addition of sub-
strate and a chemiluminescence enhancer initi-
ates the chemiluminescent reaction. Eight
images are collected for each microarray using
the 1700 analyzer, including two ‘short’ chemi-
luminescent images (5 s exposure length each)
and two ‘long’ chemiluminescent images (25 s
exposure length each) for gene expression anal-
ysis, two fluorescent images for feature finding
and spot normalization and two QC images for
spectrum cross-talk correction. Applied Bio-
systems Expression System software was used
to extract signal intensities, signal to noise
ratios (S/N) and flagging values from the
microarray images. The Applied Biosystems
Human Genome Survey Microarray V2.0 con-
tains 277 control probes and 32,878 probes for
the interrogation of 29,098 genes.

Data analysis was performed using R [102], an
open-source-interpreted computer language for
statistical computation and graphics, and tools
from the Bioconductor project [103], adapted to
our needs.

Using Applera package in R, we set the filter-
ing criteria so that each gene had a flagging
value less than two and a S/N greater than three

in at least 50% of the samples. After spot filtra-
tion we proceed with quantile normalization.
Because the technical replicate pairs are posi-
tively correlated, technical replicates were only
included in the unsupervised analysis (i.e., prin-
cipal component analysis [PCA] and hierarchi-
cal clustering) and excluded in analyses to
identify gene differentially expressed between
the three protocols or after HT use. To study
HT use effect on gene expression profile, the
reduction approach of each globin was analyzed
as an independent group (one stratum). Spot
filtration and normalization following the same
criteria were in this case conducted for each
stratum separately.

We conducted a Limma analysis that uses a
variant of linear models with an empirically mod-
erated estimate of the standard error [17]. We also
used global analysis of covariance (Ancova) [18],
which is carried out by comparison of linear
models via the extra sum of squares principle.
P-values are estimated by permutation of sample
numbers and recalculations of the F-value.

Finally, we conducted a gene set enrichment
analysis [19], which is a computational method
that determines whether an a priori defined set
of genes shows statistically significant, concord-
ant differences between two biological states
(e.g., HT vs non-HT users). We used curated
gene sets extracted from the Molecular Signature

Figure 1. Study design.

 

HT: Hormone therapy; PNA: Peptide nucleic acid.

Gene expression profile from HT users compared with non-HT 
users stratified for RNA procesing group

Total: n = 7 + 7 - 3 arrays excluded in PNA group = 11

Seven technical replicates in no globin reduction and PNA group, respectively

12 biological replicates each processed according to the three protocols: 

PNA No globin
reduction

Ambion

Total: n = 12 x 3 = 36 arrays

Step 1:
Globin reduction 

specificity

Step 2:
Globin reduction 

reproducibility

Step 3:
Sensitivity to 

detect small gene 
expression changes

No Yes
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Table 1. RNA concen

Parameter

Total RNA concentration

Total RNA 260/280 ratio

Total RNA 260/230 ratio

Total RNA starting yield 

cRNA yield (μg)

Adjusted cRNA yield (μg

cRNA 260/280 ratio

cRNA 260/230 ratio

*Adjusted for 1 µg total RN
PNA: Peptide nucleic acid; 
Database [19], and previously identified as upreg-
ulated after HT use with a p-value of less than
0.02 [10].

Results
Study design
In our study, we processed 12 blood samples
(PAXgene tubes from six HT and six non-HT
users) according to three different protocols: no
globin reduction, globin reduction using PNAs
and globin reduction using magnetic beads in
the GlobinClear kit (Figure 1). Whenever possi-
ble, the same sample that was processed accord-
ing to the three protocols was amplified and
hybridized in the same round. The reproducibil-
ity of the globin reduction methods compared
with no globin reduction approach was investi-
gated for the PNA method only since this globin
reduction method was the most effective and
specific (see results below). Seven technical repli-
cates in each group (i.e., no globin reduction and
PNA groups) were performed in two amplifica-
tion rounds (Total: [4 + 3] × 2 = 14; Figure 1).
During one amplification round, all three sam-
ples with PNAs failed to reverse transcribe long
fragments of mRNA due to inhibitory contami-
nation and these arrays were therefore excluded
from further analyses. Finally, each RNA
processing method was analyzed as an independ-
ent group studying blood-derived gene expres-
sion changes associated with HT use (Figure 1).
Results were then compared in order to deter-
mine which protocol offers the highest sensitiv-
ity to detect small gene expression changes.

A total of 47 arrays were conducted, including
seven and four technical replicates in no globin
reduction and PNA group, respectively. Microar-
ray data with accession number GSE7008 are
online at the GEO database [104].

Purity & yield of RNA
After globin reduction using the Ambion kit,
55–100% of total RNA is retrieved. Total RNA
purity after Ambion globin reduction is slightly
lowered according to the 260/230 ratio (Table 1).
Before amplification, total RNA integrity after
globin reduction via the Ambion kit was assessed
using a Bio-Rad Experion Automated Electro-
phoresis Station. A slight decrease in 28S peak
may suggest a minor RNA degradation after
globin reduction using the Ambion kit. However,
overall quality of total RNA was estimated suffi-
cient to conduct gene expression analyses (data
not shown). Owing to the lower concentration of
total RNA after globin reduction with the
Ambion kit and the volume limitation of 9 µl by
the protocol, the RNA input for amplification is
decreased compared with the RNA yield proc-
essed without globin reduction or with globin
reduction using PNAs (Table 1). After adjustment
for the RNA input, the yield of cRNA following
globin reduction using the Ambion kit remains
the lowest with poor 260/230 purity (Table 1). The
equivalent of 50% of cRNA amplified without
globin reduction is obtained when conducting
globin reduction using PNAs (Table 1).

Efficiency & specificity of globin 
reduction protocols
Figure 2 shows the results from the Agilent bio-
analyzer of one sample processed following the
three protocols (i.e., without globin reduction,
with globin reduction using PNAs, and with
globin reduction using the Ambion kit). This
example is representative of results we obtained
for all 12 samples (data not shown). Without
globin reduction, amplified cRNA from whole-
blood samples shows a narrow peak at approxi-
mately 29 s that represents amplified globin

tration and purity.

No globin reduction
(mean [SD])

PNA
(mean [SD])

Ambion
(mean [SD])

 (ng/μl) 136.7 (27.6) 136.7 (27.6) 63.5 (13.2)

2.06 (0.01) 2.06 (0.01) 1.98 (0.05)

1.70 (0.37) 1.70 (0.37) 1.12 (0.38)

(μg) in nine μl maximum 0.97 (0.06) 0.97 (0.06) 0.58 (0.11)

74.3 (13.3) 38.1 (8.1) 15.6 (5.3)

)* 76.6 39.3 26.9

2.20 (0.05) 2.20 (0.07) 2.14 (0.11)

1.77 (0.27) 1.39 (0.40) 0.80 (0.28)

A at start.
SD: Standard deviation.
Biomarkers Med. (2008)  2(1) future science groupfuture science group
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RNA (Figure 2). Globin-reduced RNA demon-
strated a different amplified cRNA profile, in
which the distinctive globin peak is either
reduced when using PNAs or absent using
Ambion kit (Figure 2). Fluorescence intensity at
the top of the smooth curve representing the
remaining amplified cRNA is lower after globin
reduction using the Ambion kit (intensity = 5;
Figure 2) than for the two other methods
(intensity = 20–25, both without and with
globin reduction using PNAs; Figure 2), which
raises the question of globin reduction specificity
when using the Ambion kit. 

The percentage of probes with S/N ratio of
three or greater (i.e., present calls) was signifi-
cantly higher for globin-reduced samples using
PNAs (mean = 55.4% ± 3.72) compared with
no globin reduction (mean = 52.1% ± 4.17;
t-test p-value = 0.02) and the Ambion kit
(mean = 51.4% ± 3.45; t-test p-value = 0.007)
(Figure 3A). Reproducibility of the PNA-based pro-
tocol was slightly lower than in replicates without
globin reduction (Figure 3B). In parallel, one sam-
ple (sample 34) was twice amplified with PNAs
on the same day to study technical reproducibility
using the same PNA mix solution. Correlation
between these two samples was equal to 0.99. For
biological replicates, both globin reduction

approaches using either PNAs (coefficient of varia-
tion median = 3.4%) or the Ambion kit (coeffi-
cient of variation median = 3.6%) offer a slight
decrease in variability compared with no globin
reduction approach (coefficient of variation
median = 4.1%). 

The PCA plot (Figure 4A) shows that samples
processed by Ambion kit cluster very distinctively
from samples processed without globin reduction
and from the globin-reduced samples using
PNAs. Samples amplified with PNAs constitute
an intermediary group closest to the no globin
reduction group (Figure 4A). Average linkage hierar-
chical clustering analyses using Euclidean distance
(Figure 4B) shows that first technical replicates
processed without globin reduction and with
globin reduction using PNAs cluster well together
regardless of the RNA processing method and sec-
ond that samples processed by Ambion kit cluster
together according to the RNA separately.

The Venn diagram in Figure 5A represents the
overlap in genes identified as differentially
expressed according to RNA processing method
with a false discovery rate (FDR) of 0.05 or less
by Limma analysis [17] adjusted for multiple
comparisons across contrasts. In line with the
PCA results, many genes (n = 7253 probes;
Figure 5A) are differentially expressed after globin
reduction with the Ambion kit with a FDR of
0.05 or less. Signal intensities are decreased in
comparison with signal intensities obtained
without globin reduction for 36.9% of these
probes. This might be attributable to slight deg-
radation of total RNA and/or unspecific bind-
ing of globin mRNA using the Ambion
protocol. The PNA method changes expression
of fewer genes (n = 2834 probes; Figure 5A) and
most of them are also found differentially
expressed after globin reduction using the
Ambion kit. The heatmap in Figure 5B represents
the row-scaled signal intensities of the 1616
probes found commonly differentially expressed
using the three different protocols. 

Effect on global gene expression in 
relation to hormone exposure
After spot filtration (i.e., filter out spot with flags
more than two and S/N <3 in 50% or more of
the samples) was carried out independently for
all three RNA processing groups, we had a total
of 16,331, 17,289 and 16,505 probes in no
globin reduction, PNA and Ambion datasets,
respectively. Each group included the same
12 women, of whom 50% were using HT at the
time of blood sampling. 

tive results from Agilent 2100 Bioanalyzer 
cted to three RNA processing protocols.

 (in green), with globin reduction using PNAs (in blue) 
 red).
.

Time (s)
9 39 49 59 69 79

Globin cRNA peak

No globin reduction
PNA
Ambion 
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Figure 3. Percentag
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The ANCOVA global test is a test for the associ-
ation between expression values for all genes and
HT use (see methods). Although all permuted
p-values are nonsignificant, the association between
HT use and gene expression profile appears
stronger without globin reduction (permuted
p-value = 0.18) compared with globin reduction
approaches (permuted p-value = 0.47 and 0.58 for
PNA and Ambion protocol, respectively).

We have conducted enrichment analyses in
order to palliate limitations of single gene
approaches, especially in small sample size. No
gene set from the Molecular Signature Database

had a significant enrichment score with FDR of
less than 0.25. Figure 6A summarizes the enrich-
ment test in HT users of genes related to estro-
gen–androgen and steroid metabolism pathways
from KEGG [20] and genes upregulated after
estradiol exposure identified by Frasor et al. [21].
The leading edge subset that can be interpreted as
the core of a gene set that accounts for the enrich-
ment signal consists of 11, ten and seven genes in
the no globin reduction, PNA and Ambion
globin reduction groups, respectively. For all
three protocols used, this gene set is not signifi-
cantly associated with HT exposure, although the
gene set appears to be more strongly related to
HT use in the no globin reduction approach
(p = 0.35; FDR = 0.36; Figure 6A). Reassuringly,
50% of the genes found in one leading-edge sub-
set were found in common with one other lead-
ing-edge subset studying one other globin RNA
processing method (Figure 6A). 

In parallel, the set of genes (n = 75 with known
gene symbols) previously identified as upregulated
after HT use with p < 0.02 [10] in our previous
dataset are significantly associated with HT use,
with a FDR equal to 0.04 for samples processed
without globin reduction (Figure 6B). The corre-
sponding FDR was equal to 0.12 and 0.68 when
studying globin reduced samples using PNA and
Ambion protocol, respectively (Figure 6B). Simi-
larly, in this analysis, 85–92% of the genes in one
leading edge subset were found in common with
another leading-edge subset for one other globin
RNA processing method (Figure 6B). 

Discussion
In our study, both globin reduction protocols
using either PNAs or the Ambion kit were mostly
efficient at reducing globin RNA from cRNA.
However, the Ambion kit significantly lowers the
total amount of remaining cRNA given distinct
gene expression profiles. The sensitivity of tran-
script detection is significantly improved using
PNAs compared with the other two approaches.
Signal variability is slightly decreased after globin
reduction using PNAs compared with other
approaches; however, reproducibility in technical
replicates is lowered compared with no globin
reduction. Gene expression profiles obtained after
globin reduction using PNAs were closer to pro-
files obtained without globin reduction, although
several genes were significantly differentially
expressed between the two groups. Overall, we
did not notice any sign of stronger association
between gene expression profile and HT exposure
after globin reduction.

e of present calls and technical 
he different RNA processing methods.

f (A) percentage of spots with S/N ratio ≥ 3, and (B) 
tween technical replicates according to each RNA 
hnical replicates were run in no globin reduction and 

; S/N: Signal to noise.

Ambion PNA

PNA

No globin
reduction

No globin
reduction
Biomarkers Med. (2008)  2(1) future science groupfuture science group
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RNA processing me
A potential issue when employing blood RNA
to conduct microarrays in large molecular epide-
miology studies is that RNA stabilization [13] and
high sensitivity in detection of small gene expres-
sion changes [10,14,22] are required. Others have
shown that increasing the amounts of globin
mRNA in stabilized total RNA resulted in
decreasing detection of transcripts [15,23]. Globin
reduction with RNase H digestion of globin oli-
gonucleotide/globin mRNA hybrids was criti-
cized for a potential nonspecific deletion of
transcripts [14], although this was not observed in
a recent study [23]. In response to this criticism,
the alternative method using PNAs was intro-
duced (i.e., Affymetrix-Preanalytix protocol,
GeneChip® Globin-Reduction Kit Handbook).
The Ambion protocol is inserted after total RNA
extraction and before cDNA synthesis and is
therefore time consuming. In some cases, we had

to concentrate the globin-reduced RNA in sam-
ples previously selected for containing highest
amounts of starting RNA. The PNA-based pro-
tocol is performed in the same tube as the
cDNA synthesis reaction and is therefore easy to
perform. However, PNAs remain expensive and
the reproducibility of the method was found to
be more difficult compared with the reference,
likely owing to challenges when handling PNAs.
Measures to prevent their aggregation and pre-
cipitation were used, but PNAs remain difficult
to dissolve and the exact concentration of each
PNA added in the amplification reaction is
difficult to assess. 

In accordance with previous studies [15,23],
but to a lesser extent, we found that globin
reduction using PNAs offers a lower variability
in signal intensity and a higher percentage of
detected transcripts with S/N more than three

sed analyses.

 analysis and (B) average linkage clustering using Euclidean distance performed on blood gene expression from 
duction (in black), with globin reduction using PNAs (in blue) and using Ambion kit (in red). Each sample 
ber in (B) has been processed at least once according to the three different protocols.
t analysis; PNA: Peptide nucleic acid.
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Figure 5. Genes diff
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FDR: False discovery rate
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compared with no globin reduction. The
Ambion kit was more efficient than PNA globin

reduction with total removal of the globin peak,
but this method also significantly lowered the
rest of amplified cRNA. In accordance with pre-
vious published data [15], our results demon-
strate that globin reduction induces distinct
gene expression profiles, but globin reduction
using PNAs brought the profile closer to the
original profile (i.e., without globin reduction).
This was certainly due to the fact that the PNA
protocol only partly reduced the presence of
globin RNAs in our study. 

Although gene expression profile after globin
reduction differs significantly from the profile
without globin reduction, the overall goal is to
provide potential higher sensitivity to detect
small gene expression changes. We hypothesized
that microarrays could be used to identify
changes in blood gene expression followed by
hormone exposure in women [10]. In our study,
the small sample size in each RNA processing
group (n = 12) made results unstable and con-
clusions concerning gene expression changes
after hormone use were difficult to draw. White
blood cells have been defined as the most tran-
scriptionnally active cells in blood and may give
the most sensitive gene expression profiles in
response to defined factors [24]. However, this
pilot study aimed to determine the most sensi-
tive protocol for conducting gene expression
analyses from whole blood using Applied Bio-
systems platform rather than to draw conclu-
sions about gene expression changes after HT
use. We observed that the amplification date
had a significant effect on the gene expression
profile especially in the PNA approach with
lowered reproducibility, but reassuringly most
genes counted in the gene set enrichment results
for one globin RNA processing method were
found in common with one other globin RNA
processing method [25]. Furthermore, the set of
genes previously identified as upregulated after
HT use with a p-value of less than 0.02 [10] is
significantly associated with HT user with a
FDR equal to 0.04 for samples processed with-
out globin reduction. As expected, this gene set
is most strongly related to HT exposure in the
no globin reduction dataset since the previous
study was, similarly, conducted on whole blood
without globin reduction. Overall, no indica-
tion of a stronger association between gene
expression profile and hormone exposure after
globin reduction was noted.

These conclusions differ somewhat from pre-
vious results including 14 healthy individuals
showing an increase in accuracy and confidence

erentially expressed between the different 
thods.

g the overlap of genes differentially expressed between 
ds with a FDR of 0.05 or less by Limma analysis adjusted 

across contrasts. (B) Heatmap representing the row-
es of the 1616 probes found commonly differentially 
parisons (cf venn diagram).
; PNA: Peptide nucleic acid.
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of prediction of gender differences after globin
reduction [23]. The reported discrepancy is most
likely due to the difference in various micro-
array platforms. To our knowledge, all studies
investigating the gene expression profile before
and after globin reduction were conducted on
the Affymetrix platform [15,23,26–28]. The per-
centage of detected transcripts after globin
reduction on Affymetrix arrays was more signif-
icantly improved compared with our results on
Applied Biosystems arrays. These two micro-
array platforms are different in many aspects,
for example probe design and type of signal
measured (chemiluminescence vs fluorescence).
Therefore, the appropriate RNA processing
method should be determined according to the
microarray platform to be used. However, this
will pose a problem regarding standardization
of the methods since globin-reduced and no
globin-reduced approaches produce distinct
gene expression profiles that are not compara-
ble. This finding has important implications
for the interpretation of results from clinical
studies employing different RNA stabilization
and isolation strategies for the evaluation of
gene expression patterns in blood.

Conclusion
In conclusion, globin RNA processing method
in blood transcriptome analyses should be opti-
mized for each microarray platform. In our
case, globin reduction was not beneficial using
the Applied Biosystems microarray. According
to these results, another larger study including
around 300 blood samples is ongoing without
globin reduction using Applied Biosystems
platform to identify changes in gene expression
changes followed by hormone exposure in
women. Our results also emphasize the benefit
of working with gene sets rather than single
gene approaches, giving more stable results
across studies and urging us to better under-
stand blood gene expression profile in order to
work with the most accurate gene set(s).

Future perspective
Such studies are an essential requisite for
establishing blood collection and RNA isola-
tion protocols in large-scale studies for the
investigation of gene expression patterns in
whole blood. Uncertainty remains about the
use of gene expression profiles from whole
blood as surrogate tissue to biomonitor-
defined exposure (i.e., hormone) and its asso-
ciation to disease risk (i.e., breast cancer).

ram showing the overlap of genes 
gene set enrichment score in hormone 

) genes related to steroid metabolism and estrogen 
 (B) genes previously identified as upregulated after 

th p < 0.02 [10]. *Information was extracted from 
enes and Genomes [20] and from the Molecular 
which contains curated gene sets [21].
; PNA: Peptide nucleic acid. 
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Executive summary

• In our study, globin re

• Both globin reduction
globin RNA from cRN

• The Ambion kit using
low specificity.

• The sensitivity of tran

• Signal variability is slig
in technical replicates

• Globin RNA processin
globin reduction was 

• Analysis with gene se
However, we believe that gene expression pro-
filing from blood in human populations could
assist us in: 

• Measuring exposition and defining outcome

• Understanding mode of action

• Understanding the etiology of environmentally
induced disease 

• Improving risk assessment methods and models
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duction does not offer higher sensitivity to detect biomarkers of hormone exposure in blood transcriptome.

 protocols using either peptide nucleic acids (PNAs) or magnetic beads were mostly efficient at reducing 
A.

 magnetic beads significantly lowers the total amount of remaining cRNA, which is an indication of 

script detection is significantly improved using PNAs compared with the other two approaches. 

htly decreased after globin reduction using PNAs compared with other approaches; however, reproducibility 
 was lowered compared with no globin reduction. 

g methods in blood transcriptome analyses should be optimized for each microarray platform. In our case, 
not found to be beneficial using the Applied Biosystems microarray.

ts rather than single-gene approaches gives more stable results across studies.
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