The peripheral blood transcriptome dynamically
reflects system wide biology: a potential diagnostic
tool
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In our genome-wide survey of gene expression in human peripheral blood cells
using both an expressed sequence tag (EST) and a microarray hybridization approach, we identified the expression of a large proportion (approximately 80%) of
the genes encoded in the human genome. Comparison of the peripheral blood
transcriptome with genes expressed in nine different human tissue types revealed
that expression of over 80% was shared with any given tissue. We also sought to
determine whether those gene transcripts undetected by these methods were also
expressed in peripheral blood cells. Using reverse-transcriptase-polymerase chain
reaction, we detected additional tissue-specific gene transcripts including betamyosin heavy chain (heart specific) and insulin (specific to pancreatic islet beta
cells), in circulating blood cells. Arguably, the detection of low levels of tissuespecific transcripts could be considered products of “illegitimate” transcription;
however, our study also demonstrates that environmental conditions affect the
transcriptional regulation of insulin in the peripheral blood. We thus hypothesize that
blood cells can act as sentinels of disease and that we could capitalize on this
property of blood for the diagnosis/prognosis of disease (the “Sentinel Principle”).
Peripheral blood is an ideal surrogate tissue as it is readily obtainable, provides a
large biosensor pool in the form of gene transcripts, and response to changes in the
macro- and micro-environments is detectable as alterations in the levels of these
gene transcripts. (J Lab Clin Med 2006;147:126 –132)
Abbreviations: EST ⫽ expressed sequence tag; IRB ⫽ Independent Review Board; RT-PCR ⫽
reverse-transcriptase-polymerase chain reaction

T

he human body is nourished by a dynamic circulatory system; the cellular components of which
have a relatively rapid turnover rate.1 Blood is
classified as a fluid connective tissue, which can be
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defined as cells suspended in a fluid matrix functioning
to connect the entire biological system at the physiological level. Blood cells also constitute the first line of
the immune defense system, using an arsenal of neutrophils, eosinophils, basophils, B cells, T cells, and
monocytes to defend against foreign assault and injury.
Thus, the blood pervades the entire body, is in a constant state of renewal, and provides a protective barrier
between the external and internal environments.
The continuous interactions between blood cells and
the entire body gives rise to the possibility that subtle
changes occurring in association with injury or disease,
within the cells and tissues of the body, may trigger
specific changes in gene expression in blood cells reflective of the initiating stimulus. We thus set out to use
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the “Sentinel Principle” to demonstrate that blood could
serve diagnostic/prognostic purposes through profiling
gene expression in blood cells. We have now demonstrated that monitoring gene expression in blood results
in gene expression signatures reflective of over 35
different conditions in human subjects (see the U.S.
patent applications: No. 60/115,125, No. 09/477,148,
and No. 10/268,730; No. 10/601,518, No.10/802,875,
and PCT application No. PCT/US04/020836).2 Recent
studies by others also demonstrate the utility of peripheral blood as a source of significant information showing that gene expression profiles of circulating blood
cells were distinctive between persons,3 and alterations
in the expression profiles of blood cells were characteristic in a wide range of diseases, including juvenile
arthritis,4 hypertension,5–7 cancer,8,9 chronic fatigue
disease10 and neuronal injuries,11,12 lupus,13,14 transplantation,15 and under various environmental pressures, such as exercise,16 hexachlorobenzene exposure,17 arsenic exposure,18 and smoking.19 A recent
study by our group also demonstrated that psychiatric
disorders, specifically schizophrenia and bipolar disorder, could be distinguished through specific peripheral
blood gene expression profiles.20 This rapidly growing
body of evidence demonstrates the potential of using
peripheral blood as a surrogate tissue for traditional
tissue specimens for prognosis and diagnosis. Clearly
blood provides significant advantages for this purpose,
being readily available in large quantities with minimally invasive techniques.
An ideal surrogate tissue used in gene profiling analysis will be one that expresses many genes, most of
which are responsive to physiological or environmental
alterations. In this study, we found that genes previously believed to be restricted to non-blood tissues
were in fact expressed in peripheral blood cells. Our
results also suggest that the expression level of many
transcripts in blood cells are responsive to, and thus
indicative of, their micro-environment. These discoveries, in addition to the physical characteristics of circulating blood cells, prompted us to hypothesize that
circulating blood cells can function as “sentinels” that
respond to changes in the macro- or micro-environment
in organs, and that blood is an ideal surrogate tissue for
diagnostics.
MATERIALS AND METHODS
Isolating RNA from human circulating blood cells. Approximately 10 mL of peripheral blood was collected from
each human subject. Research was carried out as required by
the principles of the Declaration of Helsinki. All sample
collection was approved by the collecting Institute’s IRB, and
written informed consents were provided in accordance with
the requirements of the IRB. All samples were immediately
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stored on ice until RNA isolation was initiated. All RNA
isolation was performed within 4 hours after blood collection.
The collected blood was mixed with three volumes of hemolysis buffer (EDTA 0.6 g/L, KHCO3 1.0 g/L, NH4Cl 8.2 g/L,
pH ⫽ 7.4) to lyse red blood cells. The samples were spun at
800 rcf for 10 minutes at 4°C. The resulting pellet was
washed with hemolysis buffer several times and treated with
TRIZOL reagent (Invitrogen, Carlsbad, Calif) to isolate total
RNA following the manufacturer’s instructions. Purity and
integrity of the RNA were assessed by absorbance at UV260/
280 and agarose gel electrophoresis. The quality of the RNA
isolated for microarray-based expression profiling was further
assessed on an Agilent Bioanalyzer 2100 using RNA 6000
Nano Chips (Agilent Technologies, Palo Alto, Calif).
Cataloguing the blood transcriptome using ESTs. The
procedures of cDNA library construction and EST generation
were described previously.21 Briefly, RNAs from a pool of
five adult peripheral blood and one umbilical cord blood
sample were reverse transcribed into double-stranded cDNA
followed by end-modification and ligation into a lambda ZAP
Express vector; the assembled clones were then packaged into
lambda phage, resulting in two cDNA libraries. Phage
plaques were randomly picked, the cDNA insert amplified by
PCR, and the product sequenced from the 5=-end. A nonredundant list of identified gene transcripts was constructed
by performing sequence-based similarity clustering using the
TIGR Assembler,22 in which ESTs with an overlap of a
minimum of ⬎95% identity over 40 nt were considered to
represent the same transcript and grouped together to form
consensus sequences. The resultant EST cluster consensus
sequences and unclustered ESTs were annotated by searching
the Genbank data repositories with the BLAST algorithm
(http://www.ncbi.nlm.nih.gov). Those EST clusters and unclustered ESTs that matched the same gene transcript, based
on LocusLink Ids and Genbank Accession numbers, were
considered redundant, and a final non-redundant list of gene
transcripts was compiled.
Analysis of ESTs. The resulting 44,229 blood-derived ESTs
were randomly partitioned into 44 groups, 1000 ESTs per
group. A growth curve was plotted using Sigmaplot (Sysstat,
Richmond, Calif) to estimate the total number of expressed
genes in the blood transcriptome. The x-axis on the growth
curve represents the total number of ESTs assessed for unique
genes in increasing steps of 1000 ESTs (starting at 1000 to a
total of 44,229, or 43 steps); the y-axis represents the number
of unique genes identified within each group of ESTs. A
regression model, y ⫽ ax/(b ⫹ x), was chosen to fit the curve
using Sigmaplot. The coefficient “a” in the regression model
represents the number of genes contained in the cDNA library
studied, which is based on the mathematical concept that as x
approaches infinity, y ⫽ a. The coefficients “a” and “b” were
calculated using Sigmaplot. The 44 groups of ESTs were
randomly shuffled 20 times, resulting in 20 growth curves and
20 sets of coefficients “a” and “b.” The average and standard
deviation of the coefficients were calculated.
Affymetrix GeneChip profiling and data analysis. Total
RNA was extracted from 248 persons. Five micrograms of
each total RNA sample was used for hybridization on an
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Affymetrix U133Plus2 GeneChip (Affymetrix, Santa Clara,
Calif) following the manufacturer’s instructions. Genes
flagged as “present” or “marginal,” as determined by the
GeneChip Operating System (GCOS) software (Affymetrix),
in at least one hybridization were considered expressed genes.
LocusLink IDs were used as gene identifiers to generate a
non-redundant list of expressed genes. The gene count was
subsequently calculated from the non-redundant list of genes.
Comparing the tissue distribution of the circulating
blood cell transcriptome. Genes expressed in nine different

human tissue types, including brain, colon, heart, kidney,
liver, lung, prostate, spleen, and stomach, were retrieved from
the UniGene database (Build 179) at the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov). UniGene IDs were used to identify corresponding
LocusLink IDs. The 15,193 genes found expressed in circulating blood cells by microarray hybridization were compared
with those genes identified as expressed in one of the nine
tissues using LocusLink IDs.
Detecting tissue-specific transcripts in blood cells by
RT-PCR. The Titan One Tube RT-PCR System (Roche Di-

agnostics, Indianapolis, Ind) was used for all RT-PCRs.
The RT-PCR mixture contains 1 L of total RNA from
blood samples (0.1 g/L), 4 L dNTP mixture (2.5mM
each), 10 L 5X RT-PCR buffer, 2.5 L DTT-solution
(100 mM), 1 L of each primer (20 M): (1) beta-myosin
heavy chain (␤-MHC) (NM_000257): Forward =-GCTGGAACGTAGAGACTCCCTGCT-3= [spans exons 21/22],
Reverse 5=-GGATCCTTCCAGATCATCCACTTG-3= [spans
exons 24/25]; (2) insulin (INS) (NM_000207): Forward
5=-GCCCTCTGGGGACCTGAC-3= [exon 2], Reverse 5=ACCTGCCCCACCTGCAGG-3= [spans exons 2/3], and 1
L enzyme mixture.
RT-PCR was carried out at 55°C for 30 minutes for reverse
transcription, followed by 30 cycles at 94°C for 30 seconds,
at the appropriate annealing temperature for 20 seconds, and
72°C for 1 minute. A negative PCR control was done using
the Expand High Fidelity PCR system (Roche Diagnostics,
Indianapolis, Ind) to test whether any amplified product came
from genomic DNA contamination in the total RNA preparation. RT-PCR products were analyzed with 1% agarose
electrophoresis and purified using GeneClean (Bio101, Vista,
Calif). Purified RT-PCR products were sequenced from both
ends using BigDye terminator thermocycling chemistry (Applied Biosystems, Foster City, Calif) on an ABI 3770 automated sequencer (Applied Biosystems), and sequences were
annotated by searching the Genbank databases at the NCBI
using the BLAST program.
To assay for the gene expression of insulin, a drop of blood
was collected from each subject by a finger prick. The drop of
blood underwent red blood cell hemolysis as described above,
and the resulting pellet was re-suspended in 10 L water, 1
L of which was used directly as the RNA source for the
RT-PCR assays. Samples were collected at two different
physiologic states (ie, fasting and non-fasting) from the same
four persons for use in this assay.
The amplified insulin gene was quantified using the Quantity One v4.3.1 gel documentation system software (BioRad)

and the digitally captured agarose gel image. Briefly, an
equal-sized area encompassing each gel band was highlighted
on the digital image and the intensity within the selected area
was measured. Local background noise was determined by
averaging three selected sections of the scanned image, and
this value was subtracted from the experimental signal. A
t-test was used to determine statistical significance between
the intensity readings for the fasting (n ⫽ 4) and the nonfasting groups (n ⫽ 4).
RESULTS
Estimating the number of genes expressed in the blood

We generated a total of 44,229 blood-expressed sequence tags
from two blood cDNA libraries: an adult peripheral
leukocyte cDNA library (15,161 ESTs) and an umbilical cord blood cDNA library (29,068 ESTs). Overall,
10,013 unique transcripts were determined through sequence similarity-based clustering with references to
the GenBank, UniGene, and LocusLink databases. The
regression model, y ⫽ ax/(b ⫹ x), was chosen to fit the
curve because it provided the highest correlation coefficients and thus provided the best fit (Fig 1). The order
of the stepwise addition of the 44 EST groups was
randomized 20 times. The estimate of coefficients “a”
and “b” based on each growth curve was calculated.
The average of coefficient “a” was 16,409 with a standard deviation of 171. Thus, based on this model, we
estimate that ⬃16,400 genes are expressed in human
blood cells. Considering there are from 20,000 to
25,000 protein-coding genes in the human genome,23
this indicates that approximately 66% (16,400/25,000)–
82% (16,400/20,000) of the genes encoded in the human genome are expressed in human blood cells.
transcriptome using expressed sequence tags.

Estimating the number of genes expressed in the blood

For
this analysis, only genes with corresponding LocusLink
IDs were used to estimate the count of leukocyteexpressed genes. We investigated the approximate
19,924 unique genes with LocusLink IDs present on the
Affymetrix U133Plus2 GeneChips. A total of 39,204
probe sets were found in at least 1 of the 248 hybridizations, representing 16,304 unique genes with LocusLink IDs. Assuming the Affymetrix U133Plus2 GeneChip represents an unbiased sample of the entire
genome, we can estimate that approximately 81.8%
(16,304/19,924) of the genes encoded in the human
genome are expressed in human peripheral leukocytes.
Taking into consideration the genes that have not been
assigned LocusLink IDs, we can provide an estimate of
approximately 16,366 (20,000 ⫻ 81.8%)–20,450
(25,000 ⫻ 81.8%) genes expressed in human blood
cells.

transcriptome using Affymetrix GeneChip profiling.

J Lab Clin Med
Volume 147, Number 3

Liew et al

129

Fig 1. The EST-Gene growth curve. The x-axis represents the number of ESTs in the group used for unique gene
assessment, and the y-axis represents the mean number (n ⫽ 20 reiterations) of unique genes found within the
corresponding EST group. The regression model y ⫽ ax/(b ⫹ x) provided the best fit to the curve. The coefficient
a in the regression model represents the number of genes contained in the cDNA library studied, and b is a
coefficient related to the complexity of the cDNA library. The total number of expressed genes was estimated
based on the mathematical concept that as x approaches infinity, y ⫽ a.

Table I. Genes expressed in peripheral blood cells shared with one of nine human tissues
Tissues

Brain

Colon

Heart

Kidney

Liver

Lung

Number of
13961
13767
12440
13428
13840
15202
genes/expressed
Number of co-expressed 11428
11360
10472
11166
11490
12301
genes in blood
Percentage of co81.9%
82.5%
84.2%
83.2%
83.0%
80.9%
expressed genes in
blood

Comparing genes expressed in circulating blood cells
and genes expressed in nine human tissue types. A non-

redundant list of genes expressed in each of the nine
human tissue types was retrieved by searching the
UniGene database: Brain: 13,961; Colon: 13,767;
Heart: 12,440; Kidney: 13,429; Liver: 13,840; Lung:
15,202; Prostate: 11,706; Spleen: 13,224; and Stomach:
10,898. The comparison between blood expressed
genes (15,193 genes) and genes found in one of the
nine tissue types revealed that a large proportion of
genes expressed in the nine tissues are also expressed in
blood cells (Table I). Approximately 80% of genes
expressed in any of the nine tissues were also found
expressed in blood cells.
Detecting tissue-specific transcripts in blood cells by
RT-PCR. We examined the expression of two “tissue-

specific” genes in peripheral blood cells: ␤-MHC and
INS. These genes are normally associated with, and
primarily expressed in, the heart and pancreas, respectively. Because their expression in the blood is likely

Prostate

Spleen

Stomach

11706

13224

10898

9955

10892

9408

83.9%

85.0%

86.3%

occurring at very low levels, we could not detect their
expression in our blood cell EST database or in the
microarray hybridization experiment. However, in RTPCR, we successfully detected the transcripts of these
two genes in blood cells (Fig 2). The primers were
designed to span exon– exon junctions, and as such, no
genomic DNA should be amplified. PCR amplification
of the samples without RT did not result in any amplification products, which indicates no genomic DNA
contamination. The PCR products were subjected to
automated DNA sequencing and confirmed that the
products were generated from the targeted genes.
To determine whether environmental changes influenced expression of these low expressed genes, and to
remove the possibility that detection was the result of
leaky “illegitimate” transcription, we assayed the expression of the insulin gene in the blood from fasting
and non-fasting subjects. A significant difference in
insulin gene expression in the peripheral blood samples
was observed between the fasting and the non-fasting
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Fig 2. RT-PCR detection of “tissue-specific” gene expression in the peripheral blood. (A) RT-PCR was used
to assay the expression of ␤-myosin heavy chain (␤-MHC) in the peripheral blood from a single sample. The
expression of ␤-MHC was detected in the peripheral blood (RT), whereas the negative control (PCR) did not
result in amplification, which indicates no genomic DNA contamination in the samples used in the assay.
RT-PCR products for beta-MHC from both human adult and fetal heart tissue (RTAHand RTFH, respectively) are
also presented for reference. M indicates a molecular weight marker. (B) RT-PCR assay of insulin gene
expression in a drop of peripheral blood. Lanes 1, 3, 5, and 7 represent samples from subjects that underwent
overnight “fasting,” and lanes 2, 4, 6, and 8 represent corresponding samples from subjects that did not undergo
fasting or “non-fasting” samples. (C) Quantification of insulin RT-PCR in four subjects at fasting and
non-fasting states (P ⫽ 0.0033, n ⫽ 4, one-sample t-test). The error bars indicate standard deviation from the
mean. The y-axis represents signal intensity obtained from the scanned gel image in arbitrary units.

subjects (P ⫽ 0.0033) (Fig 2, B and C). Figures 2, A
and B were modified from U.S. patent application No.
60/115,125 with permission.
DISCUSSION

Using two independent methods, we estimated the
number of unique genes expressed in the blood transcriptome to be 16,000 to 20,000. The estimate derived
from microarray hybridization (81.1%) is similar to the
high end of the estimate derived from ESTs (82%). As
microarray is more sensitive than the EST approach, we
suggest peripheral blood cells express approximately
80% of the genes encoded by the human genome.
Comparison of the genes expressed in the blood against
a range of different tissues revealed that over 80% of
the genes expressed in other tissues overlapped with the

blood. Although many of these overlapping genes may
be considered “housekeeping” genes, the detection of
such a large number of genes shared between blood
cells and other tissues cannot be explained by housekeeping functions.
Gene transcription is considered a process under
strict control; only genes required by cells or tissues are
expressed. However, it has been reported that tissuespecific genes may be expressed in a non-tissue-specific
manner.24 –27 Ectopic expression describes “illegitimate” transcripts as products of basal transcription due
to the presence of ubiquitous transcription factors
and/or a net balance of negative and positive regulatory
factors. It has also been suggested that in higher eukaryotes, transcription initiation occurs at a low frequency and the process is regulated in a probabilistic

J Lab Clin Med
Volume 147, Number 3

manner,28 providing the opportunity for any gene to be
expressed, although at varying levels. In our study, we
detected the expression of two “tissue-specific” genes,
insulin and ␤-MHC, in peripheral blood. These findings
suggest that although the expression level of genes may
vary among different tissue or cell types, most genes
may be expressed in the blood at a detectable level
using conventional methods.
An ideal surrogate tissue used in gene profiling analysis will be one that expresses many genes, many of
which are responsive to physiological or environmental
alterations. Proving most genes are expressed in blood
cells has provided support for the first criteria of being
a successful surrogate tissue. Genes, in this context, can
be considered “bio-sensors.” Many genes provide the
potential of being able to detect various signals/stimuli.
However, the overall sensitivity of these “bio-sensors”
mainly relies on their capability of specific responses to
various signals/stimuli. Recent blood gene expression
studies have shown that the expression profiles of circulating blood cells do contain specific expression signatures in response to various physiological, pathological, and environmental changes.4 –20 In this study,
using insulin as an example, we observed that insulin
gene expression in blood seems to be influenced by
environmental conditions, specifically fasting and nonfasting states of normal subjects.
These findings suggest that circulating blood cells
have unique characteristics that make them a potential
new tool for diagnostics: (1) a large proportion of the
genes encoded in the human genome have detectable
levels of transcripts in circulating blood cells; (2) circulating blood cells come into contact with every cell in
the human body and provide an active defense against
insult and injury; and (3) macro- and micro-environment changes affect gene expression in blood cells.
Therefore, circulating blood cells may provide information as to the health or disease of any particular
tissue by the change of gene expression pattern of their
transcriptome.
In summary, we suggest that peripheral blood cells
express a large proportion of the genes in the human
genome, which can respond to changes occurring in the
macro- and micro-environment in the body. The continuous interactions between blood cells and the entire
body, combined with the fast turnover rate of blood
cells, gives rise to the possibility that subtle changes
occurring in association with injury or disease within
the cells and tissues of the body may trigger specific
changes in gene expression at a micro-level within the
blood cells. These changes can then be capitalized on as
biosensors for diagnostic purposes.
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