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Characterization of microRNAs in serum: a novel class of
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Dysregulated expression of microRNAs (miRNAs) in various tissues has been associated with a variety of diseases,
including cancers. Here we demonstrate that miRNAs are present in the serum and plasma of humans and other
animals such as mice, rats, bovine fetuses, calves, and horses. The levels of miRNAs in serum are stable, reproduc-
ible, and consistent among individuals of the same species. Employing Solexa, we sequenced all serum miRNAs of
healthy Chinese subjects and found over 100 and 91 serum miRNAs in male and female subjects, respectively. We
also identified specific expression patterns of serum miRNAs for lung cancer, colorectal cancer, and diabetes, provid-
ing evidence that serum miRNAs contain fingerprints for various diseases. Two non-small cell lung cancer-specific se-
rum miRNAs obtained by Solexa were further validated in an independent trial of 75 healthy donors and 152 cancer
patients, using quantitative reverse transcription polymerase chain reaction assays. Through these analyses, we con-
clude that serum miRNAs can serve as potential biomarkers for the detection of various cancers and other diseases.
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Introduction

Cancers, including lung cancer and colorectal cancer,
are often diagnosed at a late stage with concomitant poor
prognosis [1-4]. Although tumor markers greatly improve
diagnosis, the invasive, unpleasant, and inconvenient na-
ture of current diagnostic procedures limits their applica-
tion [3, 4]. Hence, there is a great need for identification

*These three authors contributed equally to this work.

Correspondence: Chen-Yu Zhang®, Junfeng Zhangb, Ke Zen®, Jun Wangd
Tel/fax: +86-25-83686234

*E-mail: cyzhang@nju.edu.cn

"E-mail: jfzhang@nju.edu.cn

‘E-mail: kzen@nju.edu.cn

‘E-mail: wangj@genomics.org.cn

Received 30 July 2008; revised 7 August 2008; accepted 7 August 2008;
published online 2 September 2008

of novel non-invasive biomarkers for early tumor detec-
tion. miRNAs, a class of naturally occurring small non-
coding RNAs of 19-25 nucleotides (19-25 nt) in length,
have recently been linked to cancer development [5, 6].
Recently, altered miRNA expression has been reported
in various cancers, and the profiles of tissue miRNAs
exhibit great potential for an application in cancer defini-
tion [5, 6]. In the present study, we report the surprising
and exciting discovery that serum and plasma contain
a large amount of stable miRNAs derived from various
tissues/organs, and that the expression profile of these
miRNAs shows great promise as a novel non-invasive
biomarker for diagnosis of cancer and other diseases.

Results

miRNAs are present in serum and plasma
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Figure 1 General characterization of miRNAs in serum and plasma. (A) The expression levels of indicated miRNAs evalu-
ated by semi-quantitative RT-PCR analysis with 30 cycles. Upper panel: Serum and plasma of healthy subjects were directly
used for semi-quantitative RT-PCR analysis without RNA extraction procedure. Lower panel: Comparison of serum miRNA
expression by using semi-quantitative RT-PCR analysis with/without RNA extraction. (B) Semi-quantitative RT-PCR analy-
sis of the indicated miRNAs in the serum from human (Hu.S), rat (Ra.S), mouse (Mo.S), calf (Ca.S), fetal bovine (FBS), and
horse (Ho.S). (C-G) The stability of serum miRNAs. Total RNA was extracted from A549 cells and was then digested with
RNase A for 3 h or overnight at 37 °C. The levels of miRNA or other RNAs were determined using gRT-PCR with 40 cycles (C).
Extracted serum RNAs (D) and serum without RNA extraction (E) were treated with RNase A and showed no miRNA degra-
dation. Serum was also subjected to 10 freeze-thaw cycles (F), or treated for 3 h in low (pH=1) or high (pH=13) pH solution (G).
Then miRNA levels were evaluated by qRT-PCR with 40 cycles. (H) Serum was incubated with DNase | for 3 h and RNAs
were analyzed by qRT-PCR with 40 cycles. (I and J) Comparison of levels of 14 miRNAs in the serum of 7 healthy subjects
by gRT-PCR with 40 cycles. Pearson correlation coefficient indicated that the abundance of miRNAs in serum from different
individual was quite correlated (I). The Cr values of each miRNA are illustrated (J).
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A stem-loop reverse transcription polymerase chain
reaction (RT-PCR) assay [7, 8] was adapted to screen
mature miRNA expression in serum. As shown in the up-
per panel of Figure 1A, randomly selected miRNAs let-
7a, miR-192, miR-21, miR-25, miR-451, and miR-221
were clearly expressed in both normal human serum and
plasma as detected by semi-quantitative RT-PCR analy-
sis with 30 cycles. In these experiments for detection
of serum miRNAs, semi-quantitative RT-PCR analysis
was performed directly using 10 ul of sera without RNA
extraction. As expected, almost identical results were
obtained when semi-quantitative RT-PCR analysis was
performed using extracted RNA from serum (Figure 1A,
lower panel). The accuracy of semi-quantitative RT-PCR
results was further validated by using traditional Sanger-
based technology to sequence the PCR products of serum
miRNAs. Out of 100 colonies obtained from PCR prod-
ucts of serum miRNAs, 87 showed the correct sequence
of targeting miRNAs (data not shown). We also showed
that miRNA let-7a, miR-21, miR-223, miR-451, miR-24,
and miR-20a were detected in the serum of rats (Ra.S),
mice (Mo.S), calves (Ca.S), bovine fetuses (FBS), and
horses (Ho.S) (Figure 1B).

Serum miRNAs are resistant to RNase A digestion

Given the fact that serum contains ribonuclease, there
should be no intact RNA in the serum. Presence of mi-
RNAs suggests that these miRNA species are resistant to
RNase digestion. Alternatively, the qRT-PCR products
could be from contamination by degraded products of
large molecular weight RNA, tRNAs, or genomic DNA.
To assess these possibilities, vigorous studies were per-
formed to characterize the stability of serum miRNAs.
Firstly, some randomly selected miRNAs were ampli-
fied by RT-PCR from lung carcinoma A549 cell RNA
extracts, with or without RNase A digestion. A group of
large molecular weight RNAs, including 18s rRNA, 28s
rRNA, GAPDH, B-actin, and U6, were used as controls.
Surprisingly, miRNAs showed considerable resistance to
the enzymatic cleavage by RNase A. For the miRNAs we
tested, more than half of the molecules remained intact
after 3 h of exposure to RNase A (Figure 1C). In contrast,
all large molecular weight RNAs were rapidly degraded
by RNase A, as was expected. Furthermore, serum or
extracted serum RNAs were treated directly with RNase
A. Strikingly, RNase A had hardly any effect on serum
miRNAs with or without the RNA extraction procedure
(Figure 1D and 1E). These data clearly demonstrate that
miRNAs, particularly serum miRNAs, are resistant to
RNase digestion. The stability of serum miRNAs was
further studied by using sera, from various sources,
after treatment under harsh conditions including boil-

www.cell-research.com | Cell Research

Xi Chen et al. @

ing, low/high pH, extended storage, freeze-thaw cycles,
and so on. The qRT-PCR analysis of miRNAs in serum
samples treated under these harsh conditions yielded no
significant differences compared to non-treated serum.
As shown in Figure 1F, serum miRNAs are resistant to
multiple freeze-thaw cycles compared to large molecu-
lar weight RNAs. Moreover, serum miRNAs remained
stable when serum was treated for 3 h in low (pH=1) or
high (pH=13) pH solution (Figure 1G). To rule out the
possibility of contamination by DNA fragments, qRT-
PCR was performed in serum with or without DNase I
treatment. Results showed that DNase I did not affect
the level of serum miRNAs detected by qRT-PCR (Fig-
ure 1H). Moreover, in let-7a RT reaction, omitting re-
verse transcriptase resulted in no PCR product (date not
shown). These results indicate that the qRT-PCR prod-
ucts are not a result of genomic DNA contamination.

Expression levels of serum miRNAs are reproducible and
consistent among individuals

The variation of serum miRNAs among healthy hu-
man subjects was also characterized. Seven young (22-
25 years) healthy Chinese subjects, four male and three
female, were randomly selected and the expression levels
of 14 miRNAs in their sera were analyzed by qRT-PCR.
As shown in Figure 11 and 1J, expression levels of serum
miRNAs among healthy subjects were quite consistent,
with a Pearson correlation coefficient (R) close to 1.
Taken together, these results show that serum miRNAs
are stable and that their levels are reproducibly consistent
among individuals of the same species.

miRNAs are the major fraction of small nucleotide spe-
cies in serum as determined by Solexa sequencing

To exclude the possibility that the qRT-PCR miRNA
products resulted from other small RNAs or degraded
RNA fragments, and to further investigate the serum
miRNA expression profile in normal human subjects, So-
lexa was employed to sequence all small RNAs (<30 nt)
found in the serum of healthy subjects. Solexa is a high-
throughput sequencing technology producing highly ac-
curate, reproducible, and quantitative readouts of small
RNAs, including those expressed at low levels [9]. Small
serum RNAs from patients were sequenced simultane-
ously (the details are discussed in Figure 3). Direct
sequencing by Solexa can unambiguously distinguish
miRNAs from other small RNAs, such as tRNAs or de-
graded RNA fragments. For Solexa sequencing, the sera
from 11 male and 10 female healthy Chinese subjects
were pooled, separately, and total RNA of two pooled
sera was extracted. Figure 2A shows the length distribu-
tion of small RNA reads in the pooled sera of healthy
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Figure 2 Solexa sequencing analysis of serum miRNAs in healthy subjects. (A) The distribution of small RNAs of various
lengths (18-30 bp) sequenced by Solexa. Small RNAs were isolated from the serum of healthy male subjects (MS), female
subjects (FS), non-small cell lung cancer patients (LCS), colorectal cancer patients (CCS), and diabetes patients (DS), as
well as blood cells of healthy male subjects (MC), female subjects (FC), non-small cell lung cancer patients (LCC), colorectal
cancer patients (CCC), and diabetes patients (DC). (B) Sorting the small RNA category by sequence. Serum and blood cells
contain multiple small RNA species (<30 nt) including miRNAs, ribosomal RNA fragments, and mRNA fragments. (C) Valida-
tion of the Solexa data by semi-gRT-PCR assays with 30 cycles. Behind the name of each serum miRNA is the copy number
sequenced by Solexa. Note that serum miRNAs with a copy number lower than 10 are not detected in semi-qRT-PCR as-
says. (D) Number and overlap of miRNAs between female serum (FS) and male serum (MS) samples. (E) Pearson correla-
tion scatter plot of miRNA levels between FS and MS (R=0.8924). (F) Number and overlap of miRNAs between serum and
blood cell fraction of healthy donors. (G) Comparison of miRNA levels in NS to that in NC (R=0.9206).
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male subjects (MS), healthy female subjects (FS), and
various patients including those with non-small cell lung
cancer (NSCLC), colorectal cancer (CCS), and diabetes
(DS). As can be seen in this figure, a significant amount
of small RNAs in the sera from various sources were 21-
23 nt in length, consistent with the ideal size of miRNAs.
Similar patterns of small RNAs were also observed with
RNAs extracted from blood cells of both healthy sub-
jects (MC and FC) and patients (LCC, CCC, and DC).
This result suggests that there is an enriched miRNA
fraction in the small RNAs from serum. Figure 2B shows
the sorting results of total small RNAs. As shown in
the figure, serum and blood cells both contain multiple
and heterogeneous small RNA species (<30 nt in length)
including miRNAs, rRNA fragments, and mRNA frag-
ments. Compared to blood cells from the same donors,
serum contains a relatively lower level of miRNA and a
larger proportion of ribosomal RNA fragments. Solexa
sequencing results identified approximately 190 known
miRNAs in the serum of healthy subjects by referencing
a miRNA library (release 10.0).

Expression profile of serum miRNAs in healthy human
male and female subjects

We further validated the Solexa results by semi-qRT-
PCR using 24 miRNAs with copy number larger than 10
and 9 miRNAs with copy number less than 10. As shown
in Figure 2C, results from Solexa and semi-qRT-PCR
were quite consistent for those miRNAs with high copy
number (>10), but semi-qRT-PCR results from miRNA
species with low copy number (<10) were less reliable.
Thus, low-copy number miRNAs (<10) were subtracted,
which resulted in a profile of 101 miRNAs in healthy
Chinese serum (Supplementary information, Table S1).
Among these miRNAs, 90 miRNAs were detected in the
serum of both male and female subjects, while 10 and
1 miRNAs were only present in the serum of male or
female subjects, respectively (Figure 2D). Male-specific
serum miRNAs included miR-100, miR-184, and miR-
923, while miR-222 represented a female-specific serum
miRNA. Judging by the copy number of individual miR-
NAs in human serum, we found that, for most miRNAs,
there is no significant difference in expression level be-
tween healthy male and female subjects (Supplementary
information, Table S1). As shown in the Pearson correla-
tion scatter plot comparing male serum miRNA to female
serum miRNA (Figure 2E), R is very close to 1. Given
the nearly identical profiles of healthy male and female
subjects, we used normal serum miRNA (NS), the aver-
age of miRNA levels in MS and FS, to stand for serum
miRNA level in healthy subjects.
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Comparison of miRNA expression profile in serum and in
blood cellular fraction

We next sequenced all miRNAs in the total RNA sam-
ples isolated from blood cells of healthy subjects (NC),
and compared this expression profile with that of serum
miRNAs. As shown in Figure 2F, most of the miRNAs (91
out of 101) were detected in both serum and blood cells,
whereas only a small number of miRNAs were uniquely
present in either serum or blood cells. The results suggest
that under normal conditions most serum miRNAs are
derived from circulating blood cells. The concordance
between serum miRNAs and blood cell miRNAs is
shown in Figure 2G and detailed in Supplementary infor-
mation, Table S2.

Expression profiles of serum miRNAs in patients with
non-small cell lung carcinoma, colorectal cancer, and
type 2 diabetes

To explore the potential of using miRNAs as biomark-
ers for diseases, we investigated the expression profile of
miRNAs in various patients and compared it with that of
normal subjects. Employing the Solexa approach, we se-
quenced whole serum miRNAs of patients with ongoing
non-small cell lung carcinoma (NSCLC). As done with
normal serum miRNAs, the sera from 11 lung cancer
patients were pooled for RNA extraction prior to Solexa
analysis. As shown in Figure 3A, the expression profile
of miRNA in lung cancer serum (LCS) was significantly
different from that of NS. Compared to healthy subjects,
28 miRNAs were missing and 63 new miRNA species
were detected in the lung cancer patients. The significant
difference in miRNA profiles between NS and LCS sam-
ples is summarized in Figure 3B and detailed in Supple-
mentary information, Table S3. As a result, the Pearson
correlation coefficient (R) is rather low (R=0.2429). Sim-
ilarly, we sequenced all miRNAs in lung cancer blood
cell (LCC) samples and compared them to those in LCS.
Surprisingly, the miRNA profile of LCS was also remark-
ably different from that of LCC. As shown in Figure 3C,
57 miRNAs were shared by LCS and LCC, but 76 miR-
NAs were detected in LCS only. The differential miRNA
expression between serum and blood cells of lung cancer
patients is a striking contrast to that of healthy subjects,
in which serum and blood cells essentially share the
same miRNA profile (Figure 2F). Such difference was il-
lustrated using a Pearson correlation scatter plot (Figure
3D) and is detailed in Supplementary information, Table
S4.

To test whether the drastic change in serum miRNAs
is specific for NSCLC patients, we performed the Solexa
sequencing procedure with serum RNA samples from
patients with colorectal cancer and type 2 diabetes. As
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Figure 3 Expression profile of serum miRNA in patients with non-small cell lung carcinoma, colorectal cancer, and type 2
diabetes. (A) Number and overlap of miRNAs between NS and LCS samples. (B) Pearson correlation scatter plot of miRNA
levels in NS and LCS (R=0.2429). (C) Number and overlap of miRNAs between LCS and LCC samples. (D) Pearson correla-
tion scatter plot of miRNA levels in LCS and LCC (R=0.4492). (E) Number and overlap of miRNAs among NS, LCS, and CCS
samples. (F) Pearson correlation scatter plot of miRNA levels in NS and CCS (R=0.1568). (G) Pearson correlation scatter
plot of miRNA levels in LCS and CCS (R=0.7726). (H) Number and overlap of miRNAs among NS, LCS, and DS samples. ()
Pearson correlation scatter plot of miRNA levels in NS and DS (R=0.4645). (J) Number and overlap of miRNAs between DS
and DC samples. (K and I) Pearson correlation scatter plot of miRNA levels in DS and DC, and in NC and DC, respectively.

shown in Figure 3E and 3F, colorectal cancer patients
also had a significantly different serum miRNA profile
compared to healthy subjects. In all, 69 miRNAs were
detected in the colorectal cancer serum (CCS) but not in
NS. It is of interest to note that colorectal cancer patients
shared a large number of serum miRNAs (e.g., miR-134,
miR-146a, miR-221, miR-222, miR-23a, etc.) with lung
cancer patients. A Pearson correlation scatter plot further

indicated that the levels of miRNAs in serum from lung
cancer patients and colorectal cancer patients were con-
sistent (Figure 3G), suggesting that there are some “com-
mon” tumor-related miRNAs in serum.

Compared to healthy subjects, diabetes patients also
had a significantly altered expression profile of serum
miRNAs, though the change was not as drastic as that
in cancer patients (Figure 3H). Surprisingly, diabetes
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patients and lung cancer patients share a large number
of common serum miRNAs that are not found in healthy
subjects. These miRNAs may be related to the body’s
immune system and alteration of these miRNAs may re-
flect a general inflammatory response shared by various
diseases. A Pearson correlation scatter plot (Figure 31)
confirmed the remarkable difference of miRNAs between
diabetes serum (DS) and NS. We have also compared the
expression profile of DS miRNAs with that of diabetes
blood cell (DC) miRNAs. As shown in Figure 3J, besides
84 common miRNAs shared by DS and DC, there were
17 and 27 miRNAs that were only found in DS and DC,
respectively. Pearson correlation scatter plots showed
the comparison of miRNAs between DC and DS (Figure
3K), and between DC and NC (Figure 3L), respectively.
Since Rpene (0.8638) is larger than Rpsws (0.4645), al-
teration of serum miRNAs is more sensitive than that of
blood cell miRNAs in reflecting the diabetic condition.

Individual validation of Solexa data by gRT-PCR
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The Solexa results from pooled serum samples of 11
NSCLC patients were further validated individually by
gRT-PCR. Given that miR-25 and miR-223 have been
reported to be implicated in tumorigenesis [10], and our
Solexa analysis also showing that altered ratios of miR-
25 and miR-223 in serum are among the highest ones in
LCS samples (the copy numbers of miR-25 in NS and
LCS are 739 and 8 662, and miR-223 in NS and LCS
are 41 and 3 446, respectively), miR-25 and miR-223
were selected for further individual examination in an
independent trial of 152 lung cancer sera (LCS) and 75
normal sera (NS) by qRT-PCR. As shown in Figure 4A
and 4B, serum expression levels of miR-25 and miR-223
are significantly increased in LCS than in NS. As for the
negative control, serum expression level of let-7a is not
different between LCS and NS (Figure 4C). Figure 4D is
the summarization of induction fold of miR-25, miR-223
and let-7a in LCS compared to NS. The qRT-PCR results
fully support the concept that serum miRNA expression
profiles of patients with NSCLC, colorectal cancer, and

30
miR-223
s 251 .Ns
'ﬁ -LCS
o 20
o
3
< 15
g 10 e
i 5 v L. v '_.. . 4
0 50 100 150 200 250
Number of samples
6 P 8.78E-08 oNs
m|CS
5
o 4 P=1.56E- 05
&
5 3
o
S 2
c P=0. 11
@®
o 1
=
0
mlR 25 mlR 223 Iet 7a

Figure 4 Individual validation of Solexa data by qRT-PCR. (A-C) The expression levels of miR-25 (A), miR-223 (B), and let-
7a (C) were measured in 75 NS samples (#1-#75) and 152 LCS samples (#76-#227) by qRT-PCR. The relative miRNA ex-
pression level in each sample normalized to the average of NS samples was illustrated. (D) Summarization of the mean fold
changes of miR-25, miR-223, and let-7a in LCS compared to NS samples.
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diabetes obtained from Solexa analysis are reliable. Also,
elevated expression levels of miR-25 and miR-223 in
serum are the blood-based biomarkers of NSCLC, which
can be easily detected by qRT-PCR.

Discussion

The search for non-invasive tumor markers for diag-
nosis is currently one of the most rapidly growing areas
in cancer research [1-4]. Serum and plasma have been
the subject of extensive research for years [2]. However,
serum-based test suitable for widespread use in early
tumor detection is currently limited [3, 4]. Nowadays, al-
most all of the routinely used serum markers are proteins
and the conventional methodologies used to measure
them remain labor-intensive [3, 4]. In the best currently
available blood test, carcinoembryonic antigen exhibits
low sensitivity and specificity, particularly in the con-
text of early disease. Comprehensive proteomic analysis
recently introduced a group of differentially expressed
proteins as disease indicators and significantly increased
the accuracy of diagnosis [11, 12], but its protein assay
procedure is not easy to apply in clinical diagnosis.

The present study is the first one to systematically
characterize miRNAs in serum. Our results demonstrate
that serum miRNAs are stable and can be detected di-
rectly in serum, thereby greatly facilitating clinical use
of such tests. Surprisingly, miRNAs, particularly serum
miRNAs, are resistant to RNaseA digestion and other
harsh conditions, which potentially explains the stability
of serum miRNAs. The mechanism of resistance of miR-
NAs to RNase requires further study. Interestingly, we
have found that miRNAs exist not only in human sera/
plasma, but also in various animal species. Given that a
lot of animals have been used for biomedical research
and drug screening, serum miRNA expression profiles
of these model animals can potentially serve as useful
biomarkers in such studies. Thus, species-specific serum
miRNA profiling would be of interest in the future. Fur-
thermore, we have found that miRNAs also exist in other
body fluids, including urine, tear, ascetic fluid, and amni-
otic fluid (data not shown). Obviously, studying miRNA
expression profiles in these body fluids would be another
important project.

Expression profile of serum miRNA in patients with
NSCLC obtained by Solexa analysis shows 63 new miR-
NAs which are absent in normal subjects. Among these
new miRNAs in LCS, many are known to be associated
with lung cancer or other tumors. For instance, miR-
128b, miR-152, miR-125b, miR-205, miR-27a, miR-
146a, miR-222, miR-23a, miR-24, miR-150, etc. showed
increased levels in tissue samples diagnosed with lung

cancer, while the expression levels of miR-29a, miR-221,
miR-223, miR-25, miR-92, miR-99a, etc. were increased
in colorectal cancer tissues [10]. Moreover, it has been
reported that patients with papillary thyroid carcinomas
showed increased levels of miR-221, miR-222, and miR-
146 in the tumors [13]. Likewise, miR-221, miR-222,
and miR-125b were reported to be the top up-regulated
miRNAs in TRAIL-resistant non-small cell lung cancer
cells [14]. However, among these newly detected serum
miRNAs, there are also many, especially those with a
high number designation, that have not been previously
studied. Since our Solexa results clearly indicate the ex-
pression of these miRNAs in serum from cancer patients,
their physiological functions and relationship with tu-
morigenesis should be further examined. The results also
strongly suggest that, during diseases such as cancer, se-
rum miRNAs are derived from not only circulating blood
cells but also other tissues affected by ongoing diseases,
and that these disease-related miRNAs in the serum can
serve as potential biomarkers. Furthermore, different
miRNA profiles in serum versus blood cells under the
disease state again support the conclusion that the serum
miRNA profile is not simply a default product of broken
blood cells but serves as an indicator of biological func-
tion.

Comparing serum miRNA expression profile between
patients with non-small cell lung cancer and colorectal
cancer, we have found that most of these miRNAs seem
to be involved in general tumorigenesis and cell divi-
sion/growth. Perhaps most interesting is the fact that the
Solexa results did identify a unique expression profile of
serum miRNAs for each cancer type. For example, 8 and
14 serum miRNAs were uniquely detected in lung can-
cer and colorectal cancer patients, respectively. For lung
cancer patients, the specific miRNAs included miR-205,
miR-206, miR-335, efc. Some of these miRNAs such
as miR-205 have been reported to be significantly up-
regulated in bladder cancers [15]. For colorectal cancer
patients, those 14 miRNAs are miR-485-5p, miR-361-
3p, miR-326, miR-487b, efc.

Our present study clearly demonstrates that levels of
miRNAs in serum are stable, reproducible, and consis-
tent among individuals of the same animal species. In-
terestingly, several groups reported that some RNA frag-
ments, including miRNAs, occasionally have been found
in serum and plasma, which might be related to certain
dysfunctions [16-18]. During the period when this manu-
script was previously submitted elsewhere, Lawrie et al.
[19] reported that miR-21 has the potential as a diagnos-
tic biomarker for diffuse large B-cell lymphoma (DLBCL)
and that the sera levels of miR-21 are associated with
relapse-free survival in DLBCL patients. Mitchell et al.
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[20] most recently have found that serum levels of miR-
141 can distinguish patients with prostate cancer from
healthy controls. These studies, together with our results
here, firmly support the notion that miRNAs are stably
present in serum or plasma, and could serve as biomark-
ers for diseases. Moreover, our present study systemati-
cally characterized miRNAs in serum. Most importantly,
we have identified serum miRNA expression profiles in
normal subjects and various diseases. Single or a couple
of serum-based biomarkers for one disease, such as AFP
for liver cancer, or CRP for inflammation and diabetes
etc., have been used for diagnosis over several decades.
Lack of sufficient sensitivity, specificity, and accuracy is
the limitation of a single blood-based biomarker in clini-
cal use. By contrast, a cluster of biomarkers for one dis-
ease would be a better diagnostic tool with much higher
sensitivity, specificity, and accuracy. We propose that the
specific serum miRNA expression profile (not single or
a couple of miRNA(s)) constitutes the fingerprint of a
physiological or disease condition, which could have a
huge impact on diagnosis and personalized medicine in
the future.

In conclusion, we unequivocally show that serum con-
tains large amounts of stable miRNAs derived from vari-
ous tissues/organs and that the serum miRNA expression
profile can be used as a novel serum-based biomarker
potentially offering more sensitive and specific tests than
those currently available for early diagnosis of cancer
and other diseases. This new approach has the potential
to revolutionize present clinical management, including
determining cancer classification, estimating prognosis,
predicting therapeutic efficacy, maintaining surveillance
following surgery, as well as forecasting disease recru-
descence. Furthermore, given the fact that miRNAs are
identified as the first class of RNAs stably present in
serum, it would be of great interest for future studies to
both understand the biological functions and find other
potential applications of serum miRNAs.

Materials and Methods

Serum collection and RNA isolation

Whole blood samples of lung cancer and colorectal cancer were
derived from patients at the Tianjin Medical University Cancer
Institute and Hospital (Tianjin, China), Jinling Hospital (Nanjing,
China), and Shanghai CDC (Shanghai, China) at the time of diag-
nosis. All of the donors or their guardians provided written consent
and Ethics permission was obtained for the use of all samples.
Whole blood was separated into serum and cellular fractions with-
in 2 h after blood was derived. Then cellular fractions were imme-
diately frozen in liquid nitrogen and sera were stored at —80 °C. For
blood cell RNA isolation, total RNA was isolated using Trizol Re-
agent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. For serum RNA isolation, equal volume of Trizol was
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used, and three steps of phenol/chloroform purification were added
since serum is full of proteins. In general, the yield was 5-10 ug
RNA/50 ml serum.

Quantitative RT-PCR of mature miRNAs

Assays to quantify the mature miRNAs were conducted as
previously described [7, 8] with minor modification. Since U6
and 5S rRNA were degraded in serum samples, and there is no
current consensus on the use of house-keeping miRNAs for qRT-
PCR analysis (miR-16, one commonly used reference miRNA,
is inconsistent in our serum tests), the expression levels of target
miRNAs were directly normalized to total RNA. Briefly, serum
was purified by using phenol/chloroform extraction to get rid of
protein fraction. 20 pl reverse transcriptase reactions contained
10 pl purified serum, 1x RT buffer, 0.25 mM each of dNTPs (Ta-
kara), 3.33 U/ul AMYV reverse transcriptase (Takara) and 0.25 U/
ul RNase Inhibitor (Takara), and 2 ul antisense looped primer mix.
This allowed for the creation of a miRNA cDNA library. The mix
was incubated at 16 °C for 15 min, 42 °C for 60 min, and 85 °C for
5 min. Subsequently, real-time quantification was performed us-
ing an Applied Biosystems 7300 Sequence Detection system. The
20 pl PCR reaction included 1 pl RT product (1:5 dilution), 0.5 pl
Universal reverse primer, 0.5 ul of sense primer, 1 ul SYBR green
(Invitrogen), and 1 U/ul Taq (Takara). The reactions were incu-
bated in a 96-well optical plate at 95 °C for 10 min, followed by
40 cycles of 95 °C for 15 s and 60° C for 1 min. All reactions were
run in triplicate. After reaction, the Cr data were determined using
default threshold settings and the mean Cr was determined from
the duplicate PCRs. The ratio of cancer serum miRNA to normal
serum miRNA was calculated by using the equation 2% in which
AG=CT cancer—CT normal. All primers used are listed in Supplementary
information, Table S5.

Solexa sequencing

Briefly, after PAGE purification of small RNA molecules un-
der 30 bases and ligation of a pair of Solexa adaptors to their 5’
and 3’ ends, the small RNA molecules were amplified using the
adaptor primers for 17 cycles and the fragments around 90 bp
(small RNA+adaptors) were isolated from agarose gel. The puri-
fied DNA was used directly for cluster generation and sequencing
analysis using the Illumina’s Solexa Sequencer according to the
manufacturer’s instructions. Then the image files generated by
the sequencer were processed to produce digital-quality data. The
subsequent procedures performed with Solexa were summarizing
data production, evaluating sequencing quality, calculating length
distribution of small RNA reads and filtrating reads contaminated
by rRNA, tRNA, mRNA, snRNA, and snoRNA. Finally, clean
reads were compared with a miRBase database (release 10.0) and
the total copy number of each sample was normalized to 100 000.

Pearson's correlation coefficient (R)

Correlation is a technique for investigating the relationship
between two quantitative, continuous variables. Pearson’s correla-
tion coefficient (R), also known as the product-moment coefficient
of correlation, is a measure of the strength of the association be-
tween the two variables. The first step in studying the relationship
between two continuous variables is to draw a scatter plot of the
variables to check for linearity. The nearer the scatter of points is
to a straight line, the higher the strength of association between the
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variables. The Pearson’s correlation coefficient (R) may take any
value from —1 to +1.
Statistical analysis

All photo-images of semi-quantitative RT-PCR were repre-
sentatives of at least three independent experiments. Quantitative
RT-PCR was performed in triplicate, and the entire experiment was
repeated several times. Data shown were presented as means+SE
of three or more independent experiments, and the differences
were considered statistically significant at P < 0.05 by using the
Student’s ¢-test.
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