
Chapter 21
MicroRNAs as Blood-based Biomarkers
of Cancer

Xi Chen, Junfeng Zhang, Ke Zen, and Chen-Yu Zhang

Abstract The detection of human cancer at an early stage presents a daunting chal-
lenge due to the lack of a specific non-invasive marker. The discovery of microRNAs
(miRNAs), a class of non-coding RNAs that regulate target gene expression at
the post-transcriptional level, has opened a new avenue for tumor diagnosis. Once
thought to be unstable RNA molecules, miRNAs are now shown to be stably
expressed in serum, plasma, urine, saliva, milk, and other body fluids. Results of
the last 2 years establish the quantification of circulating miRNAs in serum/plasma
as an extremely promising approach for cancer diagnosis, especially at an early
stage. The aim of this chapter is to review the recently reported studies on the cir-
culating miRNAs in cancer patients and to estimate their great potential as a class
of highly specific and sensitive blood-based biomarkers for tumor classification and
prognostication. Meanwhile, this chapter also addresses certain critical issues that
hinder the wide application of the new approach. Some potential challenges for the
transition of circulating miRNAs from a research setting to a clinical application are
also highlighted. As a blood-based biomarker of cancer, circulating miRNAs have
the potential to uncover cancer at an early stage and greatly reduce the worldwide
health burden of cancer.

21.1 Introduction

Identifying the sensitive, specific, and non-invasive biomarkers for detecting tumors
at an early stage has been regarded as a key point in tumor prevention and therapy.
In general, human cancers, like other diseases, are easier to treat and control when
detected at an early stage of disease. For example, 65% of non-small cell lung can-
cer (NSCLC) patients have advanced disease at the time of diagnosis (Brambilla
et al. 2003; Patz et al. 2000). Most NSCLC cases, particularly at stages I and II,
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rarely show symptoms and are difficult to be detected (Brambilla et al. 2003; Patz
et al. 2000; Rossi et al. 2005). The 5-year survival rate following surgical resection
is approximately 70% for patients with stage I NSCLC, but that rate drops to only
30% for patients with stage III NSCLC (Dominioni et al. 2000). Thus, the earlier
detection of NSCLC will greatly facilitate more effective management of the dis-
ease. Likewise, early detection of cancer is highly demanded for patients with other
cancers, including colon cancer, cervical cancer, ovarian cancer, breast cancer, etc.
The development of non-invasive or minimally invasive tests capable to uncover
cancer at an early stage can greatly reduce the worldwide health burden of cancers.

Unfortunately, few effective tests are available so far. To date, the reference gold
standard in diagnosing human cancers, such as NSCLC, is pathologic evidence
of malignant cells, which typically requires an invasive strategy, such as surgery,
biopsy, needle aspiration, bronchoscopy, or thoracotomy. Chest X-ray and computed
tomography screening can detect some cancers at an early stage (Henschke et al.
2006; Oken et al. 2005), but the diagnostic procedures and the hazards of the asso-
ciated radiation may outweigh the potential benefits (Mascalchi et al. 2006; Taplin
et al. 2008). For breast cancer, mammography is currently the gold standard diag-
nostic tool; however, it also has limitations, including ionizing radiation and a false
positive rate of 8–10% (Taplin et al. 2008). These concerns have led researchers to
seek novel biomarkers and new diagnostic assays to non-invasively assess tumors.

Blood-based biomarkers are appealing because they can be used in screening
asymptomatic patients. It is generally believed that disease-related biomarkers,
including antigens, enzymes, and lipid components, could shed from the tissues or
cells with ongoing diseases and be present in blood. Thus, a variety of protein mark-
ers, genetic markers, and epigenetic markers have been extensively investigated in
blood in an attempt to seek the markers for early stage tumors. For example, several
currently available serum/plasma biomarkers, such as carcinoembryonic antigen
(CEA), neuron-specific enolase (NSE), chromogranin A (CgA), carbohydrate anti-
gen 15-3 (CA 15-3), carbohydrate antigen 19-9 (CA19-9), alpha-fetoprotein (AFP),
and human chorionic gonadotropin (hCG), offer some promise of analyzing tumors
comprehensively without the need to carry out a biopsy or a surgical procedure
(Dbouk et al. 2007; Huber et al. 1992; Schneider et al. 2000; Sorio et al. 2006;
Tarro et al. 2005). However, up to date, only limited success has been achieved
in identifying markers those are clinically effective in diagnostic tests. The major
concern of these markers is their low sensitivities and specificities (Harris et al.
2007). Even for prostate-specific antigen (PSA), which has been shown to be sen-
sitive for advanced prostate cancer, the specificity is still limited, as evidenced by a
high frequency of falsely elevated values in men with benign prostatic hyperplasia
(Stenman et al. 1999). Conventional methodologies for the detection and quantifi-
cation of antigens have also been limited in clinical use due to their low-throughput
nature. Recent studies in proteomics have led to the development and broad use of
mass spectrometry, a technology that shows the potential to identify unknown pro-
teins in plasma (Gerszten et al. 2010; Gygi et al. 2002; Makawita and Diamandis
2010; Ward et al. 2006; Zhou et al. 2002). With the new technologies and bet-
ter sample preparation protocols, the sensitivity of mass spectrometry is extremely
high, with a detection limit of 1 pg/mL. However, such type of assay is expensive
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and labor-intensive, which makes it difficult for widespread application in clini-
cal diagnosis. Although the enzyme-linked immunosorbent assay (ELISA) can be
performed in a high-throughput manner and is suitable for the detection of diag-
nostic antigens, its detection sensitivity is greatly dependent on antibody affinities.
Therefore, it is important to develop new methods and novel diagnostic biomarkers
for the detection of early events of cancer.

Recently, a new class of RNA regulatory genes known as microRNAs (miRNAs)
has been found to introduce a whole new layer of gene regulation in eukaryotes
(Bartel 2004; He and Hannon 2004). MiRNAs are endogenous non-coding RNAs,
consisting of 19–24 nucleotides in length (Bartel 2004; He and Hannon 2004). They
play an important role in regulating gene expression by base-pairing to the com-
plementary sites on the target mRNAs, thus blocking the translation or triggering
the degradation of the target mRNAs (Bartel 2004; He and Hannon 2004). Since
the discovery of the first miRNA lin-4 in C. elegans, thousands of miRNAs have
been identified experimentally or computationally from a variety of species (Bartel
2004; He and Hannon 2004). MiRNAs are currently estimated to comprise 1–5%
of animal genes and collectively regulate up to 30% of genes, making them one of
the most abundant classes of regulators (Bartel 2004; He and Hannon 2004). Over
the past several years, it has been well demonstrated that alteration of the miRNA
expression contributes to the pathogenesis of many human malignancies (Calin and
Croce 2006; Cho 2010; Esquela-Kerscher and Slack 2006). A number of miRNAs,
including miR-15a/miR-16-1 (Calin et al. 2002), miR-21 (Meng et al. 2007; Ribas
et al. 2009; Selaru et al. 2009), miR-155 (Eis et al. 2005; Gironella et al. 2007), miR-
200 family (Gregory et al. 2008), miR-210 (Camps et al. 2008; Mathew and Simon
2009), etc, have been found to be differentially expressed in various tumor tissues
and cells. Based on their differential roles in carcinogenesis, miRNAs are catego-
rized as either oncogenes or tumor suppressors. These miRNAs not only serve as
specific indicators of various aspects of carcinogenesis and tumor development, but
also provide important sources for the development of future miRNA-based cancer
treatment and therapies (Calin and Croce 2006; Cho 2010; Esquela-Kerscher and
Slack 2006).

Recent studies by our group and others have showed that miRNAs are stably
present in many body fluids, including serum (Chen et al. 2008; Gilad et al. 2008;
Mitchell et al. 2008), plasma (Chen et al. 2008; Mitchell et al. 2008), saliva (Park
et al. 2009), urine (Hanke et al. 2010), milk (Kosaka et al. 2010), and cell cul-
ture supernatants (Skog et al. 2008; Valadi et al. 2007). Once thought as unstable
RNA molecules, circulating miRNAs are in fact highly stable and readily detected
in serum and plasma. Biochemical analyses indicate that they are resistant to RNase
digestion, as well as extreme pH and temperature (Chen et al. 2008; Mitchell
et al. 2008). More importantly, the expression patterns of circulating miRNAs are
tightly correlated with various diseases including cancer, diabetes, and tissue injury.
These results firmly establish the quantification of the tumor-derived miRNAs in
serum/plasma as an extremely promising approach for cancer diagnostics.

In this chapter, we provide an update and overview of the new findings that
reveal the potential use of circulating miRNAs as clinically diagnostic biomarkers
of various cancers and other diseases. Additionally, we summarize the approaches
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used to detect circulating miRNAs and address some critical issues in the quantifi-
cation of these molecules. Finally, we estimate their impact on making the ongoing
research closer to clinical application.

21.2 Detection and Characterization of Circulating
MiRNAs in Serum and Plasma

21.2.1 MiRNAs and Human Cancer

MiRNAs have been studied intensively in the field of oncology research, and emerg-
ing evidence suggests that miRNAs are involved in the pathogenesis of cancers,
mainly by regulating the translation of oncogenes and tumor suppressors (Calin
and Croce 2006; Cho 2010; Esquela-Kerscher and Slack 2006). By employing the
techniques including miRNA cloning, quantitative reverse transcription-polymerase
chain reaction (qRT-PCR), microarray, and bead-based profiling method, changes in
the expression profiles of miRNAs have been detected in a broad spectrum of hema-
tological malignancies and solid tumors (Cummins et al. 2006; Iorio et al. 2005; Lu
et al. 2005; Volinia et al. 2006; Yanaihara et al. 2006). Some miRNAs are frequently
found to be up-regulated or down-regulated in tumors compared with normal tissues,
in agreement with their dual role in carcinogenesis as either “oncogenes” or “tumor
suppressors” (Calin and Croce 2006; Cho 2010; Esquela-Kerscher and Slack 2006).
Although expression differences may not necessarily reflect causal events of car-
cinogenesis, such changes may, nevertheless, be useful for classifying tumors and
predicting their outcomes (Lu et al. 2005; Rosenfeld et al. 2008; Yanaihara et al.
2006). Other reports also showed that miRNAs are remarkably stable in formalin-
fixed, paraffin-embedded tissues, as well as fresh snap-frozen specimens (Li et al.
2007; Xi et al. 2007). Such information is particularly useful for applying tumor
miRNA expression profiles as biomarkers to diminish the diagnostic uncertainty.
Since the biopsy for pathologic analysis is a common routine procedure to diag-
nose solid tumors, the expression profile of tissue miRNAs from biopsy samples
become a novel biomarker in early tumor detection. Many studies have demon-
strated the differential expression of miRNAs between cancer and the related normal
tissue and indicated the potential use of these molecules as biomarkers. However,
for developing a non-invasive or minimally invasive human cancer diagnostic tool,
more intriguing question is whether the tumor-derived miRNAs are presented and
detectable in serum, plasma, and other human body fluids.

21.2.2 Existence of MiRNAs in Serum and Plasma

Dysregulated expression of miRNAs in various tissues has been associated with
a variety of human cancers. More recently, miRNAs’ occurrence in the serum
and plasma of humans has been repeatedly observed. The first description of the
presence of circulating miRNAs in serum and their potential as cancer markers
was reported by Lawrie et al. (2008) (Table 21.1). By comparing the levels of several
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tumor-associated miRNAs, such as miR-155, miR-210, and miR-21, in the serum
of diffuse large B cell lymphoma (DLBCL) patients with those of healthy controls,
Lawrie et al. (2008) determined that patients with DLBCL had high serum levels
of miR-21. More interestingly, miR-21 levels were found to be associated with the
relapse-free survival of these patients (Lawrie et al. 2008).

Around the same time, Mitchell et al. (2008) showed that miRNAs were present
in human plasma in a remarkably stable form and were protected from endoge-
nous RNase activity (Table 21.1). Using a mouse xenograft model where a human
prostate cancer cell line was implanted into mice, they showed that there were
tumor-derived miRNAs circulating in blood (Mitchell et al. 2008). By filtering
plasma samples through a 0.22 μm filter or subjecting these samples to a series
of centrifugations followed by RNA extraction and miRNA detection, they showed
that those plasma miRNAs were not associated with cells or the broken cellular
parts (Mitchell et al. 2008). Finally, the expression of certain miRNAs in cancer
patient plasma, particularly the prostate cancer-associated miR-141, was found to
be significantly different from that in control plasma (Mitchell et al. 2008). These
data indicate that tumor-derived miRNAs in human plasma could serve as important
biomarkers for the blood-based detection of human cancer.

In our study, we give the first comprehensive tally of miRNAs in blood serum
and identify patterns of miRNAs that distinguish patients with two kinds of can-
cer and diabetes from healthy subjects (Chen et al. 2008) (Table 21.1). Firstly, we
detected miRNAs in the sera of various animal species including human, mouse,
rat, bovine, and horse by employing a stem-loop qRT-PCR assay (Chen et al. 2008).
Secondly, we showed that serum miRNAs were highly stable even in the harsh
conditions such as extreme temperature and pH, or RNase digestion, and serum
miRNAs can be almost fully recovered from boiling, freeze-thaw cycles or long-
time storage in frozen condition (Chen et al. 2008). Moreover, we showed that the
levels of miRNAs in serum were reproducible and consistent among individuals of
the same species (Chen et al. 2008). In order to obtain the complete expression pro-
file of miRNAs in serum, we further performed high-throughput Solexa sequencing
using various serum samples pooled from healthy controls or cancer patients. As
a high-throughput sequencing technology producing highly accurate, reproducible,
and quantitative readouts of small RNAs, Solexa can detect and define all small
RNA molecules including miRNA with various expression levels, and can unam-
biguously distinguish miRNAs from other small RNAs (Chen et al. 2008, 2009). By
this method, we investigated the types and levels of miRNAs in the serum samples
pooled from healthy volunteers (male and female) or patients with various diseases
including NSCLC, colorectal cancer (CRC), and diabetes. For each disease, we
identified a unique expression pattern of miRNAs that differed from that of healthy
people (Chen et al. 2008). Our study presented the first genome-wide expression
profile of miRNAs in human serum. Interestingly, we also observed striking differ-
ences between the miRNAs in the serum and blood cells of cancer patients, while
there were no differences between the serum and blood cells of healthy individuals
(Chen et al. 2008). The data suggest that some serum miRNAs of cancer patients
cannot be derived from circulating blood cells but likely from tumor cells or tissues
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that are associated with tumorigenesis. It is of interest to note that NSCLC patients
shared a large number of serum miRNAs with CRC patients, and Pearson corre-
lation further indicated that the levels of miRNAs in serum from NSCLC patients
and CRC patients were consistent (Chen et al. 2008), suggesting that there are some
“common” tumor-related miRNAs in serum from cancer patients. More specifically,
our results determined that miR-25 and miR-223, two miRNAs previously shown to
be involved in tumorigenesis, were highly expressed in NSCLC serum compared
to those in normal serum (Chen et al. 2008). Therefore, these two serum-miRNAs
could serve as novel blood-based biomarkers of NSCLC.

Taken together, these early reports by us and other groups clearly showed
that miRNAs circulate in a stable, cell-free form in the bloodstream and that the
abundance of specific miRNAs in plasma or serum can serve as biomarkers of
cancers.

21.2.3 Circulating MiRNAs as a Biomarker for Cancer Diagnosis

More recently, miRNAs’ occurrence in the serum and plasma of humans has been
repeatedly observed (Table 21.1). By comparing the plasma samples of patients with
CRC to those of healthy controls, Ng et al. (2009) found that both miR-17-3p and
miR-92 are significantly elevated in the plasma of CRC patients. Interestingly, the
levels of these miRNAs in plasma were significantly reduced after surgery in 10
patients with CRC (Ng et al. 2009), suggesting that plasma miRNAs may serve as
indicators for monitoring cancer patients. Further validation with an independent set
of plasma samples indicated that miR-92 differentiated CRC not only from normal
subjects but also from gastric cancer and inflammatory bowel disease (Ng et al.
2009). In discriminating CRC from control subjects, this marker yielded an ROC
curve area of 88.5% (the sensitivity was 89% and the specificity was 70%) (Ng
et al. 2009). Thus, miR-92 has reasonable sensitivity for CRC detection and can be
employed as a potential non-invasive blood-based biomarker for CRC screening. In
accordance with this observation, Huang et al. (2010) also measured the levels of 12
miRNAs in plasma samples from patients with advanced colorectal neoplasia and
healthy controls using qRT-PCR and found that plasma miR-29a and miR-92a have
significant diagnostic value for advanced neoplasia.

Detection of the expression of individual or a panel of circulating miRNAs in
serum and plasma from cancer patients has also been widely reported by other
investigators (Table 21.1). To determine the utility of serum miRNAs as biomark-
ers for epithelial ovarian cancer, Resnick et al. (2009) compared the serum miRNA
levels in cancer specimens to normal specimens with qRT-PCR assay. They identi-
fied eight miRNAs that were significantly differentially expressed between cancer
and normal specimens, of which miR-21, miR-92, miR-93, miR-126, and miR-29a
were over-expressed while miR-155, miR-127, and miR-99b were under-expressed
(Resnick et al. 2009). Employing a pan-human miRNA, high density microarray,
Lodes et al. (2009) evaluated miRNA expression patterns in human serum for five
types of human cancer, and found that miRNAs present in 1 mL of serum were
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sufficient to detect miRNA expression patterns, without the need for amplifica-
tion techniques. Their findings provide a clue to use these expression patterns in
correctly discriminating between normal and cancer patient samples. Moreover, in
the process of identifying differentially-expressed circulating miRNAs in pancreatic
cancer, Wang et al. (2009a) revealed that four pancreatic cancer-specific miRNAs,
including miR-21, miR-210, miR-155, and miR-196a, had elevated expression lev-
els in the serum of pancreatic cancer patients compared to that of normal controls.
By both microarray and qRT-PCR analysis, Tanaka et al. (2009) revealed that miR-
638 is stably present in human plasma while miR-92a dramatically decreased in
the plasma of acute leukemia patients, and the ratio of miR-92a/miR-638 in plasma
was useful for distinguishing leukemia patients from healthy controls. In sum, the
miRNA level in serum and plasma has strong potential for clinical application as a
novel biomarker for detection of various human cancers.

21.2.4 Circulating MiRNAs as a Biomarker for Tumor
Classification and Prognostication

MiRNAs in serum and plasma may also be used as a minimally invasive method
for tumor classification and prognostication (Table 21.1). After confirming that
RNA species can be detected in archived serum samples, Zhu et al. (2009) reported
that the level of miR-155 was elevated in the serum of progesterone receptor pos-
itive patients compared to those with progesterone receptor negative breast cancer.
Tsujiura et al. (2010) showed that the plasma concentrations of four miRNAs
including miR-17-5p, miR-21, miR-106a, and miR-106b were significantly higher
in gastric cancer patients than controls, whereas let-7a was lower in gastric can-
cer patients. Interestingly, they found that the levels of miR-21 and miR-106a were
significantly reduced in post-operative samples (Tsujiura et al. 2010). Liu et al.
(2010) showed that miR-31 in plasma was significantly elevated in oral squamous
cell carcinoma patients relative to age and sex-matched control individuals. They
also showed that the plasma miR-31 in patients was remarkably reduced after tumor
resection (Liu et al. 2010). In order to investigate the potential relevance of circulat-
ing miRNAs with tumor progression in prostate cancer, Brase et al. (2011) screened
miRNA expression in serum samples from patients with metastatic and localized
prostate cancer and found that various miRNAs were highly abundant in the sera
of patients with metastatic disease. After selecting and validating five up-regulated
miRNAs in two independent sample sets, they demonstrated that miR-375 and miR-
141 were pronounced markers for high-risk tumors (Brase et al. 2011). In sum, their
study indicates that circulating miRNAs offer promise as non-invasive biomarkers
for tumor progression. In a recent study, Hu et al. (2010) investigate the role of
serum miRNA in predicting the prognosis of NSCLC by a genome-wide serum
miRNA expression analysis. Specifically, they used Solexa sequencing followed
by individual qRT-PCR assays to test the difference in levels of serum miRNAs
between patients with longer survival and patients with shorter survival. Levels of
four miRNAs including miR-486, miR-30d, miR-1, and miR-499 were found to be
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significantly associated with overall survival. The results revealed a great potential
of serum miRNA signature as disease fingerprints to predict survival.

21.2.5 Circulating MiRNAs as an Indicator to Reflect
Other Diseases

The profile of circulating miRNAs could also be used as an indicator to reflect
other diseases or even subtle physiological condition changes (Table 21.2). For
instance, some findings suggest the potential of tissue-specific circulating miRNAs
as sensitive and informative biomarkers of tissue injury (Ji et al. 2009; Laterza et al.
2009; Wang et al. 2009b). To identify reliable and predictive markers to detect the
early signs of drug-induced injury to the liver, one of the most vulnerable organs in
the body, Wang et al. (2009b) used acetaminophen overdose-induced liver injury in
the mouse as a model system and observed significant differences in the spectrum
and levels of miRNAs in both liver tissues and in plasma between control and over-
dosed mice. A number of elevated circulating miRNAs in plasma collected from
acetaminophen-overdosed animals are highly expressed in the liver (Wang et al.
2009b). In particular, miR-122 and miR-192, which are enriched in the liver tissue,
exhibit dose- and exposure duration-dependent changes in the plasma that parallel
serum aminotransferase levels and the histopathology of liver degeneration, but
their changes can be detected significantly earlier (Wang et al. 2009b). The results
suggest the potential of using specific circulating miRNAs as sensitive and informa-
tive biomarkers for drug-induced liver injury. Another study by Laterza et al. (2009)
investigated the use of liver-, muscle-, and brain-specific miRNAs as circulating
biomarkers of tissue injury. Tissue-specific miRNAs, miR-122, miR-133a, and miR-
124, in plasma samples from rats treated with liver or muscle toxicants and from a
rat surgical model of stroke, were determined by a highly sensitive qRT-PCR assay
(Laterza et al. 2009). Increases in plasma concentrations of miR-122, miR-133a,
and miR-124 corresponding to injuries in liver, muscle, and brain, respectively, were
observed. Using isoproterenol-induced myocardial injury in rats as a model, Ji et al.
(2009) showed that plasma concentrations of miR-208 increased significantly after
myocardial injury and showed a similar time course to the concentration of plasma
cardiac troponin I (cTnI), a classic biomarker of myocardial injury. Interestingly,
Wang et al. (2010b) also found that elevated cardiac-specific miR-208a in plasma
could be a novel biomarker for early detection of acute myocardial infarction (AMI)
in humans. Likewise, Ai et al. (2010) also showed that muscle-specific miR-1 was
significantly higher in plasma from AMI patients compared with non-AMI subjects
and its level dropped to normal on discharge following medication. Moreover,
Tijsen et al. (2010) identify 6 miRNAs that are elevated in patients with heart
failure (HF), among which miR-423-5p is most strongly related to the clinical
diagnosis of heart failure. Wang et al. (2010a) showed that serum miR-146a and
miR-223 were significantly reduced in septic patients compared with systemic
inflammatory response syndrome (SIRS) patients and healthy controls, suggest-
ing that serum miR-146a and miR-223 might serve as new biomarkers for sepsis.
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Furthermore, Gilad et al. (2008) reported that healthy individuals shared a similar
serum miRNA profile, while human placenta-associated miRNAs such as miR-527
and miR-526a were significantly elevated in pregnant women compared to those
in non-pregnant women. Chim and co-workers (2008) also reported that placental
miRNAs can be detected in serum and plasma, and the levels of these miRNAs
correlate with the stages of pregnancy.

21.3 Detection and Characterization of Circulating
MiRNAs in Other Body Fluids

MiRNAs have also been shown to be stably expressed in body fluids including
urine (Hanke et al. 2010), saliva (Park et al. 2009), milk (Kosaka et al. 2010), and
cell culture supernatants (Skog et al. 2008; Valadi et al. 2007) (Table 21.3). In a
recent study, Hanke et al. (2010) develop a clinically applicable and sensitive pro-
tocol for the preparation and molecular analysis of miRNAs from urine samples
obtained from bladder cancer (BCa) patients or healthy volunteers. They showed
that many miRNAs had higher abundance in the urine samples from BCa patients
compared to those from healthy volunteers (Hanke et al. 2010). Among 157 miRNA
species being analyzed, the differential expression of miR-126 and miR-182 in urine
was found to be able to identify BCa (Hanke et al. 2010). Several studies have
shown the presence of miRNA in saliva and their potential as an additional set of
oral cancer biomarkers. Park and co-workers (2009) detected approximately 50 mi-
RNAs in both the whole and supernatant saliva, and showed that endogenous saliva
miRNA degraded much slower compared with exogenous miRNA. By comparing
the expressions of miRNAs in saliva of 50 oral squamous cell carcinoma patients
and 50 healthy matched control subjects by qRT-PCR, they identified two miRNAs,
miR-125a and miR-200a, whose expression levels were significantly lower in the
saliva of oral squamous cell carcinoma patients than in control subjects (Park et al.
2009). In an attempt to identify putative body fluid-specific miRNAs, Hanson et al.
(2009) reported the first comprehensive evaluation of miRNA expression in dried,
forensically relevant biological fluids including blood, semen, saliva, vaginal secre-
tions, and menstrual blood. They identified a panel of nine miRNAs (miR-451,
miR-16, miR-135b, miR-10b, miR-658, miR-205, miR-124a, miR-372, and miR-412)
that can be used as sensitive biomarkers to identify the body fluid origin of forensic
biological stain. The results of this study provide an initial indication that miRNA
profiling may provide a promising alternative approach for identification of body
fluid in forensic casework.

Based on the findings discussed above, we conclude that: (i) miRNAs are sta-
bly expressed in human serum, plasma, and other body fluids and can be readily
detected by various techniques including Solexa sequencing, miRNA microarray,
and qRT-PCR; and (ii) the expression levels and patterns of circulating miRNAs
are correlated with various human dysfunctional conditions. Given their size, abun-
dance, tissue specificity, and relative stability, circulating miRNAs in serum, plasma,
and other body fluids hold a great promise as non-invasive or minimally invasive
biomarkers of various diseases including cancers.
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21.4 Experimental Techniques and Issues in Analysis
of Circulating MiRNAs

Quantification of circulating miRNAs requires effective tools. The explosion of
interest in miRNAs over the recent years results in the development of various tech-
nique platforms. High-throughput profiling techniques such as Solexa sequencing,
miRNA microarray, and bead-based miRNA profiling are effective tools for obtain-
ing expression profiles of circulating miRNAs. These high-throughput techniques
greatly facilitate the process of circulating miRNA expression profiling; in this
sense, they are superior to the existing low-throughput techniques such as northern
blotting and cloning. However, since high-throughput techniques generally require
a relative large volume of serum/plasma to enrich total RNAs, they are usually used
in initial screening processes. qRT-PCR methodologies have been widely applied
in miRNA research, especially in assessing the low level of certain serum miRNAs
in individual samples. To date, the most widely-used and successful approach in
terms of specificity and sensitivity is a two-step approach using looped miRNA-
specific reverse transcription primers and TaqMan probes (Chen et al. 2005; Tang
et al. 2006). So far, both high and low-throughput techniques are extremely use-
ful in miRNA study and are responsible for the majority of studies regarding to
miRNA research. To make the detection of circulating miRNAs more simple, some
new techniques have recently been developed (Lusi et al. 2009). Using an elec-
trochemical genosensor, Lusi et al. (2009) were able to directly detect miRNAs
without the need of PCR and a labeling reaction, and the test is simple, very fast
and ultrasensitive, with a detection limit of 0.1 pmol. This approach, as well as
other revolutionary technologies, may greatly facilitate the application of circulating
miRNAs as blood-based biomarkers for the diagnosis of various human cancers.

The lack of a house-keeping gene for normalization is a major technique issue in
the quantification of circulating miRNAs. In contrast to tissue or cellular miRNAs,
of which the expression levels of certain miRNAs can be normalized against U6
snRNA or house-keeping miRNAs (Peltier and Latham 2008), circulating miRNAs
have no such internal control for miRNA normalization. Although miRNAs are sta-
ble in serum and plasma, their levels may alter under various conditions. Moreover,
there is considerable sample-to-sample variability in both protein and lipid content
of plasma and serum samples, which could affect efficiency of RNA extraction.
Therefore, how to normalize the level of circulating miRNA is an important issue
the investigators concerning from the beginning. Since there is no common circu-
lating miRNA that can be used as a standard, normalizing the level of circulating
miRNAs by the volume of serum or plasma samples might be currently the most
feasible way to solve the problem. Furthermore, since the yield of RNA from small
volume of plasma or serum samples (i.e. 100 μL) is obviously below the limit of
accurate quantification by spectrophotometry, it is reasonable to use a fixed volume
of serum/plasma sample as input for qRT-PCR rather than to use a fixed mass of
input RNA. However, this approach cannot rule out the contamination by technical
variations. A more ideal approach is to normalize circulating miRNA levels using
exogenous non-human (e.g. C. elegans or plants) miRNAs, which were usually



520 X. Chen et al.

spiked-in after the initial denaturation of plasma or serum samples (Mitchell et al.
2008; Hu et al. 2010; Kroh et al. 2010). The inclusion of the spiked-in miRNAs
is important for adjusting for technical variations in RNA extraction. An effective
normalization strategy for biological variability, however, is currently not well-
developed. The use of so-called “invariant” miRNAs as endogenous controls, such
as miR-16 (Lawrie et al. 2008) and miR-638 (Tanaka et al. 2009), has been proposed
by some investigators. However, future studies should be performed to confirm that
these miRNAs are indeed expressed at high levels in plasma and serum and are
relatively invariant across large numbers of samples.

Furthermore, the clinical effectiveness of circulating miRNAs as biomarkers is
likely to be affected by pre-analytic factors. For example, when generating plasma,
there is a risk of contamination of the plasma supernatant by cells from the cellu-
lar pellet when aspirating (Kroh et al. 2010). Moreover, the type of anti-coagulant
used in plasma collection tubes is also important to consider. Whereas EDTA and
citrate are both acceptable anti-coagulants for downstream qRT-PCR, the use of
heparin as the anti-coagulant potently inhibits subsequent PCR (Kroh et al. 2010).
Furthermore, there are other pre-analytic variables that have yet to be studied
carefully. Although miRNAs appear to be stable to extended room temperature
incubation of plasma (Chen et al. 2008; Mitchell et al. 2008), it is not yet known
whether the duration of time taken between collecting and processing of plasma
or serum affects miRNA levels (Kroh et al. 2010). In the absence of data on this
pre-analytic variable, it is prudent in designing studies to standardize conditions as
much as possible with respect to time elapsed between collecting blood and process-
ing for plasma or serum. These are some other factors, such as the diurnal variation
in miRNA levels, fasting vs. non-fasting state at blood collection, etc, that may
plausibly affect either the amount of miRNA present in a given plasma or serum
sample (Kroh et al. 2010). It is prudent to try to match as many variables as pos-
sible in the collection and/or selection of case and control samples for research
studies.

21.5 Circulating MiRNAs Serving as Novel Potential
Biomarkers for Early Tumor Detection, Diagnosis,
and Prognosis

21.5.1 A Panel of Circulating MiRNAs Instead of Individual
Circulating MiRNA as a Biomarker for Tumor Detection

Ideal blood-based biomarkers of tumors must fit two criteria: (a) specificity, i.e. their
presence is associated with the occurrence of only a specific type of tumor; and (b)
proportionality, i.e., their levels in serum and plasma should be correlated with the
extent of tumor development. Early studies clearly demonstrated that circulating
miRNAs perfectly satisfied these standards. Tremendous efforts have been devoted
to identify circulating miRNA-based novel non-invasive biomarkers for early tumor
detection, diagnosis, and prognosis.
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Early reports on circulating miRNAs as disease fingerprints mainly focused
on individual or several tumor-related miRNAs. This approach has its advantage
because detecting a single miRNA molecule or a few target miRNAs in circulation
is much simpler and more straightforward than comprehensively detecting all cir-
culating miRNAs. Successful examples of using this approach include the first two
studies in this field, conducted by Lawrie et al. (2008) and Mitchell et al. (2008),
respectively. However, in general, the specificity of biomarkers based on a sin-
gle miRNA or several individual miRNAs is relatively poor. For instance, elevated
liver-specific miR-122 in plasma or serum could result from not only hepatocellu-
lar carcinoma but also hepatitis B virus infection, cirrhosis, and general liver injury
(Wang et al. 2009b). The molecular basis for the limitation of individual miRNA
as a tumor biomarker is the diverse, complex nature of malignancy. For a nor-
mal cell transforming into a tumor cell, many different genes would be involved.
Accordingly, there should be many miRNAs that target these genes contributing
to this complex process. In other word, there are many miRNAs that are dysreg-
ulated in each type of cancer. For hepatocellular carcinoma, the altered miRNAs
can be derived not only from liver but also immune system. To identify circulat-
ing miRNA-based biomarkers for various types of cancer, it is necessary to screen
the serum/plasma miRNAs in a genome-wide manner and find all differentially-
expressed miRNAs in serum/plasma of patients with that specific type of cancer.
From this regard, employing a miRNA expression panel instead of an individual
miRNA as a biomarker represents a rational option to circumvent the limitation in
miRNAs utilization in tumor diagnosis.

21.5.2 A Working Model for Identifying Circulating
MiRNA-based Biomarkers for Diseases

In the process of searching circulating miRNA-based cancer biomarker, the scien-
tists have developed a working model to identify and refine differentially expressed
miRNAs in cancer serum/plasma samples compared to control samples (Fig. 21.1).
The analysis was separated into three steps: (i) initial screening by high-throughput
techniques such as Solexa sequencing, microarray, or miRNA cloning using pooled
or several serum samples; (ii) qRT-PCR validation in a large number of individ-
ual serum samples arranged in multiple training and testing sets; and (iii) statistical
evaluation of the diagnostic or prognostic value of the circulating miRNA profiling
system by algorithms such as ROC curve, Risk score analysis, and cluster analysis.
Briefly, after the initial screening, a panel of differentially-expressed miRNAs could
be derived by comparing the serum/plasma miRNA profile in healthy volunteers and
cancer patients. Since the sample sizes used in the initial screening stage were small,
the miRNAs selected had to be further validated by qRT-PCR assay at an individ-
ual level. This model has been proven to be greatly successful in identifying serum
miRNA-based biomarkers for lung cancer classification and predicting the survival
of lung cancer patients (Hu et al. 2010).
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Fig. 21.1 Schematic description of the working model for identifying circulating miRNA-based
biomarkers for diseases. AUC, Area under the ROC curve; MiRNA, MicroRNA; qRT-PCR,
Quantitative reverse transcription-polymerase chain reaction; ROC curve, Receiver operating
characteristic curve

In general, initial screening by high-throughput techniques, such as Solexa and
microarray, is to identify circulating miRNAs that are differentially expressed in
patients’ serum, plasma, and other body fluids. However, if we know the specific
miRNAs that are linked to certain type of diseases, we can directly determine their
levels using miRNA qRT-PCR assay. One of alternative approaches is to use multi-
plex qRT-PCR assay to identify a panel of specific circulating miRNAs, which will
be faster and simpler than sequencing or microarray studies.
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21.6 Some Key Issues Regarding the Sources and Biological
Functions of Circulating MiRNAs

21.6.1 Sources of Circulating MiRNAs

To establish circulating miRNAs as novel disease biomarkers, a key issue is to
clarify their sources. Theoretically, there are two major pathways that have been
proposed for miRNAs to enter the circulation: (i) passive leakage from broken cells
and (ii) active secretion via cell-derived microvesicles (MVs) (Fig. 21.2).

Passive leakage from broken cells: Although direct leakage of cellular miRNAs
into the circulating is not common under normal circumstance, it still occurs at the
time of tissue damage or cell apoptosis. Under the circumstances of tumor metas-
tasis or chronic inflammation, tissues or cells at the primary site may break up;
therefore, miRNAs may leak into the circulating blood from these cells. This type

Fig. 21.2 Schematic description of the sources of circulating miRNAs. There are two major path-
ways that have been proposed for miRNAs to enter the circulation: (i) passive leakage from broken
cells and (ii) active secretion via MVs. In the first pathway, tissues or cells at the primary site may
break up under the conditions of tissue damage or cell apoptosis, and the miRNAs may leak into
the circulating blood from these cells. In the second pathway, miRNAs are first loaded into MVs
(exosomes and microparticles) inside the cells, and then enter the circulation accompanying the
secretion of MVs. MiRNA, MicroRNA; MVs, Microvesicles
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of miRNA release may also happen in certain blood cells, such as platelets and
monocytes, because of their relatively short half-lives. In general, passive leakage
from broken cells and tissues is a process that does not require energy.

Active secretion via cell-derived MVs: MVs are small vesicles that are shed
from almost all cell types under both normal and pathological conditions (Cocucci
et al. 2009; Thery et al. 2002). They generally include exosomes and microparti-
cles, whose size and vesicular structures are quite different from each other. These
secreted MVs bear surface receptors/ligands of the original cells and have the
potential to selectively interact with specific target cells and mediate intercellular
communication by transporting bioactive lipids, mRNA, or proteins between cells
(Thery et al. 2002). MVs have been identified from many cellular sources including
monocytes, macrophages, endothelial cells, leukocytes, and tumor cells and are now
thought to have pivotal roles in tumor invasion and metastases, inflammation, coagu-
lation, and stem-cell renewal and expansion (Cocucci et al. 2009; Thery et al. 2002).
Recent studies clearly showed that MVs from cultured cells and human peripheral
blood contain miRNAs (Hunter et al. 2008; Skog et al. 2008; Valadi et al. 2007;
Zhang et al. 2010). These findings support that MVs might serve as efficient car-
riers for delivery of circulating miRNAs. In this pathway, miRNAs are first loaded
into small secretory vesicles or granules inside the cells, and then enter the circu-
lation accompanying the secretion of MVs. In contrast to leakage of miRNAs from
broken cells, this process is active and ATP-dependent.

21.6.2 Molecular Basis of the High Stability of Circulating
MiRNAs

The remarkable stability of miRNAs in serum and plasma samples raises important
and intriguing questions regarding the mechanism by which miRNAs are resistant
to RNase digestion and harsh conditions. To date, the molecular basis of the high
stability of circulating miRNAs remains largely unknown. Nevertheless, several
hypotheses have been proposed: (i) circulating miRNAs are protected by packag-
ing inside MVs such as exosomes and microparticles; (ii) circulating miRNAs are
protected via association with other molecules (e.g. in a RNA-protein complex); and
(iii) circulating miRNAs are modified (Fig. 21.3).

�
Fig. 21.3 The molecular basis of the stability of circulating miRNAs. In contrast to naked mi-
RNAs, circulating miRNAs are well preserved in harsh conditions including RNase digestion,
extreme temperature and pH, extended storage, freeze-thaw cycles, etc. Several hypotheses regard-
ing the molecular basis of the high stability of circulating miRNAs have been proposed: (i)
circulating miRNAs are encapsulated in MVs such as exosomes and microparticles, and the mem-
brane structures of MVs protect miRNAs from degradation; (ii) circulating miRNAs are embedded
in RISC and are therefore stabilized via association with these miRNA-binding proteins; and
(iii) circulating miRNAs are protected by modifications including methylation, adenylation, and
uridylation. MiRNA, MicroRNA; MVs, Microvesicles; RISC, RNA-induced silencing complex
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Fig. 21.3 (continued)
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Potential protection of circulating miRNAs by MVs: Based on the fact that a
number of circulating miRNAs in bloodstream are encapsulated in cell-derived
MVs, the membrane structures of MVs may protect miRNAs from degradation.
Although there is no direct evidence so far to demonstrate that this mechanism is
indeed responsible for the stability of circulating miRNAs in serum and plasma,
our recent study found that miRNA expression levels in MVs treated with RNase
were unchanged compared to those in untreated MVs, while miRNA levels in
MVs treated with both RNase and Triton X-100 (destroy the double layer mem-
brane of MVs) significantly reduced (Zhang et al. 2010). The results suggested
that circulating miRNAs are, at least in part, protected by the membrane structures
of MVs.

Possible stabilization of circulating miRNAs by miRNA-binding proteins: Since
miRNAs are shown to bind to proteins such as Argonaute 2 (AGO2) family in
forming the RNA-induced silencing complex (RISC) (Gregory et al. 2005; Lingel
et al. 2003), it is possible that these proteins in turn stabilize miRNAs in harsh
conditions including RNase digestion, extreme temperature and pH, etc. However,
the nature of circulating miRNA-binding proteins remains to be identified, and
additional studies will be needed to explore the hypothesis.

Possible modification of circulating miRNAs: The hypothesis of circulating
miRNA modification is mainly based on the comparison between circulating
miRNAs and tissue/cellular miRNAs. Since the same individual miRNA is more
stable in serum or plasma than that in tissue/cell, in terms of the resistance to RNase
digestion, it is reasonable to suggest that these circulating miRNAs may be mod-
ified in certain ways. General modifications of miRNAs include methylation (Yu
et al. 2005), adenylation (Katoh et al. 2009; Lu et al. 2009), and uridylation (Jones
et al. 2009), and plant miRNA modifications play critical roles in stabilizing mi-
RNAs and regulating miRNA functions (Lu et al. 2005; Yu et al. 2005). A recent
report by Katoh et al. (2009) also found that mammalian miRNAs can be selectively
stabilized by 3′ adenylation mediated by the cytoplasmic poly(A) polymerase GLD-
2. However, it is currently unknown whether circulating miRNAs are methylated,
adenylated, or uridylated.

21.6.3 Correlation Between Tissue MiRNAs
and Circulating MiRNAs

Identification of the correlation between circulating miRNAs and tissue miRNAs
also supports the hypothesis that circulating miRNAs can serve as ideal biomarkers
for cancers. It is conceivable that there is a connection between tissue miRNAs
and circulating miRNAs. Indeed, many miRNAs show the same trend of alter-
ation, either increase or decrease, in the plasma/serum and tumor tissues of patients
with various types of cancer. For examples, the expression of miR-25 and miR-223
was found increased in both the serum of lung cancer patients (Chen et al. 2008)
and their lung tumor tissues (Volinia et al. 2006). The level of miR-155 was also
found to be elevated in the tumor tissues/cells (Eis et al. 2005) and plasma of lym-
phoma patients (Lawrie et al. 2008). The correlation between tissue and circulating
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miRNAs provides evidence for the hypothesis that circulating miRNAs can reflect
various aspects of human physiological status and serve as fingerprints for disease
diagnosis.

21.6.4 Potential Biological Functions of Circulating MiRNAs

Although the detection of circulating miRNAs in serum, plasma, and other body
fluids has been widely reported, the biological and physiological functions of circu-
lating miRNAs are largely unknown. Recent studies have shown that miRNAs can
be secreted and delivered into target cells via MVs, and that these exogenous mi-
RNAs can regulate the expression of target genes and cellular functions in recipient
cells (Pegtel et al. 2010; Skog et al. 2008; Valadi et al. 2007; Yuan et al. 2009).
These findings provide a mechanism for transport and exchange of miRNAs among
non-adjacent cells, and open up the possibility that miRNAs may serve as signaling
molecules allowing for coordinated intercellular regulation of gene expression.

The ability of MVs to transfer miRNA raises very exciting possibilities for thera-
peutic uses. Cells engineered to express miRNA may be capable of delivering these
small molecules to local cellular environments via MVs. These engineered cells
can be encapsulated to provide sustained local delivery. Since current techniques
for gene transfer use viral or synthetic agents as delivery carriers, their replace-
ment by MVs released from autologous transplants of engineered cells will offer the
advantage of a virus-free approach and make the prospects of gene therapy safer.

From this point of view, secreted miRNAs may represent a class of signaling
molecules that play an important role in mediating intercellular communication.
Moreover, the secretion and targeting of miRNAs among the different cells establish
a highly regulated complex network under various physiological and pathological
conditions. The research in secreted miRNAs will not only provide valuable infor-
mation for developing biomarkers for disease diagnosis, but also shed light on our
understanding of the highly complex cell communication network under various
physiological and pathological conditions.

21.7 Concluding Remarks and Future Directions

Since the association of miRNAs with tumorigenesis was discovered several years
ago, many attempts have been made to develop the sensitive and robust miRNA-
based tests for early tumor diagnostics. Both miRNAs derived from tumor cells
and affected tissues have been extensively evaluated as a diagnostic and prognos-
tic tool to monitor cancers (Cummins et al. 2006; Iorio et al. 2005; Lu et al. 2005;
Volinia et al. 2006; Yanaihara et al. 2006). Recently, we and other groups have found
that human serum/plasma contained a large amount of stable miRNAs, and that the
expression pattern of serum/plasma miRNA altered in reflection of various disease
conditions, including cancers. The enormous potential of circulating miRNAs as a
class of ideal cancer biomarkers is based on the following facts: (i) they are remark-
ably stable molecules, well preserved in harsh conditions, and resistant to RNase
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activity; (ii) their expression profiles are specifically correlated with certain type
of cancer; and (iii) they are easily accessible and can be detected in a relatively
non-invasive manner by various techniques.

Although circulating miRNAs have triggered much excitement in clinical and
scientific communities, this field is only now emerging. Much of the work on circu-
lating miRNAs is still in its infancy and requires further exploration. Since the first
identification of serum/plasma miRNAs in 2008 (Chen et al. 2008; Gilad et al. 2008;
Lawrie et al. 2008; Mitchell et al. 2008), numerous studies have shown the presence
of miRNAs in circulation and their potential use as novel biomarkers for diseases
and pathophysiological status, including malignancy, diabetes mellitus, pregnancy,
and acute tissue injuries. However, these early studies have been limited by their
small sample sizes, their lack of constant standards in quantification, and inconsis-
tencies in methodologies (Chin and Slack 2008). Like many other novel biomarkers
at their early stages of research, circulating miRNAs require extensive investigation
to validate their great potential. Several areas may need to be focused on in future
studies: (i) establish a simple standard assay for the quantification of circulating
miRNAs in various body fluids; (ii) test the specificity and sensitivity of circulating
miRNA profile-based biomarkers in a large number of samples; in particular, com-
pare the expression of serum/plasma miRNA in different types of cancer to identify
the specific biomarkers for specific cancer; and (iii) perform the perspective stud-
ies such as cohort studies to determine whether circulating miRNAs can serve as a
diagnostic tool to detect cancer at its early stage.

As the functional roles of miRNAs in cancer biology are further uncovered and
the methods of circulating miRNA detection and analysis are improved, circulat-
ing miRNAs will serve as novel minimally invasive or non-invasive biomarkers
for various types of cancer. Their wide applicability and potential importance will
probably initiate a revolution in clinical management, including detecting the early
stage of tumors, estimating prognosis, predicting therapeutic efficacy, maintaining
surveillance, and forecasting disease recurrence.
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