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constructive for the diagnosis and prognosis of tumor ailments.

Abstract: Serum and other body fluids of human are wealthy sources for the detection of novel biomarkers, which can be considered in
routine medical diagnosis. MicroRNAs are a class of small non-coding RNAs that regulate gene expression at the posttranscriptional
level by either degrading or blocking translation of messenger RNA targets. The deregulation of microRNAs has been associated to
tumor progression and cancer development. Lately, the detection of microRNAs in serum and other body fluids of human include
adequatelely constant microRNA autographs. Recent expression profiling studies have discovered that microRNAs participate
significant regulatory roles in a multiplicity of cellular functions as well as intending at the detection on novel non-invasive biomarkers.
In this article, | review the current literature on serum microRNAs in different tumor types and the approaches used to detect and
quantify these molecules. Moreover, | précis the knowledge about the mechanism of microRNAs discharge and the putative functional
roles of circulating microRNAs. There remain many challenges in this domain, circulating microRNAs have the prospective to be
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1. Introduction

Cancer is the most dreaded disease haunting the mankind since
time immemorial. It affects everyone — the young and old, the
rich and poor, men, women and children — and represents a
tremendous burden on patients, families and societies [1].
Cancer is the third leading cause of mortality after
cardiovascular and infectious diseases in the world. Although
we have made great advances in the understanding of cancer
biology and pathogenesis as well as in the development of new
targeted therapies, the progress in developing improved early
diagnosis and screening tests has been inadequate. As a result,
most cancers are diagnosed in advanced stages, which lead to
poor outcomes. Now, intense research is focused on seeking
specific molecular changes that are able to identify patients
with early cancer or precursor lesions. Biological samples such
as blood, serum, stool, pancreatic juice or urine, as well as both
DNA and RNA, have been analyzed for tumor-specific
changes. However, due to the simplicity of getting a blood
sample, easily testable biomarkers found in blood serum would
be especially useful. Furthermore, the unique patterns of
disordered miRNA expression in each type of cancer, their
stability in serum [2], [3] and their role as biomarkers of
disease risk due to inherited polymorphisms suggest that
miRNAs may potentially serve as novel molecular biomarkers
for clinical cancer diagnosis.

Ambros and colleagues (1993), discovered a gene, lin-4, which
affected development in Caenorhabditis elegans (C. elegans);
they found that its product was a small non-protein coding
RNA, microRNA (miRNA) [4]. miRNAs are endogenous non-
protein-coding short RNAs of 21-23 nucleotides [5], [6]. It was
initially discovered in Caenorhabditis elegans and thousands

have been identified in many organisms, including human,
mammals, invertebrates, insects, plants and viruses. In humans,
miRNAs play important roles in cellular physiology,
development, and disease by negatively regulating gene
expression [5], [6]. miRNA biogenesis requires several post-
transcriptional processing steps to yield the functional mature
miRNA [7]. Currently, there are 940 mature human miRNA
sequences listed in the miRNA registry (Sanger miRBase
release 15; http://www.mirbase.org/).

Over the past several years, many miRNAs have been
investigated in various human cancers [8]. The deregulation of
the expression of miRNAs has been shown to contribute to
cancer development through various kinds of mechanisms,
including deletions, amplifications, or mutations involving
miRNA loci, epigenetic silencing, the dysregulation of
transcription factors that target specific miRNAs, or the
inhibition of processing. miRNA expression profiling is of
increasing importance as a useful diagnostic and prognostic
tool, and many studies have indicated that miRNAs act as
either an oncogene or a tumor suppressor. Recently, the
discovery of miRNAs as novel biomarkers in serum or plasma
represented a new approach for diagnostic screening in blood.
Since current approaches to cancer screening are invasive and
it is difficult to detect cancer in its early stages, it is important
to understand the characteristics of secretory miRNAs and their
usefulness in cancer detection. In this article, | review and
assess the potential efficacy of serum miRNAs in cancer
therapeutics and diagnosis.

2. Cell-free microRNAs and feasible discharge
mechanisms

Although miRNA presence is pertinent for the regulation of
cancer-associated genes in tissues, the possibility to extract and
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reliably determine cell-free miRNA content in body fluids like
serum was first shown in 2008 [9]. This finding was confirmed
by a subsequent study revealing that miRNAs are enriched in
the small RNA fraction isolated from serum samples [2]. Serum
specimens contain high volumes of protein, and therefore
extraction requires a modified protocol that adds more
denaturing solution such as Qiazol or Trizol [10]. Additionally,
considering the small amount of RNAs from serum or plasma
samples, a routine spike-in synthetic non-human C. elegan
miRNA (e.g. Cel-miR-39) was used after the initial serum
denaturation step to serve as the internal quality control [11].
Considering that profiling of circulating miRNAs are
frequently confounded by cellular miRNAs, | believe that cell-
free circulating miRNAs from exosomes will be a better
starting material for profiling studies. Unfortunately, cross-
contamination between cells and exosomes seem to be
unavoidable. The alternative might be to enrich exosome
fractions and eliminate cell fractions. In order to enhance the
specificity of potential circulating miRNAs, | recommend the
blood plasma and serum preparation protocol modified by
Duttagupat et al. [12]. For better targeting the tumor-derived
exosomes, tumor-antibody coupled magnetic beads could be
used to enrich the tumor relevant miRNAs [13]. Once potential
exosomal miRNA biomarkers are identified, they could be
validated by using whole blood or unfractioned serum or
plasma. Cell-free miRNAs in body fluids are stable under harsh
conditions including boiling, low/high pH, extended storage
and multiple freeze-thaw cycles [2], [3], [14]-[16]. In contrast,
synthetic miRNAs were found to be quickly degraded by the
high levels of RNAse activity in plasma [3]. Filtering and
differential centrifugation experiments suggest that miRNAs
are not derived from cells circulating in the blood [3].

At present, there are at least two possible explanations for the
stability and origin of circulating miRNAs: One hypothesis is
that passive release occurs during tissue injury. For example,
miRNA-208 was shown to be exclusively expressed in the
heart and was measured in the serum after heart tissue injury
[17]. The same unspecific release could also exist in cancer,
since the high rate of proliferation and cell lysis in tumors
might contribute to the abundance of miRNAs in the blood
stream. Alternatively, miRNAs are contained in small particles
and are therefore protected against RNase activity. Recently, it
has been shown that a transfer of mMRNA and miRNA between
cells can be accomplished through microvesicles [18]. These
are small (50 nm to 100 nm) particles, which are shed from the
cell plasma membrane into the extracellular space and released
into the blood stream [19], [20]. Microvesicles are derived
from different cell types, e.g. reticulocytes, dendritic cells, B/T
cells and mast cells [21]-[25]. Additionally, it was shown that
non-hematopoietic cells like intestinal epithelial cells and
neuroglial cells are capable to release microvesicles [26], [27].

3. Circulating miRNAs function in tumor

Current research has revealed evidence showing that miRNAs
play roles in the initiation and development of tumor [28].
Some of these miRNAs modulate expression of known
oncogenes or tumor suppressor genes, whereas others function
as so-called onco-miRs or tumor-suppressor-miRs. Circulating
microvesicles have been recognized for many years, but their
generation and physiological roles are still incompletely
understood. Microvesicles, also known as exosomes, are
supposed to be important for cell-cell communication.
However, the role of incorporated miRNA molecules is

unclear. Hunter et al. compared the expression levels of
miRNAs from microvesicles with that of platelets and
peripheral blood mononuclear cells in healthy individuals [29.
Significant differences were found and target prediction
demonstrated that the majority of the miRNAs from the
microvesicles are involved in the regulation of hematopoiesis
and cellular differentiation [29]. Recently, the mechanism of
microvesicle based miRNA release was reported to involve
ceramide-dependent secretory machinery [30]: Kosaka and
colleagues showed that miRNA abundance changes after
overexpression and inhibition of a rate-limiting enzyme
involved in ceramide biosynthesis [30]. Entertainingly, they
also found that miRNAs are transported in microvesicles and
exert gene silencing in recipient cells. The recent data suggest
that cells can actively secrete endogenous miRNAs. However,
it remains unclear whether there is a specific mechanism
leading to an increase of certain selected miRNAs. Although
the exact mechanism for microvesicle formation and nucleic
acid incorporation is still unknown, exosomes seem to have
important roles in cell-cell communication [20]. Therefore, the
contained miRNAs could also have important functions in
tumor development and progression: In 1979, it was shown that
tumor related exosomes are present in the blood of women
suffering from ovarian cancer [31]. Recently, the quantity of
tumor-derived exosomes in the peripheral circulation has been
found to be highly correlated with ovarian cancer stages [14].
Moreover, the miRNA content of tumor cell-derived exosomes
is correlated to the miRNA level in the primary tumor [14],
[32]. Skog et al. reported that glioblastoma-derived RNA
contained in microvesicles is functional and is taken up by and
processed in human brain microvascular endothelial cells
(HBMVEC) in cultures [33]. This lead to the hypothesis that
tumor cells use exosomes to transport genetic information,
including miRNAs, to surrounding cells and thereby support
tumor growth and progression [33]. If this hypothesis holds
true, miRNAs could be suitable candidates to manipulate the
microvesicle’s target cells by regulating their RNA stability and
translation. Moreover, circulating miRNAs might modulate
immune responses [34], [35]: For example, microvesicles
derived from human melanoma and colon cancer can promote
tumor growth and immune escape by mediating the
differentiation of monocytes towards TGFb-secreting myeloid
suppressive cells [34]. However, it has not been investigated if
these effects are mediated by the miRNAs contained in the
microvesicles.

4. Circulating miRNAs reflect pathological or

physiological alterations
Circulating miRNAs can be readily detected in serum [17],
plasma or whole blood [36]. Using Solexa sequencing
technology, Chen et al. detected a great amount of small RNAs,
21-23nt length in both serum and whole blood samples from
normal individuals, as well as patients with colorectal, non-
small cell lung cancer and diabetes [2]. Another study
confirmed the presence of small RNAs (18-24 nt) in plasma
from the total RNA extracted from human plasma using
radioactive labeling method [3]. Followed by cloning and
sequencing of those small RNAs, over 93% of the sequences
matched known miRNAs, and thus further confirmed that the
majority of small RNAs isolated from plasma were indeed
miRNAs. In addition, some randomly selected miRNAs were
found to be expressed consistently in both serum and plasma
samples from humans, as well as in other species, such as rats,
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mice, claves, bovine fetuses and horses [2]. MiRNAs are also
notably stable in serum and plasma samples [2], [3], [17], [36],
[37]. Chen et al. found that isolated serum miRNAS can survive
the treatment of RNase A, compared to other endogenous
RNAs such as 18s rRNA, 28s rRNA, GAPDH, B-actin and U6
[2]. Most serum miRNAs maintain considerable expression
levels after 3 hours or overnight RNase A treatment; however
large RNAs were degraded following 3 hours of RNase A
treatment. Furthermore, repeat freeze-thawing cycles [2] and
low/ high pH solution [2] treatments did not affect serum
miRNAs. Similarly, plasma miRNAs could remain stable in
room temperature for 24 hours and eight freeze-thaw cycles;
however, synthetic miRNAs were rapidly degraded in plasma
[3]. This indicates that the endogenous plasma miRNAs in
RNase-enriched circulating system exist in a form that is
resistant to plasma RNase activity. In healthy individuals, the
levels of cell-free miRNAs present in sera are stable [2], [15].
Under healthy conditions, the serum miRNA profile is similar
to that of circulating blood cells [2]. Thus, alterations of serum
miRNA levels may be indicative of physiological or
pathological changes and may possibly be used as surrogate
biomarkers [38]. For example, circulating miRNAs were found
in the sera of pregnant women [15]: miRNA-526a, miRNA-527
and miRNA-520d-5p showed a considerably high fold-change
and could be used to distinguish pregnant from non-pregnant
women with high accuracy. Moreover, placenta derived
miRNAs (e.g. miRNA 141, miRNA 149, miRNA 299 5p and
miRNA 517a) are detectable in the maternal plasma, and their
concentrations decrease directly after childbirth [39], [40].
Therefore, miRNAs have been discussed as novel noninvasive
markers for prenatal diagnosis [39]. As to pathological
changes, tissue specific miRNAs were analyzed in the blood
stream as markers for myocardial injury and drug induced liver
injury: A rat model of acute myocardial infarction
demonstrated that the plasma levels of the cardiac-specific
miRNA-208 and miRNA-499 are increased in this disease [41].
These miRNAs are also elevated in the plasma of human
patients with acute myocardial infarction [41], [42]. Drug
induced liver injury, a frequent side effect which significantly
influences the patient’s health and treatment costs is associated
with increased plasma levels of miRNA 122 and miRNA 192
in a mouse model [43]. Cell-free miRNAs are also associated
with inflammatory diseases [44], [45]: Circulating miRNA-
146a and miRNA-223 were significantly reduced in septic
patients when compared to patients with a systemic
inflammatory response syndrome or healthy controls [44].
Furthermore, reduced plasma levels of miRNA 132 were
observed in patients with rheumatoid arthritis and
osteoarthrosis compared to healthy controls [46].

5. Serum miRNAs as prospective biomarkers for
tumor diagnosis

It is reported that miRNAs could be an ideal class of blood-
based biomarkers for tumor detection because: (i) miRNA
expression is frequently dysregulated in tumor [47], [48], (ii)
expression patterns of miRNAs in human cancer appear to be
tissue-specific [49] and (iii) miRNAs have unusually high
stability in formalin-fixed tissues [50]. This third point led us to
speculate that miRNAs may have exceptional stability in
plasma and be promising biomarkers for diagnosing human
cancers. The availability of novel biomarkers could improve
diagnosis and the clinical management of cancer. A perfect

biomarker should be easily accessible in a noninvasive manner.
Therefore, miRNA profiles in serum and plasma samples from
cancer patients have been screened to identify novel
biomarkers for the diagnosis of tumors (summarized in Table
1).

5.1 Serum miRNAs in lymphoma, acute leukemia and
glioblastoma

A malignant disorder of lymphoid progenitor cells, affects both
children and adults, with peak prevalence between the ages of 2
and 5 years. The diagnostic and prognostic potential of
miRNAs in the serum of patients with diffuse large B-cell
lymphoma (DLBCL) was shown by studies of Lawrie et al.
[51]. They determined the expression levels of three tumor-
associated miRNAs in serum samples from DLBCL patients
and healthy controls and found that the miRNAs miR-155, -210
and -21 were upregulated in patient sera (see also Table 1 for
an overview). Moreover, DLBCL patients with high miR-21
serum levels showed increased relapse free survival but not
overall survival. miRNAs do not have to be specific for a
certain cancer type. Skog et al., for example, showed that miR-
21 is also elevated in the serum of patients with glioblastoma
tumors, consistent with the fact that this miRNA s
overexpressed in glioblastoma tumor cells [52]. The results of
these studies are promising, but sera from more DLBCL and
glioblastoma patients must be tested before these findings can
be generalized. Additionally, it is yet unclear how tumor
miRNAs find their way into the bloodstream. The detected
extracellular miRNAs might be derived from dying tumor cells,
from tumor cells that have been lysed, from cells infiltrating the
lymphomas, from other tissues affected by ongoing diseases, or
because the tumor cells actively secrete miRNAs into the
surrounding environment. Further studies with larger sample
numbers and ideally, monitoring and follow-up of patients
within clinical trials should allow detection of mMiRNA
expression before, during and after therapy and could lead to

Table 1. Serum miRNAs as a biomarker for different human

tumors
Type of tumor MiRNAS Contributors
Diffuse large B-cell | miR-21, miR-155, | [56]
lymphoma miR-210
Glioblastoma miR-21 [57]
Acute myeloid | miR-92a [58]
leukemia
Acute lymphoblastic
leukemia
Oral and squamous | miR-184 [62]
cell cancer miR-31 [63]
miR-24 [64]
Breast cancer miR-155 [68]
miR-195 [69]
Lung cancer mMiRNAs 63 absent | [75]
in
healthy controls
28 miRNAs absent
in
lung cancer [70]
patients
miR-25, miR-223
miR-17-3p, miR-
21,
miR-106a, miR-
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146,

miR-155, miR-
191,

miR-192, miR-
203,

miR-205, miR-
210,

miR-212, miR-214
miR-1,miR-30d,
miR-486, miR-499

[71]

Colorectal cancer miR-17-3p,miR-92
miR-29a, miR-92a
69 miRNAs absent
in

healthy controls

[73]
[74]
[75]

Gastric cancer miR-17-5p, miR-
21
miR-106a,

106b, let-7a

[76]

miR-

Hepatocellular miR-500

carcinoma

[81]

miR-21, miR-155,
miR-196a, miR-
210

miR-210

Pancreatic cancer [82]

[83]

miR-21, miR-29a,
miR-92,

miR-93, miR-99b,
miR126,
miR-127, miR-
155

miR-141

Ovarian cancer [86]

[87]

miR-16, miR-34b,
miR92a,

miR-92b, miR-
103, miR107,
miR-197, miR-
328,

miR-485-3p, miR-
486-5p,
miR-574-3p, miR-
636,miR640,
miR-766, miR-
885-5p

Prostate cancer [91]

the identification of useful biomarkers in cancer. In a related
study, Tanaka et al. investigated whether the expression levels
of specific miRNAs differ between leukemia patients [several
types of acute myeloid leukemia (AML) and acute
lymphoblastic leukemia (ALL)] and healthy individuals [53].
The miRNA expression profile in human plasma was
determined using microarray analysis, and the researchers
found high expression of miR-92a in tumor cells of acute
leukemia. One mMIRNA, miR-638, was the most highly
expressed miRNA in healthy individuals regardless of sex and
age, suggesting that miR-638 is physiologically necessary in
blood and might be a useful internal control for quantification
of miRNAs in plasma. The authors also showed that the ratio of
miR-92a/miR-638 in plasma could be a very sensitive
biomarker for AML and ALL.

5.2 Serum miRNAs in oral and squamous cell cancer

Oral cancer consistently ranks as one of the ten most frequently
diagnosed cancers in the world [54] with over 363,000 cases
reported annually worldwide, and mortality rate of about 50%
[3], [55], [56]. Studies by Wong and colleagues identified by
gRT-PCR analysis of laser microdissected cells from four
tongue carcinomas and paired normal tissues an overexpression
of miR-184 that was further validated in 20 paired tongue
squamous cell carcinomas and normal [57]. In addition to
showing an effect of miR-184 inhibition on cell proliferation
rate and apoptosis in tongue squamous cell carcinoma cell
lines, they also demonstrated that plasma miR-184 levels were
significantly higher in tongue squamous cell carcinoma patients
than in normal individuals when normalized to the control
miRNA miR-16. Interestingly, the plasma levels of miR-184
were significantly reduced after surgical removal of the primary
tumors. Importantly, plasma miR-184 could be detected in both
early and advanced tongue squamous cell carcinoma patients,
indicating a possible use of this miRNA for early detection of
this cancer type. Oral squamous cell carcinoma (OSCC) is one
of the most frequent carcinoma worldwide. Liu et al. [58]
therefore investigated the role of miR-31, which was
beforehand known to be involved in OSCC, in plasma and
saliva of OSCC patients compared to an age and sex-matched
control population. gRT-PCR analysis indicated that OSCC
patients had significantly higher levels of miR-31 in their pre-
operative plasma than controls. Interestingly, after resection,
88% of patients showed a varying degree of decrease in
plasmamiR-31 levels. The same trend was also observed for
miR-31 levels in saliva, as miR-31 was increased in OSCC
patients and a similar decrease was apparent in patients after
tumor resection. Regions on chromosomes 9 and 19 are
frequently altered in patients with head and neck squamous cell
carcinoma. As the genes encoding miR-24 are located in these
regions, Lin et al. [59] analyzed miR-24 plasma levels in
OSCC patients and control individuals. qRTPCR analysis
indicated a significant 2.4-fold higher miR-24 plasma level in
OSCC patients than in controls, yielding a predictive power
and an accuracy of 0.82 and 0.73 for miR-24 plasma levels in
distinguishing malignant and non-malignant states. Although
the estimation of each miRNA's diagnostic power is limited by
the small sample size in all three OSCC studies, the
combination of miR-184, miR-31 and miR-24 as OSCC serum
biomarkers could yield very attractive candidates for validation
in large-scale follow-up studies.

5.3 Serum miRNAs in breast cancer

Breast carcinoma, which is the second most prevalent cancer in
women, is diagnosed in >200,000 woman in the USA every
year. Early detection is a major factor contributing to the 2.3%
annual decline in breast cancer death rates over the past 10
years [60]. Nonetheless 40,480 women in the USA were
projected to die from breast cancer in 2008 [61], in part
because currently available breast cancer screening tools such
as mammography and breast examination miss 10-40% of early
breast cancers and are least effective in detecting cancer in
young women, whose tumors are often more aggressive. One of
the most frequent cancers in women is breast cancer. While
mammaography is currently the gold standard diagnostic tool, it
is not without limitations, including use of ionizing radiation
and a considerable false positive rate [62]. For routine
evaluation of breast tumors, estrogen receptor (ER) (for
predicting response to endocrine therapies) and HER2/neu are
currently used. In a pilot study for potential miRNA serum
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biomarker, Zhu et al. compared the expression levels of three
miRNAs in serum samples of breast cancer patients and healthy
subjects [63]. While the expression of all three miRNAs was
similar in samples from healthy women compared to those with
breast cancer, women with progesterone receptor-positive
tumors had highermiR-155 expression than women with tumors
that were negative for this receptor. This indicates that in
addition to the differentiation of normal from diseased states,
serum mMiRNA signatures could be used to determine into
which prognostic groups subjects should be placed and how
they might respond to therapy. Heneghan et al. [64] studied 7
candidate miRNAs in tissue and blood specimens of 148
patients with breast cancer and 44 age matched and disease free
control individuals. They could show that increased miR-195
levels in breast tumors were reflected in serum of breast cancer
patients and that this level was significantly higher than in
control individuals. Interestingly, they could also show that
miR- 195 and let-7a expression in the blood decreased
significantly postoperatively to levels comparable with control
subjects, indicating a potential use of these miRNAs to assess
successful curative tumor resection. Analyzing circulating
miRNAs also allowed the authors to correlate clinic
pathological variables: lymph node positive patients were
found to have significantly lower levels of circulating let-7a
compared with those with lymph node negative disease, while
higher circulating levels of miR-10b and miR-21 were
observed in patients with ER negative disease, compared with
those with ER positive breast cancer.

5.4 Serum miRNAs in lung, colorectal and gastric

Lung cancer is the leading cause of cancer deaths worldwide,
and approximately 80% of the patients have non-small-cell
lung cancer (NSCLC). The potential application of miRNAs as
biomarkers in lung cancer is encouraged by studies of
Rabinowits et al. that suggested that circulating exosomal
miRNA might be a useful screening parameter for lung
adenocarcinoma [65]. The miRNA signatures of peripheral
circulating exosomes parallel those of tumors, indicating that
miRNA profiling can be performed in the absence of tissue and
accurately reflect the miRNA profile of the tumor. This
approach could potentially be extended to the screening of
asymptomatic individuals and to monitoring disease recurrence.
A Solexa deep sequencing approach followed by individual
gRT-PCR analysis was used by Hu et al. [66] to investigate the
role of serum miRNA in predicting prognosis of NSCLC by
analyzing the difference in serum miRNA levels of patients
with longer-compared to shorter survival. Of the 109 miRNAs
that were detected by sequencing from the longer-survival
group (compared to 101 miRNAs that were detected from the
shorter-survival group), miRNAs were selected for additional
gRT-PCR validation that were well detectable and showed an
at least five-fold altered expression between the two pooled
samples. This resulted in the identification of eleven serum
miRNAs, and the levels of four miRNAs (miR-486, miR-30d,
miR-1 and miR-499) were significantly associated with overall
survival. The obtained results from the training set could be
projected onto the test set, as the four-miRNA signature was
also consistently an independent predictor of overall survival in
this set. High serum expression levels of miR-486 and miR-
30d and low serum expression levels of miR-1 and miR-499
were all individually associated with unfavorable survival.
Patients already carrying two or more high-risk miRNAs had a
significantly increased probability of shortened survival than

those carrying zero or one high risk miRNA in both sample
sets, suggesting that either four miRNAs individually or the
four-miRNA signature as a group may be used as biomarkers to
predict the lung cancer survival in this study population. To
generalize the usefulness of these serum miRNA signatures,
further studies in different ethnic populations combined with
analysis of therapy response can be envisioned.

Colorectal cancer is the third commonest malignant neoplasm
worldwide and the fourth leading cause of cancer-related
deaths worldwide [67]. Colorectal cancer is, if detected early, a
highly curable disease. As an alternative to the invasive
colonoscopies and the non-invasive, but of limited sensitivity
and specificity, fecal occult blood test, Ng and colleagues
searched for a potential biomarker for colorectal cancer and
studied a panel of 95 miRNAs by quantitative RT-PCR (qRT-
PCR) analysis [68]. In an initial, small-scale study, five
miRNAs were found to be upregulated in plasma and tissues
samples from colorectal cancer patients when compared to
healthy controls. All miRNAs were validated in a larger cohort
and two miRNAs, miR-17-3p and miR-92, were also found to
be significantly upregulated in an independent, large set of
plasma samples from colorectal cancer patients compared to
patients with gastric cancer, inflammatory bowel disease and
healthy controls. miR-92 yielded a sensitivity of 89% and a
specificity of 70% in discriminating colorectal cancer patients
from control subjects. Interestingly, after surgical resection of
tumors, the elevated plasma levels of miR-17-3p and miR-92
were markedly reduced, possibly indicating that the elevated
miRNA levels were caused by the colorectal cancer cells.
Elevation of miR-92 was independent of the tumor volume,
metastatic status and tumor stage, suggesting that miR-92 could
be useful in the early detection of colorectal cancer. Similar
results were obtained in a study by Huang et al. [69] that
showed that the levels of miR-29a and miR-92a in plasma
samples from patients with advanced colorectal neoplasia were
significantly higher than those of healthy controls. Although a
different normalization control and more patients with earlier
stages of colorectal neoplasias were used in this study, the
results were comparable to that of Ng et al. The promising
results of both studies still need to be confirmed in larger
cohorts to address the questions of whether the elevation in
miR-92 is specific for colorectal cancer, if it is specific for
certain stages of colorectal cancer and if miR-92 can be used to
differentiate the familial type of colorectal cancer from
sporadic forms. A more comprehensive analysis of miRNAs in
serum was performed by Chen et al. in a study that was the first
to comprehensively characterize blood miRNA profiles from
healthy individuals and patients with several different cancers
[70]. First, they demonstrated that serum miRNAs are stable
under harsh conditions like boiling, low or high pH, extended
storage, or freeze—thaw cycles and that they are even resistant
to RNase A digestion. They further demonstrated that in
addition to humans, miRNAs are also present in the serum and
plasma of animals such as mice, rats, bovine fetuses, calves,
and horses. Furthermore, they reported that miRNAs also exist
in other body fluids (urine, tear, ascetic fluid, and amniotic
fluid) and, importantly, they showed that miRNA levels in
serum are stable, reproducible, and consistent among
individuals of the same species. Employing the Solexa deep
sequencing technique, they first identified approximately 190
known miRNAs in the serum of healthy subjects. Most of the
miRNAs were detected in both serum and blood cells, whereas
only a small number of miRNAs were uniquely present in
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either serum or blood cells. As a second step, they determined
that patients with lung cancer, colorectal cancer and diabetes
had specific serum miRNA profiles. In the sera of lung cancer
patients, the miRNA expression profile was significantly
different compared to healthy subjects, with 28 miRNAs
missing and 63 new miRNA species detected. Interestingly,
lung cancer patients also showed differences between the
miRNAs found in serum and blood cells, which is in striking
contrast to healthy subjects, in whom serum and blood cells
essentially share the same miRNA profile. Two highly
expressed miRNAs in lung cancer, miR-25 and miR-223, were
analyzed by gqRTPCR and confirmed for their ability to serve
as blood-based biomarkers for lung cancer in an independent
trial of 75 healthy donors and 152 cancer patients. Colorectal
cancer patients also had a significantly different serum miRNA
signature compared to healthy subjects. While some of these
miRNAs were in common with those found in lung cancer sera,
there were also some miRNAs specific to only lung cancer or
colorectal cancers. Compared to healthy subjects, diabetes
patients also had a significantly altered serum miRNA
expression profile, although the change was not as drastic as
that in cancer patients. Surprisingly, however, diabetes patients
and lung cancer patients shared a large number of common
serum miRNAs that were not found in healthy subjects.

Gastric cancer (GC) is the second leading cause of cancer-
related death in the world. Patients with advanced GC often
develop recurrent disease, even after extended radical
resections, and, consequently, they show extremely poor
survival rates. Serum tumor markers, such as carcinoembryonic
antigen and carbohydrate antigen 19-9, have been used as
convenient diagnostic assays in GC, although they lack
sufficient sensitivity and specificity to facilitate early detection
of cancer. Tsujiura et al. [71] therefore examined plasma
miRNA concentrations from patients with gastric cancer to
assess their clinical application for diagnosing and monitoring
diseases. Initial studies comparing the miRNA expression of
four miRNAs (miR-17-5p, miR-21, miR-106a and miR-106b)
that have been reported to be upregulated in GC, and let-7a,
which has been reported to be down regulated in GC, in plasma
and primary GC tumor tissues demonstrated that both samples
showed similar tendencies concerning the expression of
miRNAs in almost all cases. The authors measured and
compared circulating miRNAs in paired plasma samples before
and one month after surgical removal of the tumor and found
that plasma concentrations of miR-17-5p, miR-21, miR-106a,
miR-106b were significantly higher in GC patients than
controls, whereas let-7a was lower in GC patients. To improve
the sensitivity and specificity of these plasma miRNAs for use
as diagnostic biomarkers, miRNA expression ratios were
calculated by dividing the plasma concentration of the four
upregulated miRNAs by that of the down regulated miRNA,
yielding a robust diagnostic tool. These miRNA ratios could
also become powerful and useful for confirming the
completeness of tumor removal and for evaluation of the
efficacy of additional anti-cancer therapies.

5.5 Serum miRNAs in hepatocellular and pancreatic

cancer
Hepatocellular carcinoma (HCC) is responsible for significant
morbidity and mortality in cirrhosis and also accounts for
between 85% and 90% of primary liver cancer [72]-[74]. Most
of HCCs in the world occur in the setting of cirrhosis and over
half-million of people develop liver cancer every year and an

almost equal number die of it [72], [73], [75]. To understand
the role of miRNAs in liver development, Yamamoto et al.
studied murine liver differentiation and described miR-500 as
an oncofetal miRNA that is highly expressed in murine fetal
liver, even more than in normal adult liver [76]. Translating
their findings to humans, they showed that miR-500 was
abundantly expressed in several human liver cancer cell lines
and aberrantly expressed in HCC tissue. Most importantly, an
increased amount of miR-500 was found in the sera of HCC
patients. Interestingly, elevated serum levels of miR-500 in
some HCC patients returned to normal after surgical removal
of the tumor.

Pancreatic cancer, the fourth most common cancer in the
United States, remains one of the most lethal malignancies. As
most cases are diagnosed after metastatic spread, the average 5-
year survival rate is below 5%. In search of novel biomarkers,
Wang et al. described the combined analysis of the levels of
four plasma miRNAs that are known to be overexpressed in
pancreatic cancer tissues (miR-21, miR-210, miR-155, and
miR-196a). The analysis of these four miRNAs in plasma
samples from 28 cancer and 19 control samples allowed, when
combined, the discrimination of pancreatic adenocarcinoma
patients from normal healthy individuals with a fairly good
sensitivity of 64% and 89% specificity [77]. No significant
differences in the plasma levels of the four miRNAs, both
individually and in combination, could be observed for the
cancer samples at different stages of the disease. One of the
four miRNAs of the Wang et al. study, miR-210, was also
investigated in plasma samples from newly diagnosed
pancreatic cancer patients and age-matched non-cancer
controls by Ho et al. [78]. Using an initial test set of 11
pancreatic cancer patients and 14 age-matched controls and a
validation set of 11 pancreatic cancer patients and 11 controls,
miR-210 was also reliably detected and quantified in this study,
with a statistically significant four-fold increase in expression
in pancreatic cancer patients compared with normal controls.

5.6 Serum miRNAs in ovarian cancer

In 2008, it was expected that 20,180 women will be diagnosed
with ovarian cancer and 15,310 will succumb to the disease
[79]. Ovarian cancer is a devastating illness in which only 20%
of patients are diagnosed with stage | disease [80]. The poor
prognosis associated with ovarian cancer is multi-factorial; a
lack of minimally invasive, early detection tests, subtle
symptom development and tumor chemo-resistance. The use of
miRNA signatures of tumor-derived exosomes as a diagnostic
biomarker for ovarian cancer was convincingly demonstrated
by Taylor and Gercel-Taylor [81]. Tumor-derived exosomes
were specifically isolated by a modified magnetic activated cell
sorting (MACS) procedure that used anti-epithelial cell
adhesion molecule (EpCAM) antibodies. The authors first
showed that the level of circulating, tumor-derived exosomes in
serum is strongly increased in women with invasive ovarian
cancer compared to women with benign ovarian tumors or
healthy controls. In addition, the levels of circulating, tumor-
derived exosomes increased in parallel to the stage of disease.
Further, they demonstrated by miRNA microarray profiling that
the 218 miRNAs that were identified in tumor samples were
also identified in circulating exosomes and that 31 of these
miRNAs are overexpressed in the circulating exosomes as
compared to the tumor samples. To define the significance of
overexpressed miRNAs in tumor samples as biomarkers, a
larger scale study including additional confounding factors will
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need to be performed. Differences in serum miRNAs between
healthy controls and ovarian cancer patients were also reported
by Resnick et al. [82]. They sought for an alternative or
complementary diagnostic approach in addition to trans-vaginal
ultrasound and serum CA-125 levels for women at high risk for
ovarian cancer. This would be of great importance because
CA-125 remains a poor marker for early stage disease and has
a documented sensitivity of 40%. miRNAs might therefore
serve as early detection biomarkers in patients with normal CA-
125 levels. Using a gRT-PCR platform, they identified 21
miRNAs that were differentially expressed between normal and
patient serum. Analyzing these miRNAs in more detail, five
miRNAs were found to be overexpressed and three miRNAs
were decreased in the serum of ovarian cancer patients
compared to controls, establishing a possible set of miRNAs as
biomarkers for ovarian cancer.

5.7 Serum miRNAs in prostate cancer

Prostate cancer is of increasing significance worldwide due to
the increasing aging population. In the U.S. alone, 1 in 6 men
will develop prostate cancer in their lifetime; 1 in 30 men will
die of this disease. According to the American Cancer Society,
Prostate cancer is a major health concern for U.S. men
resulting in approximately 218,000 new cases and about 32,000
deaths in 2010 [83]. In spite of the low known incidence of
prostate cancer in developing countries, its incidence and
mortality tends to increase continually [84]. A promising study
by Mitchell and colleagues demonstrated that serum miRNA
levels can be used to distinguish patients with prostate cancer
from healthy controls [85]. First, they confirmed the finding
that despite the presence of RNase activity in plasma,
endogenous mMiRNAs are present in human plasma in a
remarkably stable form and that they are not degraded at room
temperature or after several freeze—thaw cycles. They went on
to show by TagMan gRT-PCR measurements that miRNA
expression levels in plasma or serum were strongly correlated,
indicating that both serum and plasma samples would be
suitable for investigations of mMiRNAs as blood-based
biomarkers. For their experiments, Mitchell et al. used a mouse
prostate cancer xenograft model system in which a human
prostate cancer cell line was implanted into mice. In this mouse
model, miRNAs originating from the xenografts entered the
circulation and could readily be detected in plasma from
xenografted, but not from control mice. This concept was
extended to the serum of human metastatic prostate cancer
patients, in which one miRNA, miR-141, was highly
overexpressed and could be used to distinguish patients with
prostate cancer from healthy controls with 60% sensitivity and
100% specificity. As miR-141 is an epithelial-restricted
miRNA, it seems possible that tumor-derived miRNAs could
enter the circulation even when they originate from an
epithelial cancer type, and that they can be detected in the
circulation as a prostate cancer biomarker. The report thatmiR-
141was overexpressed in the serum of prostate cancer patients
contradicts somewhat the results of Lodes et al. who detected
serum miRNAs in cancer using oligonucleotide microarrays
[86]. Consistent with the results of Mitchell et al., they reported
that serum miRNAs are upregulated in cancer patients as
compared to normal donors. Comparing serum miRNA levels
of late stages of prostate cancer patients and normal donors,
they found that 15 miRNAs were upregulated in serum from
prostate cancer patients compared to normal donor sera.
However, they did not detect differential miR-141 expression

in their studies. This discrepancy might have several reasons,
for example, differences in the patient cohorts (treated versus
untreated patients) or differences in the sensitivities of the
methodologies used (microarray versus qRT-PCR analysis).

6. Circulating miRNAs associated with tumor
development

The verdicts discussed in the earlier paragraph were based on
contrasts of the miRNA serum levels between tumor patients
and healthy controls. None of the described circulating
miRNAs for the diagnosis of epithelial tumors showed
correlations to histological subtypes, different stages or grades
of tumor in further validation studies [87]-[90]. This suggests
that the identified circulating miRNAs might be promising
biomarkers for tumor detection but not necessarily appropriate
for the prediction of the clinical courses of the diseases. In
contrast, in tissue samples, miRNAs seem to be valuable
markers to predict the clinical outcomes of tumor patients [91]-
[93]. Brase et al [94] analyzed the miRNA profiles in sera of
patients with highly aggressive compared to localized prostate
cancer. Several circulating miRNAs were considerably higher
abundant in patients with metastatic cancer. Two independent
validation studies indicated that miRNA-141 and miRNA-375
were the most promising markers correlated with prostate
tumor development. Recently, circulating miRNAs have also
been reported to be correlated with clinicopathological
variables (nodal and estrogen receptor status) in patients with
breast cancer [39]. However, this study only demonstrated that
circulating miRNAs are correlated with histopathological
parameters, and not directly associated with patients’ outcome.
To evaluate the prognostic potential of the identified
circulating miRNAs, larger retrospective validation studies
integrating long-term follow-up data are required. For lung
tumor, it was shown that serum miRNAs are promising
prognostic biomarkers: Hu et al. demonstrated that circulating
miRNAs can be used to predict the clinical outcomes of non-
small-cell lung cancer (NSCLC) patients [95]. In their
screening study, the authors compared the serum miRNA
profiles of patients with long and short survival times using
Solexa sequencing and validated the abundance of 13 selected
mMiRNAs in 243 patients by gPCR. Four miRNAs (miRNA-
486, miRNA-30d, miRNA-1, and miRNA-499) were confirmed
to be associated with patient outcome. miRNA-1 was already
described to be significantly down regulated in lung cancer
tissue, thereby leading to decreased cell proliferation, migration
and motility. miRNA-1 is supposed to target the MET
oncogene as well as the gene HDAC4 [96]. Hu et al. also
demonstrated that a combination of selected circulating
miRNAs had a higher sensitivity than single biomarkers:
Patients exhibiting large amounts of two or more high-risk
miRNAs in the serum had a significantly increased probability
of shorter survival times. Taken together, these results indicate
a significant association of circulating miRNAs with the
survival of NSCLC patients and therefore suggest that miRNAs
are useful as prognostic markers.

7. Challenges and methodical advances to

analyze circulating miRNAs
Despite the promising data supporting the potential value of

miRNAs as biomarkers, many challenges remain. Due to the
small amount of circulating miRNAs and the large amount of
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proteins, miRNA isolation from serum samples is methodically
challenging. To this end, numerous phenol/chloroform-based
extraction protocols are available. Commercially available
extraction kits without acid phase separation can also be used
for the extraction of miRNA from body fluids. Circulating
miRNAs can be extracted from both serum as well as plasma
samples. Serum has recently been described to yield lower
amounts of circulating miRNAs compared to plasma [97]. In
addition, the effectiveness of serum samples has been
questioned since the range of miRNAs from diverse samples
can vary [97]. However, due to practical reasons, in the clinical
practice, mainly serum samples are available. To this end, a
good correlation was observed when the individual miRNA
levels were compared between serum and plasma samples from
the same patient donors [3]. Thus, both sample types seem to
be suitable for the analysis of cell-free miRNAs. One of the
main problems associated with circulating miRNA extraction
and comparison of sample collectives is the quantification of
the miRNA. The low abundance of miRNA in serum can hardly
be determined using spectrophotometers. A robust and
sensitive method for the analysis of serum miRNAs is their
relative quantification by a stem-loop reverse transcription
PCR (RT-PCR), which has been broadly used for the sensitive
detection of low abundant circulating miRNAs [98] with high
reproducibility. New methodicalies for serum-based miRNA
analysis are emerging: For example, Lusi et al. designed a
PCR- and label-free, sensitive detection method [99] based on
an electrochemical sensor. After the hybrid formation of the
miRNA with an inosine substitute, the oxidation of guanine
generates an electrical signal, which can be quantified [99].
Microarray-based expression analysis is challenging since a
large amount of RNA is needed for the analyses. Lodes et al.
reported similar limits of detection for the analysis of
circulating miRNAs for microarrays when compared to qPCR
based methods [100]. Deep sequencing methodicalies have
resulted in a steep increase of the rate of newly described
microRNAs [101]. Since 2007, almost all newly recovered
microRNAs were derived from deep sequencing analyses. The
current release (miRBase 16) encompasses over 15.000
microRNA gene loci. The user can search for tissue- and stage
specific expression, and compare own data with microRNA
profiles in different diseases. First studies indicate disease-
specific fingerprints in serum [2], [95]. Thus, large-scale
miRNA sequencing appears to be very promising with respect
to the identification of further biomarkers. Due to the described
technical and quality variations, the strategy of raw data
normalization is a critical issue. While some studies
demonstrated a lack of significant differences between
clinically defined entities [89], [17], miRNA-16 was also found
to be highly abundant in the sera of prostate cancer patients
[100]. Small non-coding RNAs are also commonly used.
However, these have been reported to show limitations due to
degradation in the blood stream [9], [102], [103]. Mitchell and
colleagues reported a spike-in normalization approach to
control for technical variances during the purification process.
Three C. elegans miRNAs (without sequence similarity to
known human miRNAs) were included in the purification
procedure and used for data normalization [3], [11]. The
mentioned challenges concerning extraction, quantification and
data processing steps in mMIiRNA analysis may lead to
considerably variable results and clearly demonstrate the need
for better standardization methods.

8. Discussion

Since tumor is fundamentally a dysregulation of gene
expression, it is difficult to distinguish tumors which are
morphologically similar but molecularly different by
pathological assessment. For the earliest diagnosis, it is
necessary to find noninvasive cancer biomarkers to monitor
molecular differences in tumors, which may assist in the
selection of the best possible treatment for individual cancer
patients. Circulating miRNAs offer great anticipation for the
diagnosis and prognosis, and possibly prediction, of tumor.
However, there are still limitations to the technology and the
recent study designs. In-line with the lessons learned from gene
expression profiling, clinical associations of miRNA presence
identified in small sample cohorts have to be verified in larger
and independent studies, and the efforts to translate the findings
into clinical practice have to be increased. Initial data of
miRNA in several tumor entities were either based on literature
search or on a limited number of miRNAs (Table 1).
Worldwide screening studies monitoring a large set of human
miRNAs are likely to lead to the discovery of better markers
for specific diseases. In terms of biological or cellular
functions, there is less known for any of the discovered serum
miRNA. There are still controversial results concerning the
relation of miRNA levels between tissue and corresponding
serum: Several researchers suggested that tumor-associated
miRNAs should be evaluated in the serum and in the tumor
tissue [3, 88]. This is conceptually in line with the role of
microvesicles in neoplastic progression [33]. However, in lung
cancer, the let-7 family was shown to be associated with
clinical outcome in tissue samples only, and was not detected in
the serum [95]. Thus, circulating miRNAs may not always be
directly associated with the changes occurring in tumor tissues
but may also reflect indirect effects. On the other hand,
deregulated circulating miRNAs have been reported to be
significantly reduced in post-operative states [17], [102], [104]-
[106]. Wang et al. concluded from their study that specific
miRNAs are released into the blood stream after drug induced
liver injury leading to a down regulation in the tissue [43]. In
contrast to that, Tanaka et al. speculated that tumor cells rely
on the specific intake of miRNAs from circulating
microvesicles [87]. These contradictive assumptions clearly
demonstrate a need for additional studies to elucidate the
relation and function of tissue and serum miRNA expression
levels. Furthermore, additional studies focusing on tumor
specific microvesicles may provide insights into the biological
roles of circulating miRNAs. Finally, it is unknown how soon
miRNA changes appear in the serum, although some first
results showed that miRNAs occur early in the blood stream
during colon cancer development [102] and after drug induced
liver injury [43]. Serum miRNAs-122 and 192 are detectable
prior to the routine detection of liver injury using an alanine
aminotransferase enzyme test [43]. So far, no study has
analyzed the influence of age, health conditions or dynamical
changes of the serum miRNA profile in different individuals.
Therefore, the kinetics of circulating miRNAs should be
analyzed in detail to unravel if infection diseases or lifestyle
changes can lead to changes in the serum and to correct for
these changes in future studies. Additionally it is unknown, if
medical treatment leads to a change of the serum miRNA
profiles. In-vitro studies revealed that specific microRNAs
impact on drug sensitivity [107]. Thus, it is possible that
personal treatments are reflected by serum microRNA profiles.
This aspect is highly relevant, since the individual treatment
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may influence the value of novel non-invasive mMiRNA
biomarkers.

9. Conclusion

While | am just commencement to understand the function of
circulating miRNAs in the serum, miRNAs in body fluids are
presently widely investigated for their potential as non invasive
diagnostic cancer markers. Tumor-specific circulating miRNAs
may develop tumor diagnosis and prognosis, since numerous
promising  mMiRNAs have previously been depicted as
noninvasive biomarkers for different tumor entities. However,
larger sample sets including long-term clinical data are
immediately required for future studies. In contrast, circulating
miRNAs for the prophecy of drug responses have not been
depicted so far. Isolation, quantification and normalization
strategy have to be standardized before any of the novel
miRNA biomarkers is applicable for clinical practice.
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