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Abstract
Prostate cancer (PCa) is the most common non-skin cancer among men. Currently available
diagnostic tests for PCa are inadequate in terms of low specificity and poor sensitivity.
microRNAs offer a hope to overcome these drawbacks by virtue of their cancer specific
expression and high stability. They can readily be detected and quantified in frozen and as well as
formalin-fixed paraffin-embedded tissues. Observation of circulating miRNA in serum/plasma
samples and other body fluids holds a promise to quickly move from research and provide a
biomolecule of clinical relevance and an improvement over presently available biomarkers. This
review highlights the potential role of circulating miRNAs as molecular markers for cancer and as
targets for therapeutic manipulation. Further, this review summarizes the current understanding of
various circulating miRNA with respect to prostate cancer. To conclude, circulating miRNAs are
an active area of current investigation and holds promise to serve a wide range of clinical
applications and unwrap a new era in cancer diagnosis and therapeutics.
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Introduction
Prostate cancer (PCa) 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, PCa is a major
health concern for U.S. men resulting in approximately 218,000 new cases and about 32,000
deaths in 2010 (1). The incidence rate of prostate cancer varies widely between the
continents; it is least common in South and East Asia, more common in Europe, and most
common in the United States. In spite of the low known incidence of prostate cancer in
developing countries, its incidence and mortality tends to increase continually (2).

Prostate cancer is a disease of the elderly and tends to develop in men over the age of fifty.
During its early development there are no clinical symptom, however if detected at this
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stage, surgery is highly curative (3–8). Due to slow-growing propensity of this disease,
many men never manifest these symptoms, undergo no therapeutic treatment, and eventually
die of other causes. However, in a subset of patients, the disease does progresses causing
local symptoms such as urinary retention and symptoms from metastases such as bone pain.
Late diagnosis at the time of symptomatic progression is the main reason for mortality from
this disease. While surgery has proven to be effective in treating patients with localized
disease, the survival rates for patients who have metastatic prostate cancer is low.

Current diagnostic strategies for prostate cancer
Routinely performed tests for early detection of PCa include digital rectal examinations
(DREs) and prostate-specific antigen (PSA) testing. PSA testing is non-specific as elevated
PSA levels due to benign prostatic hyperplasia (BPH), infection, and/or chronic
inflammation may lead to confounding results (9, 10). Low sensitivity (DRE) or low
specificity (PSA testing) of these tests restricts its diagnostic value (11). Clinical trials
indicate that although PSA screening greatly facilitates the early diagnosis of PCa and helps
identify the increased PCa rate, whether this screening procedure significantly lowers the
PCa mortality remains a question of debate (12, 13). A recent meta-analysis concluded that
routine screening with either a DRE or PSA provides no benefit and does not affect PCa
mortality (14). Additional biomarkers have been proposed including PSA derivatives such
as total PSA velocity (total PSAV) and different molecular forms (i.e. free PSA, BPSA, pro-
PSA, and intact PSA) (15). Other blood based biomarkers such as human glandular
kallikrein 2 (hK2), urokinase plasminogen activator (uPA) and its receptor (uPAR),
transforming growth factor-beta 1 (TGF- β 1); interleukin-6 (IL-6) and its receptor (IL-6R)
have been studied alone or in combination with PSA and have been suggested to help in
diagnosis, staging, prognostication, and monitoring of prostate cancer. Still, there is need to
develop novel biomarkers that can aid in clinical decision making about the timing of biopsy
and the necessity of treatment (16).

microRNAs as the next-generation gene regulators and biomarkers
In the past few years, several studies have emphasized the importance of gene structure and
function in regulating disease progression in general and susceptibility and risk factors in
particular. The mechanisms of tumor initiation and development and its risk factors could
not be explained only by involvement of protein coding genes alone and gene mutations thus
emerged the idea of non-coding RNAs and their regulatory function in multiple genes, either
as tumor suppressor genes or oncogenes in different cancers including prostate cancer.
Among a number of non-coding RNAs, role of microRNAs (miRNAs) has been established
to play role in cancer initiation, development, maintenance, and proliferation.

MicroRNAs (miRNAs) are a class of 19–23 nucleotide long, endogenous non-coding RNA
molecules that are frequently dysregulated in cancer. These miRNA modulate the activity of
transcriptome by binding to the 3’-untranslated regions of target mRNA sequences in
various human cancers (17, 18). Oncogenic miRNA also known as oncomirs, are often up-
regulated and and they degrade or block the translation of tumor suppressor gene mRNAs.
Conversely, down-regulation of tumor suppressor miRNA promotes tumor progression.
Although, miRNAs comprises of ~3% of human encoded genes, more than 30% of mRNAs
are regulated by miRNAs (19). Currently, there are ~1,424 mature human miRNA
sequences listed in the miRNA registry (http://www.mirbase.org/) obtained from various
human malignancies and other diseases (14, 20). These miRNAs have been shown to play
an important regulatory role in a wide range of biological and pathological processes
including cellular proliferation, differentiation, metastasis, or apoptosis (19, 21).
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The miRNAs have been found to express in specific pattern in the course of development in
specific tissues. Functional involvement of lin-4 and let-7 miRNAs in the developmental
process is apparent by their control on the larval developmental timing in C. elegans.
miRNAs have also shown to be involved in neuronal, muscle, and germline development
and embryonic morphogenesis (22). All these studies signify the importance of strictly
regulated miRNA homeostasis for normal development. miRNAs also actively participates
in stem cell regulation and have specific roles in controlling stem cell differentiation and
renewal. Embryonic stem cells have shown to have distinct miRNA signatures. Decreased
expression of mir-290~295 clusters and mir-296 was observed during stem cell
differentiation, whereas mir-21 and mir-22 were up regulated during the process (23). In
somatic tissue stem cells also miRNAs regulate various steps of hematopoiesis, recognizes
cell fate during neural development, myogenesis modulation, cardiogenesis, etc (24).
miRNAs have also been shown to direct the mammalian immune system and defective
miRNA machinery may result in development of severely compromised immune system
which can readily lead to immune disorders like autoimmunity and cancer (25). Many
miRNAs, including miR-15a/miR-16-1, miR-21, miR-155, miR-200 family, miR-210,
miR-205 miR-221 have been found to be differentially expressed in various tumor cells (26–
38). Studies focusing on the profiling of these miRNAs on various cancer stages could be
exploited as signature for a particular clinical outcome.

Although the origin of these miRNAs in body fluids remain elusive, recent studies have
identified distinct miRNA expression in serum and other body fluids of cancer patients and
have suggested their usefulness as molecular targets and as potential predictors of
preneoplasia to cancer. These circulating miRNA biomarkers could improve on current
strategies for cancer detection in cancer patients and can be used as novel noninvasive
fingerprints which can readily be used for early diagnosis of various cancers including
prostate cancer. Although knowledge on non-coding RNAs is limited, they are essential part
in of cells’ built-in mechanisms to achieve gene regulation and offer new revenue as next
generation of biomarkers.

miRNAs as circulating biomarker
A tumor biomarker should identify the presence of a tumor before it could otherwise be
easily detected and the ability of these biomarkers to detect cancers at early stages is a key
factor to increase the overall survival. The existence of circulating miRNAs in serum and
their possibility to be developed as cancer markers was reported by Lawrie et al. (39).
Circulating miRNAs have recently been indicated as practicable and promising biomarkers
for non-invasive diagnosis in various tumors (40). In general, the blood based biomarkers,
including antigens, enzymes, and lipid components are very useful for prognosis, monitoring
the effectiveness of treatments, prediction of recurrence risk, and also to monitor the
recurrence of the disease. With respect to tumors, there are very few blood-based
biomarkers. Some of the currently available serum/plasma biomarkers, such as
carcinoembryonic antigen (CEA), cytokeratin 19 fragment (CYFRA21-1) and
alphafetoprotein (AFP) offer some promise to analyze tumors systematically without
involving the tissue biopsies or surgery (41–43). However, clinical implementation of these
biomarkers at a broader level faces some major challenges like their low sensitivities and
specificities. The prostate specific antigen (PSA) has been shown to be a sensitive serum
marker for prostate cancer but the specificity is inadequate and the test demonstrates a high
frequency of falsely elevated values in men with benign prostatic hyperplasia (44).

Utility of minimally invasive serum biomarkers in the form of DNA and RNA fragments in
serum for various health conditions is well documented (45). In 1977, Leon et al (46) first
observed that concentrations of cell-free circulating DNA (cirDNA) in blood of cancer
patients is higher as compared to normal subjects. Since then, various studies have
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demonstrated elevated level of cell-free DNA concentration in plasma/serum in various
pathological conditions, including cancer, autoimmune disorders, pregnancy and trauma
(47–49). Recent discoveries on miRNAs in serum have stirred the demanding biomarker
discovery field to identify reliable markers for early disease detection and classification.
Serum miRNAs are more resistant to RNase digestion as compared to tissue or cellular
miRNAs and shown to be stable, reproducible, and consistent among individuals of same
species (49, 50). Presence of miRNAs has been observed in various other body fluids
including serum, plasma, urine, saliva and breast milk (51). The expression of these
circulating miRNAs in serum, plasma, and other body fluids proclaim enormous potential to
be used as novel minimally invasive biomarkers in diagnosing and monitoring human
cancers. Recently, some circulating miRNAs in the blood have been successfully revealed as
biomarkers for several cancers, cardiovascular disease, brain injury and liver injury.

Despite of the promising role of these circulatory miRNAs, little is known about their origin
and function in extracellular environment. These extracellular miRNAs have been detected
in exosomes isolated from peripheral blood and culture media of several cell lines. However,
there are blood/plasma and cells culture studies that suggest that more than 97% of these
miRNA amounts are exosome free and emphasize that these miRNAs are predominantly
exported in exosome-independent form. It remains indistinct if all extracellular miRNAs are
coupled with exosomes and whether the physiologically available amount of extracellular
miRNA are adequate for cell-to-cell signaling (52). Moreover, many miRNAs in blood
plasma and cell culture are bound to Ago2 protein, a RNA-induced silencing complex
(RISC). Other studies suggest that some extracellular miRNAs may bind to other Ago
proteins such as Ago1, Ago3 and Ago4 indicating that large amount of circulating miRNAs
might be by-products of dead/dying cells which persist due to the stability of the miRNA/
Ago2 complex. These Ago2/miRNAs complexes are highly nuclease/protease resistant and
this unusual stability of intracellular miRNA supports the hypothesis that large portion of
extracellular miRNA might be the by-products of dead/dying cells (52).

Expression of circulatory miRNAs and cancer
The current understanding of miRNA function in human carcinogenesis suggests that they
play a dual role and may act either as oncogenic or as tumor suppressor miRNAs (53–55).
This dual role of miRNAs is strengthened by the fact that up or down regulated expression
pattern of miRNAs in human cancers can be observed as compared to normal tissues (56). A
significant reduction or elevation of specific miRNA level in serum/plasma of cancer
patients as compared to healthy controls and their correlation with the surgical treatment of
the tumor signifies the potential link between miRNA expression levels and primary tumors.
Systematically analyzing the expression pattern of various miRNAs in human cancers can
also provide significant understanding of origin of an unknown primary carcinoma (57). In
one of the pioneer studies considering miRNA levels in serum samples, Lawrie et al. (58)
suggested that serum miR-21 levels are associated with relapse-free survival in patients with
diffuse large B-cell lymphoma and therefore holds potential to be a diagnostic biomarker for
the disease. Heneghan et al (59) showed that cancer-specific miRNAs are detectable and
significantly altered (miR-195 and let-7a) in the circulation of breast cancer patients, and
that increased systemic miR-195 levels in breast cancer patients were also reflected in breast
tumors. Further, they also observed a correlation of specific circulating miRNAs with
various pathological variables such as nodal status, estrogen receptor status etc. In an
attempt to investigate the role of serum miRNA in predicting prognosis of non–small-cell
lung cancer (NSCLC), Hu et al. (60) performed genome-wide serum miRNA expression
analysis and showed that serum miRNA signatures (miR-486, miR-30d, miR-1 and
miR-499) may help in the prediction of overall survival in non-small cell lung cancer.
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All these initial findings highlighted the potential of circulating miRNA and their diagnostic
importance in cancer. There has been a vast inflow of information on differentially regulated
miRNAs in various cancers and to date many miRNAs have been assigned to be up or down
regulated in wide range of cancers. Covering this vast body of work is beyond the scope of
this review. Therefore we tried to highlight the differentially expressed circulatory miRNA’s
in various cancers with a special emphasis on prostate cancer.

Altered expression of let-7, miR-25 and miR-223 miRNAs in serum has been observed in
lung cancer patients while miR-15/16 were found to be down regulated in leukemia patients
(27, 61). miR-210, miR-200a and miR-200b have been shown to be overexpressed in
patients with pancreatic cancer (62–65). In case of pancreatic ductal adenocarcinoma, a
collective analysis of four differentially expressed miRNAs (miR-21, miR-210, miR-155,
and miR-196a) in plasma has been suggested to discriminate patients from healthy
individuals (64). miR-184 was upregulated in plasma of patients with tongue squamous cell
carcinoma (66). let-7a miR-21 and miR-195 were observed to be upregulated in the breast
cancer (59, 67). In gastric cancer miR-17-5p, miR-21, miR-106a, miR-106b are known to be
upregulated (64)while let-7a expression was down regulated (68, 69). miR-155 was
differentially expressed in the serum of women with hormone-sensitive as compared to
hormone-insensitive breast cancer patients (70). The level of miR-500 in the sera of the
hepatocellular carcinoma (HCC) patients was highly elevated pre-surgery and which
returned to normal level after the surgery, whereas lowered expression of miR-92a to
miR-638 in plasma of HCC subjects was observed as compared to controls (71, 72). In
colorectal cancer, miR-17-3p and miR-92 levels were elevated significantly in plasma of
matched patient samples prior to surgery compared to post surgery (73, 74). Decreased
expression of miR-92a in plasma was also observed in acute leukemia patients (75). In
ovarian cancer miR-21, -29a, -92, -93, and -126 were significantly overexpressed in serum
from cancer patients as compared to healthy controls (76–78). Also, miR-155, miR-210, and
miR-21 were found to be elevated in the patients’ serum of diffuse large B-cell lymphoma
(DLBCL) as compared to healthy controls (58).

Beside blood/ plasma/ serum, miRNAs (>200 in each fluid type) can also be detected in
other body fluids such as saliva, urine, pleural effusion, amniotic fluid, breast milk, tears,
seminal fluid, peritoneal fluid, colostrums, cerebrospinal fluid, bronchial lavage (79). The
amount of miRNAs detected in urine, CSF, and pleural fluid, were reported to be much
lower compared to relatively high concentration found in tears (79). Studies of saliva
samples obtained from oral squamous cell carcinoma (OSCC) patients showed miR-31was
significantly higher relative to non-cancer patients, and the levels decreased to normal after
tumor resection in eight of nine patients (80). Park et al., reported that levels of miR-125a
and miR-200a are significantly lower in the saliva of OSCC patients as compared to non-
cancer patients (81). A recent study by Yamada et al., (82) demonstrated that miR-96 and
miR-183 expression in the urine samples was significantly higher in urothelial carcinoma
(UC) and theses miRNAs can distinguish UC patients from non-UC patients with good
sensitivity and specificity (miR-96, 71.0% and 89.2%; and miR-183, 74.0% and 77.3%).
Although the mechanisms of these miRNAs are not well defined, their discovery in several
diseased conditions in various body fluids may also serve as determinants of disease origin
and cancer subtype. In addition they may also provide information of tumor environments
and can help to identify novel and important oncogenic pathways (83).

Circulating miRNAs and prostate cancer
miRNA signature specific for prostate cancer were identified by miRNA expression
profiling from various sources including prostate cancer cell lines, xenografts samples,
benign prostatic hyperplasia (BPH), and prostate carcinoma (84). Studies of oligonucleotide

Srivastava et al. Page 5

Mol Cell Pharmacol. Author manuscript; available in PMC 2012 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



array hybridization miRNA profiling have identified, ~51 miRNAs were differentially
expressed between benign and malignant prostate tumors, of which 37 were down-regulated
and 14 upregulated. These differentially regulated miRNAs lead to alteration in the
expression and activity of their targets in prostate cancer (84). In another elegant study
demonstrating the significance of miRNA dysregulation in PCa, Ambs et al., suggested that
microRNA expression alters with the development and progression of prostate cancer and
some of the cancer-related genes are regulated by microRNAs (85). Although, few miRNAs
have been experimentally confirmed to be involved in initiation, progression and metastasis
of prostate cancer they are relatively less defined in case of prostate cancer. Nonetheless
emerging data clearly suggest that miRNA expression is significantly deregulated in prostate
cancer.

Using a mouse xenograft model, Mitchell et al (86) for the first time demonstrated that
miRNAs which were originated from the human prostate cancer xenografts enter the
circulation even when originated from epithelial cancer types. The differentially expressed
miRNAs levels due to xenograft can be easily evaluated. They further demonstrated that
miR-141 is highly overexpressed in sera of metastatic prostate cancer patients which can
distinguish prostate cancer patients from healthy controls with high sensitivity and accuracy.
In concordance with these observations, Lodes et al (87) showed differential modulation of
serum miRNAs in PCa patients and a study of plasma samples from prostate cancer patients
reported that plasma miR-141 levels can be used to screen for metastatic prostate cancer
with high sensitivity. Recently a study by Brace et al (88) also showed that among the
circulating miRNAs, miR-375 and miR-141 turned out to be the most pronounced markers
for high-risk tumors. Both these miRNAs were further studied in prostate tissue samples and
were observed to be significantly upregulated. The investigators concluded that miR-375
and miR-141 expression is enhanced in prostate cancer specimens and their release into the
blood is further associated with advanced cancer disease (88). In order to analyse the
expression pattern of circulating miRNA in serum with localized prostate cancer (PCA),
benign prostate hyperplasia (BPH) and healthy individuals, Mahn et al (19) investigated the
expression pattern of selected oncogenic miRNAs in serum and demonstrated that miR-26a
level was able to discriminate between PCA and BPH patients (sensitive 89% and 56%
specificity). Also, they witnessed that the tissue miRNA levels correlated with
preprostatectomy miRNA levels in serum, and serum miRNA decreased after the surgery,
indicating a tumor associated release of miRNA (19). Although, there are some recent
advancements considering circulating miRNA in prostate cancer, a more robust approach is
needed to establish the reliable miRNA based early diagnosis in PCa to effectively reduce
the severity of the disease caused due to late diagnosis. A list of identifies circulating
miRNA in prostate cancer is provided in Table 1.

MicroRNAs as therapeutic target
In addition to biomarkers, miRNA offer profound potential as a new class of therapeutic
which can be estimated by the ongoing Phase 2 clinical trials within 10 years of their
discovery. The underlying principle of the miRNA based therapeutics is identification and
validation of disease associated miRNA targets which can be manipulated for therapeutic
purposes. Theoretically the miRNAs based therapeutics follow two basic approaches of
miRNA antagonists and miRNA mimics. MiRNA antagonists are used to reduce the level of
the miRNAs which show the gain-of-function with respect to the disease whereas; miRNA
mimics are used to restore a loss of function also known as ‘miRNA replacement therapy’.
However, prior to implementation, a thorough examination of theses miRNA based
therapeutics needs to be evaluated to assure their efficacy, specificity and toxicity. The miR
antagonists are highly chemically-modified miRNAs’ that binds with active miRNA with
high affinity to form miRNA duplex which is unable to be processed by RISC complex and
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is degraded. However, the major drawback faced by the miR antagonists is the possibility of
their non-specific binding to other RNAs that could lead to undesired side effects. In
contrast miRNA mimics are more likely to be highly specific and well tolerate in normal
tissues as they are identical to naturally occurring miRNA and are expected to target the
same set of genes. Importance of miRNA replacement therapy is supported by various
studies in which they used mimics of tumor suppressor miRNAs that stimulated anti-
oncogenic pathway leading to apoptosis and therefore eradication of tumor cells. (89–91).

Some of the miRNA that are already in the process of therapeutic development include
antagonist miR-122 for Hepatitis, miR-208/499 in chronic heart failure and miR-195 in post
myocardial infarction remodeling which are in the preclinical development or in phase 2
clinical trials. In case of therapeutic development in miRNA replacement based therapies,
miR-34 and let-7 are in the preclinical developmental stage to target cancer. Therapeutic
delivery of let-7 (mimics or viruses) has shown to significantly inhibit the tumor growth in
human non-small cell lung cancer xenografts and KRAS-G12D transgenic mouse model
(92). Similarly, delivery of miR-34 mimic blocked lung and prostate tumor growth in mouse
models (91, 93) by enhancing the apoptotic activity of tumor cells and by specific repression
of CDK4, Met and BCL2 (91). Remarkably, the delivery of this mimic did not showed any
adverse immunological response as no elevation of cytokines or liver and kidney enzymes
was observed, suggesting that the therapy is well tolerated.

Challenges for miRNA based biomarkers and therapeutics
microRNAs have only been discovered within the last two decades. Although the
assessment of the miRNA expression pattern in various cancers has revealed a plethora of
potential miRNA biomarker candidates for cancer risk, diagnosis, prognosis and/or
prediction and therapy, development of a reliable and reproducible miRNA clinical test still
in infancy. Extensive research is needed and various technical issues are crucial to be
addressed prior to the routine clinical use of miRNA as biomarkers. One of the major
challenges with the use of miRNAs as biomarkers in clinical practice is their sensitivity and
specificity particularly in case of less abundant miRNAs and to distinguish among the
members of the same family. Also the exact origin of these miRNAs in circulation needs to
be answered as it is still unclear if they are present in the circulation within exosomes and
microvesicles, preferentially shed from diseased cells or in the free form. Another challenge
is their merit over the currently available patient diagnosis and management as there are
only few reports signifying the benefits of miRNA testing over clinical and pathologic
information. Further, detailed analysis of preanalytical variables that may affect the clinical
implication of miRNAs needs to be exhaustively explored. The currently used methods for
discovering and testing biomarkers are difficult, tedious and cumbersome. Once we are able
to answer these challenges and miRNA based biomarker fingerprint can be established,
miRNA profiling can definitely provide an easier, faster, cheaper and above all accurate
assessment.

In terms of miRNA based therapy, an important question which needs to be answered for
miRNA based therapy is the targeted delivery of the miRNA containing liposomes. As
single miRNA may target 100 of genes, the signaling pathway of each miRNA needs to be
recognized before we try to infer what diseases may be diagnosed or cured by their
manipulation. Moreover, combination of miRNAs and their dosage for a particular disease
condition needs to be established as well. Population based variation in the expression
pattern of miRNAs is another major challenge faced by the implementation of miRNA based
therapeutics is the need to create adjuvant carrier systems that would increase stability of
mRNAs in its microenvironment and enhance uptake of these miRNAs by target tissues.
Increasing list of miRNAs and their role in various diseased conditions will surely overcome
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these obstacles and will lead to the development of miRNA based therapeutic in very near
future.
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