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1. ABSTRACT

MicroRNAs are a class of endogenous non-
coding RNAs that function as important regulatory
molecules via the RNA interference mechanism. Since
microRNAs play a fundamental role in regulation of a
variety of cellular, physiological, and developmental
processes, their aberrant expression can lead to a variety of
human diseases including cancer. In particular, microRNAs
have been implicated in regulation of stem cells as well as
cancer stem cells. Given that cancer stem cells are believed
to be responsible for the cancer initiation, metastasis and
chemotherapy resistance, a better understanding of how
microRNAs mediate gene expression in cancer stem cells
will help identify novel cancer biomarkers and therapeutic
targets, and as a result, it will aid in the development of
better strategy for cancer treatment. In this review, we will
update recent advances in microRNAs involved in cancer
stem cells and their gene regulations in these cells.
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2. INTRODUCTION

The main features of stem cells (SCs) are their
ability to undergo self-renewal, as well as multi-lineage
differentiation (1). SCs allow the generation of embryonic
tissues and the maintenance of adult tissue (adult stem
cells) and thus they play a key role in embryonic
development. During embryogenesis, cells are initially
proliferative and pluripotent; they only gradually become
restricted to different cell fates. Unlike embryonic stem
cells (ESCs), adult stem cells are found in numerous tissues
of the body and play a role in tissue development,
replacement, and repair (2).

Once established, the pluripotent ESCs can be
maintained under defined culture conditions, but can also
be induced rapidly to differentiate. Maintaining this balance
of stability versus plasticity is a challenge, and extensive
studies in recent years have focused on the understanding
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of the contributions of transcription factors and epigenetic
factors to the “stemness” properties of these cells.
Identification of the molecular switches that regulate ES
self-renewal versus differentiation can provide insights into
the nature of the pluripotent state and enhance the potential
use of these cells in therapeutic applications (3).

It is well known that the pluripotent state of SCs
is under strict control by various key factors such as
transcription factors and microRNAs. For example,
transcription factors, such as OCT4, SOX2, NANOG,
KLF4 and Myc, cooperate to ensure the self-renewal and
pluripotency of ESCs (4). OCT4, SOX2 and NANOG are
transcriptionally interconnected and co-occupy promoters
of actively transcribed genes that promote ES self-renewal,
such as KLF4 (5). On the other hand, microRNAs
participate in this regulatory system by targeting these
transcription factors or serve as downstream targets of the
transcription factors. For example, miR-145 is highly
expressed in differentiated cells whereas little expression is
detected in ESCs or induced pluripotent stem cells (IPSCs)
(6). Importantly, suppression of miR-145 alone is able to
de-differentiate somatic cells to IPSC state, suggesting the
significance of microRNAs in regulation of SCs.

Although still controversial, it is proposed that
tumor cells are very heterogeneous and among this mixed
population of the tumor cells, there exists a special
subpopulation which expresses specific markers and
behaves very much like SCs. Importantly, this
subpopulation seems to be much more tumorigenic than the
rest of the tumor cells. Although several terms have been
used to identify this population, the term cancer stem cell
(CSC) has received broad acceptance. Thus, CSCs have
been defined as “cells within a tumor that possess the
capacity to self-renew and to cause the heterogeneous
lineages of cancer cells that comprise the tumor” (7). These
two definitive biological properties are what make the
CSCs the prime candidate for initiation of relapse, thereby
becoming a crucial target for the development of novel
therapies (8). Understanding the genetic basis for cancer
development is an important step in the development of
novel therapies targeting the CSCs. Numerous genes and
signaling pathways, such as Notch which is connected with
stem cell biology, have been identified as important in
cancer biology. Through regulation of these pathways,
microRNAs play a crucial role in control of SCs and CSCs.

3. MICRORNA FUNCTION AND REGULATION

It is evident now that the human genome makes a
large amount of non-protein coding RNAs, among which
are microRNAs with ~22 nucleotides in length. Since their
discovery in 1993 in C. elegans (9), and later in humans
(10), the number of microRNA has been steadily growing.
To date, more than 1,000 human microRNAs have been
identified and registered (www.mirbase.org). Accumulating
evidence suggests that microRNAs are master gene
regulators through the posttranscriptional repression
mechanism and thus they play a fundamental role in
diverse cellular processes such as cell growth, proliferation,
and apoptosis.
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Like protein-coding genes, microRNAs can be
transcribed by RNA polymerase II (11) to produce primary
transcripts (pri-microRNAs), which are then subject to
several steps of processing, leading to final mature
microRNAs. MicroRNAs can be derived from independent
genes or imbedded in introns of protein-coding genes (12).
These pri-microRNAs contain a cap structure at the 5° end
and are poly-adenylated at the 3’end, suggesting that pri-
microRNAs are structurally and functionally similar to
mRNAs (13). The pri-microRNAs fold into hairpins, which
act as substrates for a large nuclear microprocessor
complex consisting of Drosha and the essential DiGeorge
syndrome critical region gene 8 (DGCRS) binding protein
(14). The product of Drosha cleavage, a ~70 nucleotide
hairpin intermediate (pre-microRNA), is transported out of
the nucleus by exportin-5 and its cofactor Ran-GTP (15). In
the cytoplasm, the pre-microRNA is further processed to
produce a short imperfect microRNA duplex (16), which is
then unwounded into a mature microRNA. Finally, the
mature microRNA is incorporated into the RNA induced
silencing complex (RISC) and exerts its gene silencing
function through the complementarity of microRNA-target
mRNA (17). Given the nature of microRNA targeting, they
are believed to regulate a large number of coding genes
involved in almost every cellular process.

Early studies have suggested the importance of
microRNAs in development. For example, lin-4 and let-7
were shown to regulate expression of genes involved in
development in C. elegans (9, 18, 19). It becomes evident
now that microRNAs may have much broader roles. For
instance, there is overwhelming evidence that microRNAs
play an important role in cell proliferation and apoptosis. In
this regard, cancer cells are often manifested by alterations
of cell proliferation and apoptosis. A good example is miR-
16 which specifically targets Bcl-2 and thus,
downregulation or deletion of miR-16 is frequently
associated with oncogenesis (20). In addition, miR-34
family is positively regulated by p53 (21). Overexpression
of miR-34a promotes p53-mediated apoptosis (22, 23). On
the other hand, miR-21 exerts an anti-apoptotic function
because suppression of miR-21 leads to increased apoptosis
(24, 25). More importantly, microRNAs are important for
stem cell division and maintenance. Isolation of a number
of stem cell-specific microRNAs implicates their role in
controlling stem cell division (26). For instance, the
microRNA pathway is required for proper control of
germline stem cell (GSC) division in drosophila (27).
Using GSC mutants for dicer-1 (der-1), Hatfield et al were
able to show that these mutants are defective in cell cycle
control (27). We will discuss these aspects in more details
later.

In addition to their role in the regulation of
numerous genes, recent evidence suggests that microRNAs
themselves are also subject to regulation by various
mechanisms. First, like many other genes, microRNAs can
be regulated at the transcriptional level. For instance, c-
Myc is able to transcriptionally activate several
microRNAs such as the miR-17~92 cluster (28). We have
shown that p53 can directly activate the expression of miR-
145 through binding to a potential pS3 response element
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Figure 1. MicroRNA-mediated gene regulation and their role in cancer stem cells. Listed here are examples of a few of well-
characterized microRNAs implicated in regulation of signaling pathways important to cancer stem cells.

(pS3RE) in the miR-145 promoter (29). On the other hand,
Oct4 can suppress miR-145 (6); similarly, miR-21 is
repressed by REST to maintain stemness (30). Second,
regulation of microRNA processing can also be critical.
Due to multiple steps of microRNA processing, several
important factors are required for this process. For
example, accumulation of Dicer is dependent on its partner
TRBP, and a decrease in TRBP leads to Dicer
destabilization and pre-microRNA processing defects (31).
Third, many pri-microRNAs and pre-microRNAs, such as
pri-miR-142 (32) and pre-miR-151(33), are targeted by
adenosine deaminases that act on RNA (ADARs) at
different stages in their processing, and the modifications
can affect both Drosha-mediated and Dicer-mediated
cleavage, and also prevent the export of pre-microRNAs.
Moreover, those effectors which are downstream of
microRNA processing pathway, such as AGO and GW182,
can also mediate microRNA function (34). Finally, other
mechanisms may involve the regulation of microRNA
intracellular localization, repression or decay (12).

Due to these regulation mechanisms, microRNAs
are often aberrantly expressed in cancer. More importantly,
this type of dysregulation of microRNA expression is also
reflected in cancer stem cells, which may serve as a driving
force for chemoresistance and the initiation of relapse.
Thus, a better understanding of how these microRNAs are
regulated will help identify novel biomarkers for cancer
diagnosis as well as novel therapeutic targets.

4. MICRORNAS INVOLVED IN THE SELF-
RENEWAL AND DIFFERENTIATION OF STEM
CELLS

Disruption of genes or pathways involved in the
regulation of SC self-renewal seems to be important in the
SC model of cancer (35-37). It has been suggested that
cancer can be initiated by a loss of polarity in SCs that may
lead to impairment of asymmetric cell division, rendering
the daughter cells unable to respond to normal homeostasis
mechanisms that regulate cell proliferation (38). An
emerging role of microRNAs in the regulation of SC self-
renewal and differentiation has been revealed (39). During
development, microRNA expression seems to be tissue
specific, and this may imply that microRNAs are essential
to establish and maintain cell type and tissue identity (40,
41). Coordinated transcription factor networks involving
OCT4, SOX2, and NANOG have currently emerged as the
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master regulatory mechanisms of SC pluripotency and
differentiation (42), and regulation of these factors by
microRNAs may be a key event during ESC differentiation
(6, 43). For example, miR-302 is able to convert
differentiated cells to induced pluripotent stem cells
through regulation of OCT4/SOX2/NANOG (44). In
another case, several microRNAs associated with
glioblastomas may have a normal function in regulating
neural SC self-renewal and differentiation during
development (45). However, their dysfunction in cancer
may contribute to the maintenance of an undifferentiated
proliferative phenotype by preventing the expression of
differentiation targets and allowing the expression of
targets promoting SC renewal (46).

However, there are great challenges with respect
to identification and control of tumor initiating and
propagating cells. ESCs are known to rely on polycomb
group proteins to reversibly repress genes required for
differentiation (47). Interestingly, it has been hypothesized
that acquisition of promoter DNA methylation at these
repressed genes could permanently silence them and
thereby lock the cell into a perpetual state of self-renewal
(47-49), predisposing to  subsequent  malignant
transformation and cancer development. Epigenetic
repressive pathways involving polycomb complexes, DNA
methylation, and microRNAs seem to cooperate to reduce
transcriptional noise and to prevent aberrant induction of
differentiation. Given the great advances in recent year on
microRNA characterization, microRNA signatures due to
their dysregulation along with the corresponding key
transcription factors may help identify such a cell

population
5. MICRORNAS AND CANCER STEM CELLS
(CSCS)

Accumulating evidence indicates that

microRNAs are important regulators in CSC biology.
Given that the early phases of carcinogenesis resembles
embryonic development, often involving the re-expression
of embryonic mesenchymal genes, regulation of these
genes by microRNAs may play a critical role during this
process. In this regard, microRNAs have been shown by
both in vitro and in vivo models that they can function as
either oncogenes or tumor suppressors. For example, many
known oncogenic microRNAs are expressed in early stages
of development in undifferentiated cells; however, their
expression decreases in differentiated tissues. In contrast,
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tumor suppressive microRNAs are increased in
differentiated cells. Emerging evidence further suggests
that alterations of microRNA expression cause CSC
dysregulation, and lead to unlimited self-renewal and
cancer progression, highlighting the significance of
microRNAs in CSCs.

MicroRNAs involved in the regulation of SC can
be referred to as “stem cell microRNAs” which apparently
interact with “stem cell genes” in CSCs and play a vital
role in the regulation of these genes and their downstream
signaling pathways in cancer. Figure 1 lists some of
important microRNAs and their potential links to CSCs to
demonstrate that microRNAs have a pivotal function in
carcinogenesis and oncogenesis by regulating self-renewal
and apoptosis via CSC signaling pathways. Dysregulation
of the SC genes allows them to escape the restrictions of
the SC niche, resulting in unlimited self-renewal ability
and potential, which further promotes cancer
development and resistance to current therapies.
Aberrant expression of these microRNAs is not only
connected to cancers in general, but it is involved in
CSC dysregulation. Functional studies of specific
microRNAs within the CSCs of various cancers are
crucial for the elucidation of the mechanisms behind
oncogenesis in various cancers (39).

5. MICRORNA-MEDIATED “STEM  CELL
GENES” AND THEIR SIGNALING PATHWAYS

There is growing evidence that many pathways
classically connected with cancer may also regulate
normal SC development (37), implying that their
connection may be important to CSCs. For example, the
pivotal SC genes/signaling pathways such as Notch,
Hedgehog, Wnt/B-catenin, HMGA2 (high-mobility
group AT-hook 2), Bcl-2, and Bmi-1, are involved in the
regulation of self-renewal, differentiation, and survival
of CSCs (37, 50, 51). Recent evidence further suggests
that these genes are often dysregulated in CSCs, and
thus, understanding of how these genes/signaling
pathways are regulated and whether they can be
intervened may offer great promise for cancer therapy.
We will discuss the following examples of microRNA-
mediated regulation of these genes/signaling pathways
to highlight the importance of microRNAs in regulation
of CSCs.

5.1. Notch

The Notch is a short-range communication
transducer that is involved in regulating many cellular
processes during development and renewal of adult
tissues. Notch signaling has been implicated as a
pathway that aids in development of the breast and is
frequently dysregulated in invasive breast cancer (52).
Notch signaling is also important for mammary SCs to
promote self-renewal and can act on early progenitor
cells to promote their proliferation (53). This notion is
supported by the finding that these effects can be
completely inhibited by either a Notch 4 antibody or a
gamma secretase inhibitor that blocks Notch processing
(53). Therefore, atypical Notch signaling could lead to
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dysregulation of the self-renewal properties of CSCs,
resulting in carcinogenesis and oncogenesis (54) (55).

MicroRNAs capable of regulating Notch
signaling pathway have been well demonstrated in glioma
and medulloblastoma stem cells. For example, the tumor
suppressor miR-34a directly silences oncogenes c-Met,
Notch-1 and Notch-2; and Notch partially mediates the
inhibitory effects of miR-34a on cell proliferation and cell
death (56). Furthermore, miR-34a inhibits various
malignancy endpoints in glioma SCs and induces glioma
SC differentiation (57). Several microRNAs such as miR-
326 and miR-199b-5p have been recently shown to
indirectly target the Notch signaling pathway. For example,
ectopic expression of miR-326 in glioma and glioma SCs
induces their apoptosis and reduces their metabolic activity
(58). Further study indicates that miR-326 is downregulated
in gliomas via decreased expression of its host gene.
Transfection of miR-326 into both established and stem
cell-like glioma lines is cytotoxic, which can be rescued by
Notch restoration. Thus, miR-326/Notch axis may provide
new insight into the biology of Notch, suggesting the
possibility of miR-326 as a therapeutic agent (59).

In medulloblastoma cells, miR-199b-5p has been
shown to down-regulate the expression of HESI, a
transcription factor of the Notch signaling pathway (55).
Expression of miR-199b-5p is often lost in metastatic cancer
patients. Ectopic expression of miR-199b-5p is able to block
Notch signaling and cause a decrease in the medulloblastoma
stem cell like (CD133+) subpopulation of cells (55). Therefore,
as a tumor suppressor, miR-199b-5p is important to the CSC
self-regulation via the Notch signaling pathway. It is well
known that miR-34a is a tumor suppressor in various types of
tumors, and it also plays a suppressive role in human
pancreatic cancer tumor-initiating cells by Notch 1/2 and Bcl-
2. More significantly, miR-34a restoration causes an 87%
reduction of the tumor-initiating cell population, accompanied
by significant inhibition of tumorsphere growth in vitro and
tumor formation in vivo (60).

5.2. Hedgehog

Hedgehog signaling has been implicated in the
regulation of self-renewal characteristics because cell
populations enriched for human hematopoietic stem cells
exhibit increased self-renewal in response to Sonic Hedgehog
(SHH) stimulation in vitro (37, 61). In humans, several
distinctive cancers, including basal-cell carcinoma, result from
mutations that aberrantly activate Hedgehog signal
transduction. For example, ovarian SCs cannot proliferate in
the absence of Hedgehog signaling, whereas excessive
Hedgehog signaling produces excessive SCs, implying
Hedgehog as an SC factor.

SHH signaling pathway has also been implicated in
medulloblastomas SCs. In this regard, the miR-17~92 cluster is
able to activate the SHH signaling pathway in engineered
medulloblastomas (62), resulting in increased self-renewal. A
similar relationship between the miR-17~92 cluster and
Hedgehog was reported by Northcott et al (63) who found that
high levels of miR-17~92 are a hallmark of SHH-associated
medulloblastoma in humans and in mice, and that their
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expression correlates with high levels of MYC family proto-
oncogenes. Furthermore, in normally proliferating cerebellar
granule neural precursors (CGNPs) miR-17~92 is a SHH
target whose expression is regulated by N-Myc. Thus, it
appears that miR-17~92 is a positive effector of SHH-
mediated proliferation and aberrant
expression/amplification of this microRNA cluster confers
a growth advantage to medulloblastomas. However, the
underlying mechanism remains to be determined.

Several other microRNAs have also been
implicated in regulation of Hedgehog signaling in
cerebellar granule cell progenitor development and mat
play a role in neoplastic transformation into
medulloblastoma. For example, miR-125b and miR-326
function as suppressors of Smoothened together with miR-
324-5p, which also targets the downstream transcription
factor Glil (64). Their expression is often downregulated in
cerebellar neuronal progenitors, but it increases during
differentiation, thereby causing cell maturation and growth
inhibition.

5.3. Wnt/B-catenin

Another important pathway that regulates both
self-renewal and oncogenesis in different tissues is the
Wnt/B-catenin signaling pathway (37). Activation of the
Wnt receptor promotes the nuclear translocation of -
catenin which drives the expression of genes associated
with self-renewal and increases the pool of SCs (65).
Dysregulation of the Wnt/B-catenin signaling pathway
contributes to the onset of cancer. Gain or loss-of function
mutations of several members of this pathway have been
found in many types of human tumors. For instance, in
chronic myelogenous leukemia, B-catenin accumulates in
the nuclei of granulocyte-macrophage progenitors, and it
subsequently enhances the self-renewal activity and
leukemic potential of these cells.

As oncogenes, miR-135a and miR-135b have
been shown to be upregulated in colorectal adenomas and
carcinomas (66). In contrast, APC is downregulated in
cancers with increased expression of miR-135a and miR-
135b (66). A recent study demonstrated that the miR-181
family members are upregulated in EpCAM'AFP" HCCs
and in EpCAM" HCC cells isolated from AFP" tumors with
cancer stem/progenitor cell features (67). Moreover, the
miR-181 family members are highly expressed in
embryonic livers and in isolated hepatic SCs (67).
Importantly, inhibition of miR-181 reduces EpCAM" HCC
cell quantity and tumor initiating ability, while ectopic
expression of miR-181 in HCC cells results in an
enrichment of EpCAM" HCC cells.

5.4. HMGA2

HMGA? has also been implicated in survival and
self-renewal of CSCs, possibly through modulating
macromolecule complexes that are involved in many
biological processes (68). The expression of HMGA
proteins during embryogenesis suggests that they have
important functions in development. Moreover, the
HMGA?2 gene is able to control growth, proliferation, and
differentiation and thus implicated in cancer.
Overexpression of HMGA2 has been reported in lung and
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pancreatic carcinomas (69), and is often associated with
metastasis and reduced survival of the cancer patient (68).
Thus, human cancers due to excessive HMGA2 signaling
might result from dysregulated cell survival and self-
renewal properties of CSCs.

let-7 is a very conserved microRNAs and its
expression is reduced in various lung cancer cell lines and
pulmonary tumors, compared to normal lung samples (70,
71). It has been shown to target several important
oncogenes. In addition to its ability to suppress the Ras
oncogene (72), let-7 also targets HMGA?2 (73). Of interest,
chromosomal translocations previously associated with
human tumors disrupt repression of HMGA2 by let-7
because these translocations involve the let-7 binding site,
suggesting that HMGA2 is a direct target of let-7.
Furthermore, very low levels of the let-7 family are found
in breast tumor-initiating cells (74). Ectopic expression let-
7 in breast tumor-initiating cells reveals the key features of
breast CSCs: self-renewal in vitro, multipotent
differentiation, and the ability to form tumors (74).

5.5. Bmi-1

Bmi-1 has been shown to be expressed in neural
SCs and proliferating progenitor cells, but not in differentiated
cells (50). Loss of Bmi-1 can result in a drastic decrease in
neural SC proliferation and self-renewal (50). Bmi-1 has also
been implicated in cancer because Bmi-1 is able to promote
the generation of lymphomas (75), highlighting its importance
in both SCs and cancer. Moreover, Bmi-1 is often activated in
human breast CSCs characterized as CD44+CD24-/lowLin
(76). Furthermore, Bmi-1 is able to mediate the
mammosphere-initiating cell number and mammosphere size,
supporting a role in the regulation of self-renewal of normal
and tumorigenic human mammary SCs (76). Therefore,
dysregulation of this Bmi-1 pathway within CSCs may be
associated with the acquisition of self-renewal properties.

miR-128 is also a tumor suppressor involved in
CSCs. In high-grade gliomas, miR-128 levels are significantly
reduced, suggesting tumor suppressor properties (77). Glioma
cell proliferation and growth can be inhibited by introduction
of exogenous miR-128 (77). This tumor suppressor activity is
also demonstrated in medulloblastoma because miR-128a can
increase the intracellular ROS level by targeting Bmi-1 and
this activity is partially mediated by targeting Bmi-1 (78). The
implication of this finding is the possibility to modulate redox
states by miR-128a in CSCs to reduce therapy resistance due
to their low ROS states.

miR-302 is the major microRNA found in human
ESCs and IPSCs. In addition to its ability to suppress key
transcription factors, miR-302 simultaneously suppresses Bmi-
las well as the cyclin E-CDK2 and cyclin D-CDK4/6
pathways to block the Gj-S transition (79). Concurrent
silencing of Bmi-1 by miR-302 further promotes tumor
suppressor functions of plélnk4a and pl4/pl9Arf directed
against CDK4/6-mediated cell proliferation.

6. CONCLUSION

We have learned in the past that as master gene
regulators, microRNAs play a fundamental role in
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regulation of diverse cellular pathways. In particular, these
pathways are important to the maintenance and control of
SCs and CSCs. However, the underlying mechanism is still
not fully understood. It appears that abnormal expression of
SC microRNAs is connected to the formation of CSCs,
which may lead to the initiation, development and
progression of cancer. A key to understand the role of
microRNAs in CSCs may be to determine how these SC
microRNAs are regulated and differentially expressed in
SCs and CSCs. Therefore, understanding the underlying
mechanism leading to the dysregulation of microRNAs
would be an exciting area of future research. Thus,
identification of the critical factors required for microRNA
regulation and determination of how their differential
regulations in SCs and CSCs may help to develop better
strategies against cancer progression, therapy resistance
and relapse.
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