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Abstract

The transcription factor Forkhead box protein M1 (FOXML1) is overexpressed in the majority of
cancer patients. This overexpression is implicated to play a role in the pathogenesis, progression,
and metastasis of cancer. This important role of FOXM1 demonstrates} its significance to cancer
therapy. MicroRNAs (miRNAs) are small noncoding, endogenous, single-stranded RNAs that are
pivotal posttranscriptional gene expression regulators. MiRNAs aberrantly expressed in cancer
cells have important roles in tumorigenesis and progression. Currently, miRNAs are being studied
as diagnostic and prognostic biomarkers and therapeutic tools for cancer. The rapid discovery of
many target mMiRNAs and their relevant pathways has contributed to the development of miRNA-
based therapeutics for cancer. In this review, we summarize the latest and most significant
findings on FOXM1 and miRNA involvement in cancer development and describe the role/roles
of miRNA/FOXML signaling pathways in cancer initiation and progression. Targeting FOXM1
via regulation of miRNA expression may have a role in cancer treatment, although the miRNA
delivery method remains the key challenge to the establishment of this novel therapy.
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INTRODUCTION

Forkhead box protein M1 (FOXM1), also known as HFH11, MPP2, WIN, and Trident, is a
member of the Forkhead superfamily of transcription factors, which are evolutionary
conserved in the winged helix/Forkhead DNA-binding domain [1-5]. The term Forkhead is
derived from the two head-like structures in Forkhead-mutant Drosophila embryos, which
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have exhibited defects during formation of the anterior and posterior gut [6]. The human
FOXML1 gene, which consists of 10 exons, is mapped to chromosome 12p13-3 [1]. Among
these 10 exons, exon Va and exon Vlla are alternatively spliced, giving rise to three distinct
FOXML1 variants: FOXM1a, FOXM1b, and FOXM1c. FOXM1a is considered to be a
dominant-negative regulator of other FOXM1 isoforms, as it harbors both exon Va and exon
Vlla, resulting in disruption of the transactivation domain by exon Vlla. However, both
FOXM1b, which contains neither exon Va nor exon Vlla, and FOXM1c, which contains
exon Va only, are transcriptionally active and can directly promote target gene expression in
an isoform-specific manner [7].

Genome-wide gene expression profiling of cancers has independently and consistently
identified FOXML1 as one of the genes whose expression is most commonly upregulated in
human solid tumors, including liver, prostate, brain, breast, lung, colon, pancreatic, skin,
cervical, ovarian, oral, hematological, and nervous system tumors [8-10]. Several reports
indicated that FOXM1 can regulate many aspects of cancer biology, including cell
proliferation, cell-cycle progression, cell differentiation, DNA damage repair, tissue
hemostasis, angiogenesis, and apoptosis. These findings point to a principal role for FOXM1
in tumorigenesis. In addition, a recent study linked FOXM1 deregulation with cancer
progression and metastasis [11].

MicroRNAs (miRNAS) are short noncoding RNAs 20-24 nucleotides in length that
posttranscriptionally regulate gene expression [12]. They guide the binding of RNA-induced
silencing complexes (RISCs) to regions of partial complementarity located mainly within 3'
untranslated regions of target messenger RNAs (MRNAS), resulting in mRNA degradation
and/or translational inhibition [13]. Importantly, miRNAs play critical roles in a broad range
of biological processes, including proliferation, differentiation, apoptosis, and stress
response, linking them with the pathogenesis of numerous human diseases, including cancer
[14].

In this review, we provide a brief introduction of miRNAs and FOXM1 and describe their
roles in cancer development and progression and the possibility of modulating miRNA and
FOXML1 functions for therapeutic gain in cancer patients. Furthermore, we highlight the
importance of the miRNA/FOXML signaling pathway in cancer development and
progression, the targeting of which may be a preventive and therapeutic strategy for cancer.

FOXM1 IN TUMORIGENESIS AND PROGRESSION

Cell-Cycle Progression and Cell Proliferation

The most basic property of cancer cells is their infinite capacity for proliferation. Normal
cells are guided by regulatory mechanisms to enter, advance through, and exit the cell cycle
in an orderly manner. In contrast, cancer cells disregard these regulatory signals and operate
independently [15]. The involvement of FOXM1 in tumorigenesis is largely related to its
central role in cell-cycle progression and proliferation. FOXML1 is a key regulator of G1/S
and G2/M transition and M-phase progression. Besides regulating Cdc25A expression at the
G1/S checkpoint, FOXMZ1 controls the transcription of S-phase kinase-associated protein 2
(Skp2) and Cks1, which are specific subunits of the Skp1/Cullin 1/F-box complex essential
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for the ubiquitinylation and degradation of the cyclin-dependent kinase inhibitor proteins
p21CiPl and p27KiPL. Furthermore, FOXMZ1 expression is essential for transcription of the
mitotic regulatory genes, such as Cdc25B, Aurora B kinase, survivin, and centromere
proteins A and B, which are involved in G2/M transition, maintenance of proper
chromosomal stability, and segregation of chromosomes during mitosis [16]. Accordingly,
the majority of FOXMZ1-depleted cells experience delays in transition to (or from) G2 phase
and severe mitotic abnormalities upon entry into mitosis. Frequently, FOXM1-deficient cells
also have mitotic spindle defects, chromosome misalignment, mitotic spindle checkpoint
dysfunction, and cytokinesis failure. As a result, the cells undergo centrosome amplification
and even endoreduplication, eventually becoming aneuploid and polyploid [17, 18].

The contribution of FOXML to the proliferation of human non-small cell lung cancer is well
defined. Researchers used an interferon-inducible Mx-Cre recombinase transgene to delete
the mouse FOXML fl/fl-targeted allele before inducing formation of lung tumors with
urethane. Mx-Cre FOXM1~/~ mice exhibited diminished proliferation of lung tumor cells,
causing a marked reduction in the number and size of lung adenomas. Transient transfection
experiments with A549 lung adenocarcinoma cells demonstrated that depletion of FOXM1
expression by small interfering RNA caused diminished DNA replication and mitosis and
reduced anchorage-independent growth of cell colonies on soft agar [19]. In a study of
hepatocellular carcinoma (HCC), conditionally deleted FOXM1b-expressing mouse
hepatocytes failed to proliferate and were highly resistant to HCC development in response
to a diethylnitrosamine/phenobarbital liver tumor induction protocol. The mechanism of
resistance to HCC proliferation was associated with nuclear accumulation of the cell-cycle
inhibitor p27KiP1 and reduced expression of the Cdk1 activator Cdc25B phosphatase [20]. In
another study, FOXM1 was overexpressed in malignant glioma cells, and FOXMZ1b was the
predominant FOXM1 isoform expressed in human glioma cells but not in normal brain cells.
Enforced FOXM1B expression caused SW1783 and Hs683 glioma cells, which do not form
tumor xenografts, to regain tumorigenicity in nude mouse model systems. Inhibition of
FOXML1 expression in U-87MG glioma cells suppressed their anchorage-independent
growth in vitro and tumorigenicity in vivo. The mechanism of FOXML1 that contributed to
glioma tumorigenicity was FOXM1's regulation of the expression of Skp2, which is known
to promote degradation of p27KiPl [21].

In colorectal tumor studies, investigators used either Rosa26-FOXM1b transgenic mice with
ubiquitous expression of human FOXM1b complementary DNA or mice in which the
FOXM1f/_targeted allele was deleted from colonic epithelial cells using the gut-specific
Villin-Cre recombinase transgene. After 12 weeks of treatment with azoxymethane and
dextran sodium sulfate, Rosa26-FOXM1b transgenic mice had more and larger colorectal
tumors than did wild-type Rosa26-FOXM1b*/* mice. Likewise, the researchers observed
much less development and growth of colorectal tumors in Villin-Cre FOXM1~/~ mice than
in FOXML1 fl/fl mice after treatment with azoxymethane and dextran sodium sulfate, which
was associated with decreased expression of cyclin A2, cyclin B1, survivin, and T-cell
factor 4 genes. Moreover, FOXM1-depleted colon cancer cell lines exhibited reduced DNA
replication and anchorage-independent growth [22]. Similarly, increased expression of
FOXM1b accelerated the development, proliferation, and growth of prostatic tumors in both
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TRAMP and LADY double transgenic mice. Furthermore, development of prostate
carcinomas in TRAMP/Rosa26-FOXM1 double transgenic mice required high levels of
expression of FOXM1 protein to overcome sustained expression of the alternative reading
frame tumor suppressor, a potent inhibitor of the transcriptional activity of FOXM1.
Depletion of FOXM1 expression in the prostate cancer cell lines PC-3, LNCaP, and DU-145
by small interfering RNA transfection greatly reduced their proliferation and anchorage-
independent growth on soft agar. This phenotype was associated with increased nuclear
expression of the cyclin-dependent kinase inhibitor p27KiP1 and diminished expression of
the S-phase—promoting protein cyclin A2 and M-phase—promoting protein cyclin B1 [23].

Cellular Senescence and Apoptosis

Cellular senescence is a tumor-suppressing mechanism that arrests cell proliferation in
potential tumors. Recent studies demonstrated that FOXM1 contributes to cell
transformation by antagonizing cellular senescence. For example, FOXM1 depletion can
trigger the onset of p53- and p16/NK4A_independent senescence of gastric cancer cells by
inducing p27KiP1 expression [24]. Furthermore, researchers have observed cellular
senescence in mouse embryonic fibroblasts derived from FOXMZ1-deficient mice, which
express markers such as irreversible cell-cycle arrest, increased expression of the cellular
senescence regulator p19A™, and increased senescence-associated B-galactosidase activity
[16]. In contrast, FOXM1 overexpression can suppress oxidative stress-induced cellular
senescence and accumulation of senescence markers such as p53, p21€iPL, and p19A,

Cancer cells can survive and expand not only via proliferation but also by resisting cell
death signals [25]. Apoptosis, the most common form of cell elimination, is a strictly
regulated stepwise process, and a variety of signals can trigger it. However, cancer cells
have developed multiple mechanisms to avoid cell destruction. Investigators have shown
that proteasome inhibitors suppress FOXM1 expression and simultaneously induce
apoptosis in human cancer cell lines [26]. In another study, FOXM1 knockdown sensitized
human cancer cells to apoptosis induced by proteasome inhibitors such as MG132,
bortezomib, and thiostrepton, but it did not affect autophagy levels following treatment with
these drugs [27]. Also, researchers observed that downregulation of FOXM1 expression
sensitized human cancer cells of different origins to DNA damage-induced apoptosis, which
suppressed activation of proapoptotic c-Jun N-terminal kinase and positively regulated
expression of antiapoptotic Bcl-2. This suggested that c-Jun N-terminal kinase activation
and Bcl-2 downregulation mediate the sensitivity of cancer cells to DNA-damaging agent-
induced apoptosis after targeting of FOXML1 [28].

Angiogenesis, Invasion, Metastasis, and Epithelial-Mesenchymal Transition

Tumor growth and progression are highly dependent on adequate blood supply for acquiring
nutrients and oxygen as well as disposing of metabolic waste and carbon dioxide.
Angiogenesis fulfills these requirements. After completion of embryonic development,
angiogenesis is downregulated. However, at the onset of tumor development, an angiogenic
switch is turned on and remains activated to facilitate tumor growth and progression [15].
FOXM1b is overexpressed in human glioblastoma cells, and forced FOXM1b expression in
anaplastic astrocytoma cells leads to the formation of highly angiogenic glioblastomas in
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nude mice. Similarly, promotion of gastric tumorigenesis by FOXM1b is directly and highly
correlated with transactivation of vascular endothelial growth factor (VEGF) and increased
angiogenesis. FOXMZ1 depletion is correlated with reduced expression and activity of
VEGF, leading to decreased angiogenesis, whereas FOXM1 overexpression has resulted in
transactivation of VEGF and increased angiogenesis in vitro. Suppression of FOXM1
expression has compromised the tumorigenicity of glioma and gastric cancer cells in
orthotopic mouse models and led to decreased tumor vascularization. Researchers identified
that VEGF is a direct transcriptional target of FOXM1b [29, 30].

Metastasis is a complex multistep process involving local invasion, intravasation,
extravasation, micrometastasis formation, and colonization [15]. During cancer cell
invasion, degradation of the basement membrane and various components of the
extracellular matrix is facilitated by a group of zinc-dependent endopeptidases, the matrix
metalloproteinases (MMPs). In particular, MMP-2 and MMP-9 are consistently implicated
to have roles in tumor invasion, metastasis, and angiogenesis [31, 32]. Increasing evidences
suggest that FOXM1 actively participates in the metastatic process. Specifically, FOXM1
contributes to glioma progression by directly targeting MMP-2 gene transcription and thus
enhancing tumor cell invasion [33]. In pancreatic cancer cells, downregulation of FOXM1
expression has reduced MMP-2, MMP-9, and VEGF expression, resulting in inhibition of
migration, invasion, and angiogenesis [34]. Also, overexpression of FOXM1 in SUM102
and SKBR3 breast cancer cells, which express FOXM1 at low levels, has resulted in
increased migration and invasion. Moreover, downregulation of FOXM1 expression has
inhibited the expression of many factors involved in degradation of the extracellular matrix
and angiogenesis, such as plasminogen activator, urokinase plasminogen activator,
urokinase receptor, MMP-2, MMP-9, and VEGF, as well as the activity of MMP-9 and
VEGF [35].

Epithelial-mesenchymal transition (EMT), a process by which epithelial cells acquire
mesenchymal characteristics, leading to increased migratory and invasive potential of cancer
cells, has a critical role in metastasis [15]. Overexpression of FOXM1 may lead to
acquisition of the EMT phenotype in pancreatic cancer cells via activation of mesenchymal
cell markers such as ZEB1, ZEB2, Snail2, E-cadherin, and vimentin [36]. FOXM1 also
promotes EMT, migration, invasion, and metastasis in pancreatic cancer cells via direct
transcriptional activation of caveolin-1, a key structural protein in the caveolae that is
strongly implicated to have a role in the development of cancer [37]. In HCC cells,
FOXM1b activates the Akt/Snaill pathway and stimulates expression of stathmin, lysyl
oxidase, lysyl oxidase like-2, and several other genes involved in metastasis. Furthermore,
an Arf-derived peptide that inhibits FOXM1b expression impedes metastasis of FOXM1b-
expressing HCC cells [38]. From this report, we can conclude that FOXM1b is a potent
activator of tumor metastasis and that Arf-mediated inhibition of FOXM1b may play an
important role in suppression of metastasis.

MIRNAS REGULATE SIGNALING PATHWAYS OF CANCER CELLS

More than 1500 mature human miRNA sequences are listed in the miRNA database. These
sequences play important roles in virtually all biological pathways in mammals and other
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multicellular organisms. The miRNA maturation process consists of several
posttranscriptional processing steps (Fig. [1]) [12]. For most miRNAs, transcription is
carried out by RNA polymerase 11, yielding a 5'-capped, 3'-polyadenylated primary miRNA
(pri-miRNA) that can be longer than 1000 bases and contain one or more hairpin stem-loop
structures (MiRNA clusters), with mature miRNAs locatedon one arm of each stem loop.
Following transcription, the pri-miRNA is processed by the nuclear RNase I11 endonuclease
DROSHA, yielding a 60- to 70-nucleotide double-stranded hairpin structure, precursor
miRNA (pre-miRNA). In turn, pre-miRNAs are actively exported to the cytoplasm via the
exportin-5 complex, where they are further processed by the RNase I11 endonuclease
DICER. This enzyme cleaves at the opposite end from DROSHA near the terminal loop of
the pre-miRNA hairpin, leading to the production of approximately 22-nucleotide double-
stranded molecules (MiRNA duplexes). The resulting duplex is then incorporated into the
miRNA-induced silencing complex (RISC), where the miRNA duplex is unwound,
facilitating the separation of mature antisense miRNA (guide strand) and transfer of it to
argonaute proteins within the miRISC. Meanwhile, the passenger strand is released and,
usually, rapidly degraded. Following complex assembly, the mature single-stranded miRNA
guides the miRISC to target mMRNAS. Target recognition and hybridization in animals occur
primarily via incomplete base-pairing complementarity between the miRNA and the target
MRNA, resulting in mismatches and bulges that, in turn, lead to target gene silencing, which
can occur via translational repression and/or mRNA degradation. In the rare cases of nearly
perfect mMiRNA complementarity with the target mMRNA in animals, the mRNA can be
endonucleolytically cleaved. Whether translational repression occurs at or after the initiation
of translation is unclear. Conversely, degradation of the target mMRNA, which is induced by
miRNA without cleavage by argonaute, may lead to deadenylation, decapping, and
exonucleolytic degradation of the mRNA [12, 13].

Despite their subtle effects on individual targets, miRNAs are responsible for the modulation
of multiple signaling pathways involved in cell growth, proliferation, differentiation,
motility, and apoptosis [39]. In fact, a number of miRNAs are located in fragile regions of
the human genome that are associated with cancer development, and dysregulated miRNAs
play crucial roles in tumor initiation, progression, and metastasis and are often associated
with diagnosis, prognosis, and response to therapy (Table 1).

THE MIRNA/FOXM1 SIGNALING PATHWAY IN CANCER CELLS

Given the importance of miRNA and FOXM1 expression to cancer initiation and
progression, modulation of miRNA and FOXML1 signaling pathways may play a critical role
in cancer biology, and investigation of this modulation is urgently needed. Authors reported
that expression of the miRNAhsa-miR-370 was decreased and that FOXM1 expression was
directly downregulated by hsa-miR-370 in gastric cancer cell lines [40]. The presence of
Helicobacter pylori and CagA inhibited hsa-miR-370 expression, which led to FOXM1
overexpression and cell proliferation. In a study of non-small cell lung cancer cases,
miR-134 expression correlated with invasive potential and the EMT phenotype, and the
researchers identified FOXM1, a potential metastasis promoter, as a direct functional target
of miR-134, demonstrating that miR-134 inhibited EMT via FOXM1 [41]. Furthermore,
investigators found that downregulation of miR-370 expression occurred frequently in
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leukemia cell lines and primary leukemic cells obtained from patients with de novo acute
myeloid leukemia [42]. Ectopic expression of miR-370 in HL60 and K562 leukemia cells
led to cell growth arrest and senescence. In contrast, downregulation of miR-370 expression
enhanced the proliferation of these cells. Mechanistically, miR-370 may function as a tumor
suppressor by targeting FOXML1. Thus, epigenetic silencing of miR-370 leads to
derepression of FOXM1 expression and consequently contributes to acute myeloid leukemia
development and progression. In a pancreatic cancer study, overexpression of FOXM1 led
to acquisition of the EMT phenotype via activation of the mesenchymal cell markers ZEB1,
ZEB2, Snail2, and vimentin, which is consistent with increased sphere-forming
(pancreatospheres) capacity and cancer stem cell surface marker (CD44 and EpCAM)
expression in pancreatic cancer cells [36]. Furthermore, overexpression of FOXM1 led to
decreased expression of miRNAs (let-7a, let-7b, let-7¢c, miR-200b, and miR-200c).
However, re-expression of miR-200b inhibited the expression of ZEB1, ZEB2, and vimentin
as well as FOXM1 and induced the expression of E-cadherin, leading to reversal of the EMT
phenotype. This demonstrated that FOXM1 overexpression is responsible for acquisition of
the EMT and cancer stem cell phenotypes, which is mediated in part by regulation of
miR-200b expression.

THE MIRNA/FOXM1 SIGNALING PATHWAY IN CANCER TREATMENT

As described above, the oncogenic transcription factor FOXML1 is overexpressed in the
majority of human cancers and is implicated to have a role in cell migration, invasion,
angiogenesis, and metastasis. This important role of FOXML1 related to cancer affirms its
importance cancer therapy [43]. Recently reported data suggest that targeting FOXM1 in
single-agent or combination therapy for cancer is promising[44]. After being extensively
demonstrated to be deregulated in cancer cells, miRNAS are now being studied as targets
and tools for cancer treatment. In particular, Reversal of miRNA expression to normal levels
holds remarkable potential for therapeutic interventions [45, 46]. Of note, miRNAs
delivered to tumors that specifically inhibit FOXM1 expression may be developed as
feasible anticancer drugs.

However, the miRNA delivery method is the most troublesome issue in mMiRNA-based
therapy. In 2007, Valadi et al. [47] found that miRNAs are contained in exosomes. They
showed that miRNAs are not only intracellular gene expression regulators but also humoral
factors, suggesting that miRNAs can act as tools for facilitation of cell-cell communication.
Also, Johnstone and colleagues discovered exosomes in 1987 when they observed that sheep
reticulocytes secrete exosomes to remove the transferring receptor during maturation [48].
Exosomes are homogenous in shape, range from 50 to 100 nm in diameter, and float on a
sucrose gradient at a density of 1.13-1.19 g/ml [49]. They are formed by invagination of the
plasma membrane into endosomes followed by inward vesiculation and vesicular release
into the extracellular space [50, 51]. Exosomes are characterized by their enrichment in
Alix, the tumor susceptibility gene TSG101, heat shock protein 70, and the tetraspanins
CD63, CD81, and CD9 [51, 52]. Exosome secretion is observed in most cell types under
both physiological and pathological conditions, especially tumor cells and hematopoietic
cells, including reticulocytes [53-56], dendritic cells [57], B and T lymphocytes [58-60],
platelets [61], mast cells [62, 63], macrophages [64], epithelial cells [65], fibroblasts [66],
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astrocytes, and neurons [67]. The extent of exosome secretion can be affected by not only
Ca?* levels [68-70] but also amino acid availability, as nutrient starvation, stress,
rapamycin-based treatment, and hormone-based treatment induce autophagy, thus blocking
exosome secretion [71].

Resolving the problems with miRNA delivery is essential for cancer treatment with these
molecules”?}. Therefore, examination of the use of exosomal miRNAs for cancer treatment
is natural. For example, the exosomal miRNA miR-223 from tumor-associated macrophages
is transported to breast cancer cells, supporting that macrophages regulate the invasiveness
of breast cancer cells via exosome-mediated delivery of oncogenic miRNAS [72]. In
addition, exosomal miRNAs derived from HCC cells can be taken up by other cells and
target transforming growth factor-p—activated kinase 1, resulting in enhancement of the
growth of transformed recipient cells [73]. It The researchers in that studyalso showed that
proliferation of a prostate carcinoma cell line was inhibited by the addition of an exosomal
fraction isolated from a noncancerous prostate epithelial cell line. These observations
suggest that transfer of exosomal miRNAs derived from noncancerous cells to cancerous
cells inhibits proliferation of the latter. Indeed, expression of some tumor-suppressive
miRNAs, such as miR-16, miR-205, and miR-143, was downregulated in prostate cancer
cell lines at the cellular and extracellular levels. This supports the idea that secretory tumor-
suppressive miRNAs should be transferred from noncancerous to cancerous cells in
accordance with the miRNA concentration gradient.

To examine the contribution of secretory tumor-suppressive miRNAS to cancer initiation in
depth, researchers generated miR-143-overexpressing HEK293 cells and observed an
approximately 50% decrease in proliferation of a prostate cancer cell line that was induced
by suppression of the miR-143 target gene KRAS after the addition to the cell cultures of an
exosome derived from the HEK293 cells [74]. Importantly, the decrease in proliferation was
reversed by transfection of an anti-miR-143 antibody into the prostate cancer cell line. These
data indicated that the cell-proliferation inhibition was attributable to the secretory miR-143
in the exosomes of miR-143—-overexpressing HEK293 cells. In addition, exogenously
transduced miR-143 did not suppress the proliferation of noncancerous cells, suggesting that
excessive amounts of tumor-suppressive miRNAs did not provide an additional growth-
inhibitory effect on normal cells, in which expression of tumor-suppressive miRNAs was
maintained at physiological levels. The investigators observed no overt side effects of
dendritic cell-derived exosomes on exosome-mediated gene delivery in vivo.

Taken together, the results of these studies demonstrate that miRNAs that specifically target
FOXML1 can be loaded into exosomes and then delivered to cancer cells, leading to the
development of miRNAs feasible anticancer drugs (Fig. [2]).

CONCLUSIONS AND PERSPECTIVES

Cancer seems to be the plague of the 21st century, as with each passing year, an increasing
number of people die of it. Originally, FOXM1 caught the attention of investigators as a
critical regulator of cell proliferation and cell-cycle progression [44]. Understanding of
FOXML1's function and how it is regulated will undoubtedly provide new clues in identifying
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the mechanisms of tumorigenesis and cancer progression. All of the research findings
described herein indicate that this oncogene may be the key to making significant progress
in cancer treatment. For example, FOXM1 is a potential therapeutic target in patients with
cancer, as its expression is upregulated in cases of numerous human malignancies, but it is
not expressed in normal nondividing cells, thus indicating promising specificity for cancer
cells in a targeted therapeutic approach [17]. The discovery of miRNAs and development of
their study methods have raised an enormous number of questions concerning details
regarding regulation of miRNA expression and posttranscriptional regulation of gene
expression the roles of mMiRNAs in signaling pathways in cell proliferation, apoptosis, and
invasion; and improvement of study methods. The most promising field of miRNA research
would be that focusing on the delineation of tumorigenic pathways and implementation of
cancer therapeutics [75]. The miRNA/FOXM1 signaling pathway may have a promising
role in cancer initiation and progression, and miRNAs that specifically target FOXM1 may
be investigated as anticancer drugs. However, we must make to identify the miRNAs that
can effectively inhibit FOXM1 expression and investigate simple, efficient methods of
delivering miRNAs to cancer cells
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The process of miRNA maturation. In the nucleus, RNA polymerase Il (Pol I1) transcribes
pri-miRNA and is cleaved by the DROSHA/DGCR8 complex to form premiRNA. The pre-
miRNA is then transported to the cytoplasm by exportin-5, where it is further processed by
the RNase 111 endonuclease DICER to form mature single-stranded miRNA. Next, the strand
enters the RISC and suppresses the target mRNA via either translational repression (partial

complementarity) or target degradation (complete complementarity).

Curr Drug Targets. Author manuscript; available in PMC 2014 July 04.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Shi et al.

Endosome Exosome-
generating

Packaging of
miRNAs into
exosomes

E PLV-miRNA Vector
s 88kb

Cell cycle and proliferation
Cellular senescence and apoptosis §
Invasion, metastasis, and EMT ;

Functions

Angiogenesis FOXM1

Recipient cell

Drug resistance

Fig. (2).
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transfection with an miRNA expression vector. MiRNAs are then selectively incorporated

into the intraluminal vesicles of multivesicular bodies (MVBs). Exosomes containing

miRNAs are derived from the MVBs and may be released into the extracellular environment
via either fusion of MVBs with the cell surface or a budding pathway. Exosomes also may
bind to the plasma membrane of a target cell. Recruited exosomes may either fuse directly
with the plasma membrane or be endocytosed and then fuse with the delimiting membrane

of an endocytic compartment. Both of these fusion pathways result in the delivery of
exosomal miRNA to the cytoplasm of the target cell, where it may associate with and

silence corresponding mMRNA.
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MiRNA Tumor type Expression | Diagnostic/prognostic biomarker | Target Mechanism
let-7 Breast cancer, HCC, Reduced Combined low expression of HMGAL1 Inhibits
lung cancer, HNSCC, let-7d and miR-205 in HNSCC proliferation of
oral cancer, cells (poor prognosis); an let-7 cancer cells and
gastroenterop ancreatic miRNA-binding site (KRAS- stem cell self-
neuroendocrine tumors LCS6) polymorphism in the renewal;
KRAS 3'untranslated region promotes
correlated with reduced survival terminal
durations in oral cavity cancer differentiation at
cases (poor prognosis) the larval to adult
transition in both
nematode stem
cells and fly wing
imaginal discs
lin-28/1in-28b HCC, ovarian cancer Increased High expression of lin-28b IGF-2 Blocks
correlates with risk of ovarian maturation and
cancer progression and death (poor affects the
prognosis) differentiation
and proliferation
of embryonic
stem cells
miR-9 CRC, medulloblastoma Reduced Methylation of miR-9-1 correlates | TrkC Promotes cancer
with lymph node metastasis in cell growth arrest
CRC cases (poor prognosis) and apoptosis
while targeting
the proliferative
truncated TrkC
isoform
miR-21 Breast cancer, bladder Increased High expression of miR-21 is an BTG2/TPM1 Contributes to the
cancer, laryngeal independent prognostic factor malignant
carcinoma, tongue indicating poor survival of tongue phenotype by
squamous cell squamous cell carcinoma (poor maintaining a low
carcinoma prognosis) level of BTG2
expressioninhi
bits apoptosis
partly via TPM1
silencing, affects
the expression of
its protein targets
via translational
inhibition
miR-34 family CLL, acute myeloid Reduced Low expression of miR-34a CREB/p53 MiR-34b causes
leukemia, NPC correlates with chemotherapy- cell-cycle
refractory disease, impaired DNA abnormalities and
damage response, and apoptosis reduces
resistance in CLL cases (poor anchorage-
prognosis) independent
growth
miR-92 CLL, CRC Increased Different levels of miR-92 pVHL Aberrant
expression discriminate CRC regulation of
patients and control subjects pVHL levels by
(diagnostic) miR-92-1
promotes the
HIF/VEGF axis
miR-661 Breast cancer Reduced - MTA1 Inhibits the
motility,
invasiveness,
anchorage-
independent
growth, and

tumorigenicity of
invasive cancer
cells
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MiRNA Tumor type Expression | Diagnostic/prognostic biomarker | Target Mechanism
miR-15a/miR-16 | Multiple myeloma, NPC | Reduced - AKT3/BRCAL/MAP kinasessMAP3K IP3/RPS6 | Regulates
proliferation and
growth of cancer
cells
miR-101 Bladder transitional cell Reduced -- EZH2/FOS Inhibits cell
carcinoma, HCC proliferation,
colony formation,
invasion, and
migration
miR-129 Bladder cancer, CRC Reduced Low expression of miR-129 GALNT1/SOX4 Inhibits growth
correlates with poor outcome of and induces cell
bladder cancer (poor prognosis) death
miR-122 HCC Reduced Low expression of miR-122 ADAM17 Reduces
segregates with specific gene migration,
expression profiles linked with invasion,

HCC progression (poor prognosis) anchorage-
independent
growth,
tumorigenesis,
angiogenesis, and
intrahepatic
metastasis

miR-205 HNSCC, prostate cancer | Reduced Low expression of miR-205 E2F1/E2F5/ERBB3 Counteracts EMT
correlates with locoregional and reduces cell
recurrence independently of migration/
disease severity at diagnosis and invasion
treatment of HNSCC (poor

prognosis), combined low

expression of let-7d and miR-205

in HNSCC cases (poor prognosis)

miR-449a Prostate cancer Reduced - HDAC1 Induces cell-cycle
arrest, apoptosis,
and a senescent-
like phenotype
miR-141 Clear cell renal cell Reduced Combination of upregulated - -
cancer miR-155 and downregulated

miR-141 expression results in 97%

overall correct classification of

matched malignant and

nonmalignant clear cell renal

tissue samples (diagnostic)

miR-451 Gastric cancer Reduced Low levels of miR-451 expression | MIF Reduces cell

in gastric cancer cases (poor proliferation and

prognosis) increases
sensitivity to
radiotherapy

miR-206 Rhabdomyos arcoma Reduced - MET Promotes
myogenic
differentiation
and blocks tumor
growth by
switching the
global MRNA
expression profile
to one that
resembles that of
mature muscle

miR-155 Breast cancer, Hodgkin Increased Combination of upregulated AGTR1/FGF7/IKBKE/ZIC3/ZNF537 -

lymphoma, NPC,
pancreatic cancer, clear
cell renal cell cancer

miR-155 and downregulated
miR-141 expression results in 97%
overall correct classification of
matched malignant and
nonmalignant clear cell renal
tissue samples (diagnostic), high
expression of miR-155 correlates
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Shietal. Page 19
MiRNA Tumor type Expression | Diagnostic/prognostic biomarker | Target Mechanism
with poor survival of pancreatic
cancer (poor prognosis)
miR-196a/b Breast cancer, mixed- Increased High expression of miR-196a KRT5/S100A9/SPRR2C MiR-196b
lineage leukemia, correlates with high-grade increases
esophageal dysplasia in Barrett esophagus proliferative
adenocarcinoma cases (poor prognosis) capacity and
survival and
partially blocks
differentiation
miR-29a/c Breast cancer Increased Low expression of miR-29c in B7-H3/TTP MiR-29a
CLL cases (poor prognosis) modulates

expression of the
immunoinhibitory
molecule B7-
H3;miR-29%
suppresses the
expression of
TTP, leading to
epithelial polarity
and metastasis

HNSCC, head and neck squamous cell carcinoma; CRC, colorectal cancer; CLL, chronic lymphocytic leukemia; HIF, hypoxia-inducible factor;

TTP.
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