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Abstract

The tumor microenvironment can be realistically viewed as an active battle ground between the host immune system and the
growing tumor cells. This reactive space surrounding the tumor possesses several possibilities and facilitates the progression
of a tumor from a neoplastic stage to that of metastasis. The contemporary approach of understanding the cancer biology from
a “within the cell” perspective has been largely challenged with complex and intricate “outside the cell” events. Thus
understanding the biology of the tumor microenvironment has been of scientific and clinical interest. Small non-coding
microRNAs with a pleotropic and wide range of cellular gene targets can be reasonably hypothesized to regulate the
events of carcinogenesis and progression. MicroRNAs have been investigated in different cancer models, and evidence of their
involvement in the regulation of the tumor microenvironment has been of much interest. In particular, a major interest has
been exploring the role of the tumor microenvironment in regulating the interaction of cancer cells with surrounding stromal
components and the effect of such interactions on the cancer cells. Fine-tuned regulation by these microRNAs extends our
contemporary understanding of these small biomolecules in epigenetic regulations. This review focuses on microRNAs that
are dysregulated in ovarian carcinomas, their effect on the components of the tumor microenvironment, and the correlation
of their heterogeneous expression profiles with disease severity and prognosis in patients. In addition, this paper also discusses
the differential expression of exosomal microRNAs that are known to link the cancer cell with its microenvironment,
facilitating the development of an improved prognostic/diagnostic marker and effective therapeutic regime.
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combined with chemotherapy and radiotherapy’. Recently
the use of hormone and antibody-based treatment methodol-
ogies in patients with ovarian cancer has gained momen-
tum’. However, these approaches of treatment still depend
on the patients’ health constitution and prior medical history,
and have been often associated with side-effects such as

Introduction

Ovarian cancers are among the global leading cause of
malignancy-associated death in women'. Each year approx-
imately 240,000 women are diagnosed with ovarian cancer
across the globe, reflecting the high prevalence and associ-
ated fatality of the disease®. The most common subtypes of
these ovarian carcinomas include epithelial ovarian carcino-
mas (80-90%), with few cases of germ cell cancers (1-2%)>.
Among the epithelial ovarian carcinomas, serous ovarian
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cancers (SOCs) or high-grade serous ovarian cancers
(HGSOCs) result in most of the gynecological malignan-
cies*. Research on ovarian cancer over the past few years
has associated geographical variations and population-
specific susceptibility factors with disease progression, and
therefore needs further research and analysis®.

The most commonly adopted clinical intervention for
ovarian cancers involves “mass debulking,” sometimes
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Figure I. Schematic representation of miR biogenesis and maturation. The biogenesis of miR involves pre-miR formation within the nucleus
which subsequently gets processed and forms mature miR in the cytoplasm.

fatigue, nausea, hair loss, neuropathies, and inflammatory
bowel disease, etc’. A major constraint in understanding the
disease biology is the association of ovarian carcinomas with
low survival rate post diagnosis, low to poor prognosis of the
disease, and rapid tumor relapse (based on the repopulation
hypothesis). Often cases of aggressive ovarian cancers are
diagnosed among women in the age group of 50-70 years,
with approximately 80% of these cases being diagnosed at
the late stage of cancer”. In addition, patients with ovarian
cancers are reported to have low mean 5-year survival rates;
these typically range between 20% and 40%, especially for
those with HGSOCs”.

microRNAs (hereafter referred as miRs) are small non-
coding ribonucleic acid (ncRNA) molecules (18-25nt long)
with an ability to regulate the expression of several genes
either by pre-transcriptional repression (via chromatin
remodeling, which has been observed rarely) or by direct-
ing messenger RNA (mRNA) degradation of the target
gene®. Such degradation of mRNA involves co- and/or
post-translational modifications such as deadenylation
from the 3’end, decapping of the 5’ end, mRNA cleavage,
etc®. The detailed biogenesis and maturation of miRs have
been discussed elsewhere (Figure 1)"°. Several extensive
studies have identified the role of miRs in immune func-
tioning, cell growth and development, tissue remodeling,

neuronal processes, cancers, and other disease models'®.
For any gene, the binding of miRs to the miR-binding site
at the 3 ’untranslated region (UTR) region results in transla-
tional repression of the mRNA’. This forms one of the
major axes of miR targeting. miRs are known to target
several mRNAs either through complete or incomplete base
pairing at the seed region’. The other aspect of the role of
miRs in chromatin remodeling is debated and needs more
reproducible experimental validations.

Recent advances in mathematical modeling and
bioinformatics-based predictions have shown that miRs can
target approximately 50% of all protein-coding genes. The
abundant levels of miRs and their potential in regulating
gene expression make these small molecules of significant
physiological importance®. Mature miRs in the cytoplasm
are known to regulate cellular processes, and abnormalities
therein have been shown to cause several diseases. For
example, inhibition of cell cycle check points, evasion of
apoptosis-inducing factors, and resistance to cellular senes-
cence by miRs have been widely associated with cancer
onset and progression®. In addition, aberrations in the pro-
cess of miR biogenesis and maturation have been shown to
cause carcinogenesis''. For example, Tar-binding protein-2
(TARBP2) has been shown to incorporate a frameshift muta-
tion resulting in a truncated protein product both in sporadic
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Figure 2. Schematic representation of ovarian cancer progression and metastasis. The four stages of cancer progression and metastasis
have been explained schematically which involves invasion of endothelial cells from primary tissue site, circulation, extravasation of
endothelial cells at the site of secondary tumor growth, colonization, and further growth of tumor at the secondary tissue site.

and familial carcinomas''. The lowered expression of native
TARBP2 protein leads to downregulation of DICER-1-
mediated maturation and processing of endogenous miRs
in the cytoplasm''. Further, events involving defective or
abnormal nuclear processing of pre-miRs have been corre-
lated to cancer onset and progression''. For example, dysre-
gulated functioning or expression of role of BCDIN3D
(BCDIN3 domain-containing RNA methyltransferase) inter-
feres with the O-methylation of 5’-monophosphate in pre-
miRs leading to blockage of processing and maturation of
miRs (Figure 1)!'. Several other cases of errors in miR bio-
genesis and carcinogenesis have been discussed by others,
and is beyond the scope of this review'>!”. A change in the
expression of several miRs has been shown in cancerous and
non-cancerous cells. The differential expression of miR-10b,
miR-373, and miR-520c¢ and their role in metastasislg,
expression of miR-374a, miR-200, and miR-22 and their role
in epithelial and mesenchymal transitions (EMT)'?, and the
role of miR-126 in cancer-associated angiogenesis™ are a
few such examples. In addition, approximately 186 miR
genes are positioned in proximity to the fragile gene sites
and other cancer-associated genes, indicating a significant
role of miRs in carcinogenesis®'.

In the present scenario, a need to revisit the molecular
biology of ovarian carcinomas has become essential. In this
review we particularly aim to decipher the factors associated
with rapid disease progression and discuss the challenges

faced by patients caused by the severity and aggressive
metastatic ability of these cancers. The composition of the
tumor microenvironment (TME) involving different modi-
fied stromal components, evasion of host immune cells,
upregulation of pro-cancerous and downregulation of anti-
cancerous molecular regulators, together facilitate the pro-
cess of rapid transition of tumor from the neoplastic stage to
that of metastatic stage (Figure 2)*%. Very recently, miRs are
being viewed as molecules responsible for reprogramming
of the cancer microenvironment that can facilitate the
growth and progression of cancer®>. Therefore, critical anal-
ysis of the miRs in the cancer microenvironment holds sig-
nificance, and in this paper we particularly discuss the role of
miRs associated with ovarian cancers. These miRs are
known for their ability to regulate the peritoneal metastasis,
which forms the characteristic and confounding ability for

. . 2
progression of ovarian cancers 3.

Cancer Hallmarks and the Tumor
Microenvironment

The adjoining tissues and extracellular matrix components sur-
rounding the tumor are commonly referred to as the TME
(Figure 3)**. The TME (approximately 90% of the cancer cell
stroma) broadly consists of fibroblasts, immune cells,
mechanically supporting cells, blood vessels, extracellular
matrix, and a wide range of signaling molecules (Figure 3)*°.



Cell Medicine

Legend:

)y Fibroblast/ Cancer Associated Fibroblasts Tumor cells

o Lymphocytes Basement Membrane
Normal

Lymphatic endothelial cells
epithelial cells

Endothelial
Cells T —— —— - 2 R e —
Macrophage 3 , E<

‘ Protease Inhibitors &

<y

. Proteases

)\Growth factor O "’
receptors

< )
; ‘ O
O Growth factors - ?\
s
D Mast Cells / / O

(\Extracellular matrix
elements

Figure 3. Schematic representation of tumor microenvironment. Some of the major components of the tumor microenvironment include
tumor-infiltrating lymphocytes, cancer-associated fibroblasts, macrophages, mast cells, cancer stem cells, myeloid-derived suppressor cells,
proteases and protease inhibitors, growth factors and their cognate receptors etc.
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This unique niche harbors the primary tumor that thrives,
propagates, and undergoes cancerous transformations as a
result of several genetic and epigenetic modifications®>. One
of the major roles of the components making up the micro-
environment is to transform normal cells into cancer cells,
which show characteristics otherwise known as “Cancer
Hallmarks™®. These distinct phenotypic and molecular pat-
terns observed specifically in cancer cells involve increased
angiogenesis, abnormal vasculature of blood vessel, recruit-
ment of endothelial cells promoted by vascular epidermal
growth factors (VEGF), and suppression of apoptosis by
blockage of tumor suppressor genes such as p53/p21 and
retinoblastoma (pRb). In addition, some other hallmarks
include blockage of cell cycle checkpoints such as cyclin-
dependent kinases and cyclin D, and rapid cell proliferation
and replicative immortality accelerated by sustained signal-
ing from cell survival pathways such as PTEN/Akt, c-myc,
and MAPK/ERKSs. Several recent studies have also shown
that genomic instability due to accumulation of mutations,
and increased invasiveness leading to metastasis and eva-
sion of cytotoxic host immune response by modulating
activity of CD8 T cells, CD4 T cells, and T regulatory cells
are emerging cancer hallmarks®’.Therefore, this paper
focuses on elucidating the role of putative and experimen-
tally validated miRs in the attainment of the cancer cell hall-
marks especially related to invasiveness and metastasis.

Recent study of the epithelial-stromal crosstalk in ovar-
ian cancers has indicated that miR-16-5p and miR-124-3p
are differential expressed in ovarian tumor cells along with
the surrounding epithelial and stromal cells®®. In addition,
the identification of miR-124-3p has highlighted a novel
biomarker for ovarian cancers*®. Emerging reports in women
from the US established that there is a link between endo-
metriosis and susceptibility for ovarian cancer. Pearce et al.
have shown that a combination of environmental and genetic
risk factors increase the susceptibility of women for clear-
cell adenocarcinoma, low-grade serous, and ovarian endo-
metrioid cancers®’. The study carried out among women
from the US has shown that approximately 73% of women
with some form of self-reported endometriosis have a 4-9%
lifetime risk of developing ovarian cancers®. This figure is
significant considering that only 1.37% women in the US
were identified as having a lifetime risk of developing ovar-
ian cancers, with difference in severity varying among these
women>’ The role of differential expression of miR in endo-
metriosis is now being associated with an increased risk for
ovarian cancers.

It is evident that the crosstalk between “tumor and its
niche” is critical to tumor integrity and propagation. Thus
a possible bidirectional interaction may answer several con-
founding questions pertaining to the onset and progression of
ovarian cancers. In addition, the nature of influence exerted
by the TME remains largely unclear. One hypothesis is that
the cancer cells influence components of the microenviron-
ment in order to remodel both functional and structural prop-
erties. Some of these include facilitating aberrant cell

growth, invasiveness, and propagation to secondary tissue
locations. In addition, research is underway to explore any
possibilities of cancer cell-independent regulation of the
TME. Nonetheless, it is largely accepted that the constant
and close interaction of the tumor and its microenvironment
holds promise for development of therapeutics and evalua-
tion of treatment outcomes for different forms of cancers.
miR-based regulation of the TME is based on the early evi-
dence of miR-302-mediated reprogramming of somatic cells
into induced pluripotent stem cells®’. Recent evidence of
miR-9/9 and miR-124-mediated reprogramming of fibro-
blasts into neurons has further substantiated the role of small
molecular players in cellular remodeling and carcinogen-
esis’'. Although no current information is available about
the exact mechanistic details of how these miRs influence
reprogramming, further research into these aspects may be
insightful for regenerative medicine. Thus the cellular and
genetic plasticity conferred by these small molecule regula-
tors remain central to oncobiology and are of high impor-
tance in the onset and progression of cancer.

miRs in the Distant and Local Tumor
Microenvironment

Ovarian cancers have a characteristic property of rapid can-
cer progression along with formation of ascites and metas-
tasis within the peritoneal cavity instead of the usual
hematogenous metastatic spread that is seen in most other
forms of cancer’”. Cancer-associated fibroblasts (CAFs),
endothelial cells, cancer-associated mesothelial cells,
tumor-infiltrating lymphocytes (TILs), myeloid-derived sup-
pressor cells (MDSCs), and mesenchymal stem cells (MSCs)
form the TME®. In contrast, similar components found in
the omentum (adipose-rich three-dimensional layered
structures surrounding both the inner and outer layers of the
peritoneal cavity) form the most preferred distant metastatic
location of ovarian cancer cells (Figure 3)**. These conse-
quential and direct interactions lead to a range of differen-
tially regulated miRs comprising both the up- and
downregulated miRs. However, this is in contrast to the
overall profile of the miRs in cancer cells, where these small
non-coding molecules are known to be downregulated with
an overall tumor-suppressive phenotype>”.

Fibroblast is one of the major stromal components that
regulates a wide range of carcinogenic phenotypes such as
angiogenesis, metastasis, and epithelial-mesenchymal tran-
sitions (EMTs) in the tumor cells*®. Aberrant cell growth and
onset of carcinogenesis result in expression of specific miRs
that can regulate pro-cancerous functions of the CAFs**,
These CAFs, when grown in a non-malignant environment,
still exhibit their transformed characteristics, suggesting that
induction and maintenance of fibroblasts into CAFs are
largely irreversible and sustained epigenetic changes®*. In
the local ovarian TME CAFs are known to express higher
levels of pro-inflammatory miR-155%7 that is directly regu-
lated by nuclear factor-kp, i.e. NF-kp>*. The cancer cells
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interacting with the CAFs exhibit low levels of miR-214,
miR-31, and miR-148. miR-31 is known to be downregu-
lated in ovarian cancers>>. Further, miR-31 is known to inhi-
bit the chemokine C-C motif ligand 5 (CCLS5) and promote
the expression of AT-rich sequence binding protein-2 that
ultimately results in increased invasiveness of endometrium
and cancer growth®>. miR-148 regulates the expression of
Wingless-Type MMTYV integration site family protein 10B
(WNT10B)*>. Together, miRs with differential expression in
the local TME and those in the distant omentum influence
the TME of ovarian cancers®”. Mitra et al. have shown that a
precise combinatorial choice of three different miRs (miR-
214, miR-31, and miR-155) can reprogram normal fibro-
blasts to CAFs (Figure 4)*”. miR-155 in the distant omentum
is known to promote conversion of normal omental fibro-
blasts into CAFs*>. This suggests that a cohort of miRs
decide the fate of fibroblasts in the TME. Apart from the
selective upregulation of certain miRs by cancer cells, fine
tuning between the pro-and anti-cancerous miRs is also a
key process involved in regulating the disease progression.
For example, downregulation of miR-214 and miR-31 along
with the upregulation of miR-155 can successfully promote
CAFs and establish the miRs as regulated effector
molecules®”.

Endothelial cells in the TME promote carcinogenesis by
increased angiogenesis and metastasis®®. Certain miRs
expressed by the endothelial cells can even inhibit several
processes involved in carcinogenesis. For example, expres-
sion of miR-200 by the endothelial cells reduces migration
and angiogenesis, resulting in the limited metastatic poten-
tial of ovarian carcinomas®’. In addition, downregulated
expression of miR-200 in ovarian cancer is known to target
interleukin-8 (IL-8), resulting in a low abundance of
endothelial cells** and inhibiting the recruitment of endothe-
lial cells to the site of the growing tumor. miR-200 has also
been commonly correlated with EMT in most cancer types.
An analysis using The Cancer Genome Atlas has revealed
that lower levels of miR-200 and miR-484 can be related to
an inferior prognosis of ovarian cancers*'. miR-484 targets
vascular endothelial growth factor-B (VEGFB)** and vascu-
lar endothelial growth factor receptor-2 (VEGFR2), and thus
its reduced expression has been directly linked to the pro-
gression of cancer™.

Different survival mechanisms are known to be used by
cancer cells for prolonged survival of the cancer cells, espe-
cially endometriotic cells. Hypoxia is a widely correlated
survival and invasion mechanism used by endometriotic
cells**. Several signal transduction pathways such as
STAT3 (signal transducer and activator of transcription
3)*, TGF-B*, and autophagy®’ have been implicated as
key mechanisms deployed by these cells for survival®’.
There is a decrease in the expression of miR-126 in endo-
metriosis, endometrioid ovarian cancers, and clear-cell car-
cinomas. Indeed miR-126, expressed both in cancer cells
and the TME, may be a potential therapeutic target for
ovarian cancers.

miRs that are differentially expressed in endometriosis
and endometrioid ovarian cancer cells include miRs with
elevated expression such as miR-205, miR-30e-5p, miR-
325, miR-492, miR-637, and miR-16-5p, and miRs with
reduced expression such as let-7 f. For cases involving both
clear-cell and endometrioid ovarian cancers, miRs such as
miR-200a, -200c, -21, and -575 were observed to be upre-
gulated, and miR-1, -100, -101, -105, -125a, -133a, and -137
are some that are downregulated. A detailed table summar-
izing these key upregulated or downregulated miRs in cases
involving endometriosis and ovarian cancers can be found in
Wendel et al.’s review article®®.

Mesothelial cells form an integral part of the peritoneal
layer of the abdominal cavity that covers peritoneum, the
large and small bowel serosa, and the omentum®’. As ovar-
ian cancer cells often migrate to the peritoneal cavity and
omentum, these mesothelial cells covering these preferred
sites of metastasis are often driven by pro-cancerous trans-
formations in the case of ovarian cancers. Cancer-associated
mesothelial cells serve as the first point of contact for the
ovarian cancer cells before they can even interact with the
underlying fibroblasts*®. In ovarian cancers, miR-200 is
known to stimulate the mesothelial cells via TGF-f (Tumor
Growth Factor-B)-mediated increase in the expression of
MMP-2 and MMP-9 (Matrix Metallo-Proteinases)*’. In
another study, it has been reported that an ectopic expression
of miR-200 in mesothelial cells inhibits the implantation and
metastasis of ovarian cancer cells*’. Together, these suggest
a significant role of miR-200 in the onset and progression of
ovarian cancers.

miR-193b is another such miR which is known to target
urokinase-type plasminogen activator protein (uPA) during
direct interaction of ovarian cancer cells with the mesothelial
cells of the omentum. This targeted action by miR-193b
downregulates the expression of uPA via the repressive
methylation effect of DNA methyl transferase-1°". Although
several 2D in vitro assays have noted the role of miR-193Db, it
is interesting to understand that events such as metastasis
and the spread of cancer cells can be precisely and accurately
studied using a 3D organotypic model, as it resembles the
interaction of ovarian cancer cells and omentum. One such
study by Mitra et al., using an organotypic 3D ovarian cancer
model, has identified a significant downregulation of miR-
193b in progressing and metastasizing ovarian cancer
cells®. Further, the authors have shown that downregulated
miR-193b is critical for colonization of ovarian cancer cells
followed by adhesion, invasion, migration, and colony for-
mation of metastatic cells*.

TILs are the some of the immune cells that are recruited
by cancer cells to remodel the TME. Remodeling of the
TME by TILs results in evasion of recognition by the host
immune system. In addition, it reduces the cytotoxicity trig-
gered by the host immune system and interferes in the
wound-healing process of the stroma surrounding the tumor
cells’®>. Some TILs have been found to facilitate
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tumorigenesis®*>>, and therefore any potential modifications

of these TILs by miRs in the TME are of importance.

M2 macrophages, or tumor-associated macrophages
(TAMs), are tumor-suppressive and anti-inflammatory
immune cells that promote tumor growth and angiogenesis
in addition to the evasion of immune response via specific
cytokines such as IL-10, TGF- and arginase™. In the case
of TAMs associated with ovarian cancer, miR-155 is known
to be downregulated, and upon exogenous restoration of
miR-155 (anti-tumor responses) these TAMs promote
cytotoxic T-cell functions®. miR-155 targets SOCS-1 (sup-
pressor of cytokine signaling 1), SHIP-1 (Phosphatidylino-
sitol-3,4,5-trisphosphate 5-phosphatase 1), and C/EBPJ
(CCAAT-enhancer-binding proteins), which results in tran-
scriptional repression of cytokines related to T-helper type 1
cells*. In addition to the cytotoxic T cells (CD8+) and
helper T cells (CD4+)-mediated regulation of TILs in the
TME, T regulatory cells (Treg cells) are also known to reg-
ulate the expression of TILs. For example, Treg cells have
been associated with dysregulated expression of miRs by
TILs via Foxp3°°.

MDSCs form the population of tumor-suppressive
immune cells of the myeloid compartment in the TME>’.
The direct interaction of cancer cells and MDSCs therefore
must be regulated and facilitated by the reprogramming of
the tumor-suppressive function of these MDSCs”®. miRs
have been explored for their potency in regulating the
tumor-suppressive function of MDSCs. For example,
expression of miR-101 is upregulated by MDSCs, which
leads to increased stemness of the cancer cells®. This is
achieved by miR-101-mediated targeting of co-repressor
gene C-terminal binding protein 2 (CtBP2), ultimately
resulting in increased expression of Sox-2 and Nanog (stem-
ness markers) and an increase in the metastatic and/or carci-
nogenic potential of these cancer stem cells (CSCs)*. The
rise in stemness markers indicates a higher population of
cancer stem cells, which denotes a pro-tumorigenic effect
(progression, metastasis, and therapeutic resistance in cancer
cells) as these CSCs are better known to be cancer-initiating
cells>. The characteristics identifying these CSCs have been
debated over the years. The identification of these CSCs is
based on markers such as CD44, CD17, CD133, CD24, and
aldehyde dehydrogenase-1 Al (ALDH1).°® Cheng et al.
have shown that miR-199a targets 3’-UTR of CD44, result-
ing inhibition of proliferation, invasion, metastasis, and che-
moresistance of ovarian CSCs®!. In addition, miR-214
targets the 3’-UTR of p53 tumor suppressor gene, leading
to self-renewal and expansion of ovarian CSCs®*. Among the
different sub-populations of CSCs, CD133+ CSCs show a
downregulation of miR-200a and thereby limits the progres-
sion of cancer®. A direct correlation between the density of
MDSCs/CSCs in the TME and the stage and severity of
cancer can be effectively used in predicting disease prog-
nosis and life expectancy post diagnosis®’.

MSCs are stem cells actively recruited to the TME and
are known for their pro-tumorigenic effects in solid

tumors®. Increased recruitment of MSCs promotes angio-
genesis, metastasis, and immune evasion by the cancer
cells, and thus understanding the miR-based regulation of
the MSCs in ovarian cancers holds significance’®.
Although there is no direct evidence supporting the role
of miR in the regulation of MSCs, preliminary research has
shown that MSCs can inhibit the expression of miR-200b
and miR-200c (miR-200 family of genes) in ovarian cancer
cells®®. This is achieved via stimulation of TGF-B by the
MSCs, which results in the reduction of miR-200b and
miR-200c in MCF-7 cells. This in turn upregulates ZEB1/
ZEB2 (zinc finger E box binding homeobox 1), resulting in
enhanced EMT®®.

miR in Chemoresistance of Ovarian
Carcinomas

Cellular senescence is an important stage in the cell cycle to
avoid aberrant cell growth and check carcinogenic transfor-
mations. Cells with accumulating mutations or an unstable
genome usually enter senescence following stimulation from
shortened telomeres and induction of oncogenic stress fac-
tors, usually associated with the expression of senescence-
associated markers such as B-galactosidase®’. Classically,
cellular senescence has always been associated with tumor
suppression, but recent studies have shown that cellular
senescence can actually promote cancer growth and trans-
formations. Weiner-Gorzel et al. have shown that miR-433
in HGSOC patients has been associated with poor
progression-free survival along with lower levels of mitotic
arrest deficiency protein MAD2/MAD2L1 and CDK6
(cyclin-dependent kinases 6)°%. Although miR-433 was
shown to target several cancer-associated genes such as
GRB2, SFRP2, CREBI, and HDACS6, the study by
Weiner-Gorzel et al. also established the role of miR-433
in the induction of cellular chemoresistance to paclitaxel®®.
The underlying reason for this miR-433-mediated chemore-
sistance was shown to be the inhibition of apoptosis via
reduction in the levels of phosphorylated retinoblastoma
protein and the induction of cellular senescence®.

miR-214 has also been shown to reduce apoptotic cell
death, and thus acts as a major link for decline in chemother-
apeutic sensitivity, failure of treatment regimens, and
enhanced disease progression in patients with ovarian can-
cer®”. Yang et al. have shown that miR-214 inhibits
cisplatin-induced cell death in human ovarian cancers®’. The
major signaling comprises the PTEN/Akt pathway targeted
by overexpressed miR-214 in cisplatin-induced chemother-
apeutic resistance®.

miR in Hypoxic TME of Ovarian
Carcinomas
In most cases the TME features limited or low oxygen avail-

ability, leading to a hypoxic TME’’. The presence of a
hypoxic TME can be reasoned from the extensive oxygen
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requirement by the rapidly proliferating tumor cells, result-
ing in the depletion of oxygen in the TME. This substantiates
that the hypoxia-driven TME should facilitate tumor pro-
gression and metastasis’'. Kim et al., using gas analyses,
have shown that ovarian ascites have only 2.5% dissolved
oxygen in comparison to 15-23% dissolved blood oxygen
content’?. Both transient and sustained hypoxic conditions
have some or other pro-tumorigenic effects, and a sustained
hypoxic TME promotes reorganization of cellular processes
and other energy-demanding physiological functions’>. It is
known that HIF-1oa and HIF-2a (hypoxia inducible factors)
are primary regulators of hypoxic responses in TME and thus
must have a role in promoting cancer metastasis and progres-
sion’*. Stable complexes of HIF-1o/HIF-20 heterodimerize
with HIF-1pB, inducing the expression of lysyloxidase
(LOX). LOX is known to result in cross-linking of collagen,
which induces rapid cell migration and exfoliation of cancer
cells to reach the peritoneal cavity in case of ovarian can-
cers’”. Joshi et al. in their study have shown that miR-199a
has the potency to target the 3°-UTR of HIF-1o/HIF-2a. In
addition, the authors have shown that miR-199a derived
from the anti-sense strand of DNM2 (dynamin 2, important
for endocytosis) is downregulated in the hypoxic TME of
ovarian cancers’®. Thus, lower levels of DNM2 and miR-
199a promote metastasis and migration of tumor cells in
ovarian cancers, and thereby the levels of HIF and DNM2
are known to be reciprocally regulated’’.

Exosomal miRs: Bridging the Gap between
Cancer Cells and TME

Exosomal miRs consist of the miRs which are secreted in
small vesicles to the TME by cancer cells, and form the link
between the cancer cell’s own secretory miR and the TME"”.
The wide range of epigenetic changes exerted by exosomal
miRs are under investigation. Undoubtedly these epigenetic
changes serve as reliable basis for detection and therapeutic
development in addition to our understanding of cancer
biology’'. These exosomal miRs secreted onto the
endothelial cells in the TME facilitate angiogenesis, inva-
siveness, and metastasis’'. In a study reported by Vaks-
man et al. on exosomal miRs in ovarian cancer effusion
supernatants, the authors have identified miR-21, miR-
23a, miR-23b, miR-29a, miR-99a, miR-125b, miR-200c,
miR-320a, and miR-484.

Such a differential expression of exosomal miRs pos-
sesses statistical significance and correlation with the patho-
logical characteristics of ovarian cancers, along with
survival rates’®. Further, miR-21, miR-23b, and miR-29a
have been shown to be associated with poor survival. Thus
exosomal miRs which are enriched in the serum, such as
miR-21, miR-29a, and miR-200c, are known for their diag-
nostic potential for ovarian carcinomas (Figure 4)’2. In addi-
tion, higher levels exosomal miR-21 and miR-23a are known
to mediate chemoresistance in ovarian cancer cells via

regulating the expression of PTEN (phosphatase and tensin
homolog deleted on chromosome 10)7>.

Contemporary Clinical Management

The present strategy for deciding the treatment of patients
with ovarian cancer is based on their health status and the
stage of the disease at the time of detection. The focus of
several ongoing research works is to adopt and develop an
optimal patient-specific treatment regime instead of a usual
or routine choice of available drugs and therapeutics’®. In
addition to the genomic and epigenomic landscape-based
studies of ovarian cancer patients, newer studies on cellular
and secretory proteomics (e.g. body fluid markers in blood,
serum or saliva) are being used for early diagnosis®.

Several reports on the correlation of high-risk genes such
as BRAC1 and BRAC2 with the stage of ovarian cancers
have proved beneficial in explaining the case of familial
ovarian cancers, thereby leading to early diagnosis and
improved prognostic abilities®'. However, in the case of
sporadic ovarian cancers, the approach largely depends on
our understanding of the basic disease biology and cues from
familial cases, together resulting in a limited treatment sen-
sitivity and disease relapse.

Mathematical models have aided our contemporary treat-
ment regimes and precise prediction of the disease®. For
example, a mathematical model correlating the mutations
in several high-risk genes can provide an approximate num-
ber of years a patient with ovarian cancer may survive with
either or both ovaries removed®. Even the average treatment
outcome for a cohort of patients with similar health condi-
tions and disease manifestation has been possible using
prognostic models. Nevertheless, such models are not pre-
cise in giving individual patient-specific information.

There are new reports in the field of ovarian carcinomas
which have proved that the origin of cancerous growth at
ovaries may actually be at the stage where the cancer cells
migrate from the fallopian tubes (alien cancer cells of fallo-
pian tubes). Thus treatments focusing on the mere removal
of ovaries or drug-mediated apoptosis of ovarian cells are
not the key solutions.®* Patients with family history of ovar-
ian/fallopian or breast cancers with a higher possibility of
mutations in BRAC genes are now being investigated for the
removal of fallopian tubes first, instead of just the ovary, as
the origin of these ovarian cancers has been linked to the
fallopian tubes.®® Thus it is of scientific interest to investi-
gate the miRs whose expression is shared or unique to each
of the organ and is involved in ovarian carcinogenesis.

Drug-based treatment regimens, such as carboplatin
(DNA-binding platinum agent) and paclitaxel (microtubule
stabilizing agent), have been widely used in the past for
treatment of patients with ovarian cancer®. However, sev-
eral of these platinum-based drugs face the limitation of
gradual cancer cell resistance to the drugs, and thus newer
drug additions such as trabectedin and belotecan have shown
promising results in platinum-resistant cancer cells.
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Further therapies targeting the cellular processes that con-
vert normal cells to abnormal cancerous cells are on the rise.
These include Olaparib/PARP-1 inhibitors (poly-ADP
ribose polymerases inhibitor that blocks cell survival signals
and promotes cell death), Avastin (blocks vascular epider-
mal growth factors that otherwise lead to hyper-angiogen-
esis), Vintafolide (drugs that are used to block the folic acid
receptor associated with receptor-associated ovarian can-
cers), Farletuzmab (monoclonal antibody against the folic
acid receptors), Catumaxomab (monoclonal antibody target-
ing cluster of differentiation 3 and epithelial cell adhesion
molecules/EpCAM), and Pazopanib (blocks angiogenesis of
cancer cells and thus deprives them of the nutrient and
energy supply)®®. These cellular processes are known to be
influenced by one or more miRNAs®’. A focus on these
miRs and development of gene-silencing therapies such as
anti-miR or siRNAs and miR replacement therapies have
proved to be instrumental in the treatment of ovarian can-
cers. Overall, the search for miRs that can increase the effi-
ciency and tissue specificity of the targeted therapies holds
enormous promise for the future.

Conclusion

miRs can potentially regulate cellular processes that facil-
itate tumorigenesis, tumor growth, and metastasis. This
review discusses several miRs associated with the remodel-
ing and/or reprogramming of the TME. Of interest have been
those miRs that regulate major cellular components of the
TME, such as cancer-associated fibroblasts, tumor-
infiltrating cells, mesenchymal stem cells, mesothelial and
endothelial cells, and cancer stem cells. In addition, the role
of miRs in the hypoxic TME, with a focus on both the local
and distant events of metastasis, has been discussed. Several
exosomal miRs, cancer cell-associated intracellular miRs,
and miRs in the TME may be of interest for the diagnosis,
treatment, and prognosis of ovarian carcinomas.

The low survival rate for ovarian cancers has been mostly
associated with the delayed clinical diagnosis and the lack of
precise understanding of the disease biology. It seems that
our present understanding of ovarian cancer has been a much
simplified biological assumption where the cancer is being
investigated for changes in its genome and the effect of
epigenetic modifications arising from abnormal transforma-
tions. In addition, miRs, which can be effectively targeted
for designing therapy for different cancers, exhibit a dichot-
omous and highly variable pattern of expression. Several
miRs have been shown to be regulated in an opposite manner
in either the same or different cancer models, thereby raising
questions about the reliability of the miR data. Although
variation in experimental conditions can be a major reason
for these observed variations, there is also a wider accep-
tance of the fact that the miRs (small molecular players) can
be very sensitive to cellular, extracellular, and environmen-
tal stimuli. Thus a simplified classification of miRs as either
upregulated or downregulated is based on known

experimentally validated results, and can be challenged at
any time by opposite or dissimilar expression patterns in
different experimental set-ups.

Further, such a simplistic assumption actually oversha-
dows the complex inter and intracellular crosstalk of the
cancer and its adjoining tumorous and non-tumorous tis-
sues. In addition, the most widely used in vitro and in vivo
experimental models have established the mechanisms
involved in disease progression, immune evasion, and gain
of metastatic ability. In vitro study of metastatic events and
cancer progression is largely limited by the lack of a three-
dimensional real-world approach in which the cancer cells
have different ranges of cellular space to invade, migrate,
and colonize. Although recent use of a 3D organotypic ex
vivo omental model has been beneficial in better under-
standing the disease biology involved in ovarian cancers,
the limited use or access to such models has further con-
strained the translation of the in vitro studies for clinical or
therapeutic development.

Irrespective of the variability in the current studies on the
expression of miRs associated with ovarian cancers, these
small molecular players have been greatly appreciated for
their potency to perturb or maintain several integral cellular
processes. Therefore, our search to decipher and analyze
the role of miRs in the progression of ovarian cancer can
contribute to the development of an effective diagnostic
tool, therapeutic regimen, and reduced relapse rate in ovar-
ian cancers.
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