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Abstract
Ovarian cancer is a leading cause of death among gynecologic malignancies. This disappointing prognosis is closely related 
to intrinsic or acquired resistance to conventional platinum-based chemotherapy, which can affect a third of patients. As 
such, investigating relevant molecular targets is crucial in the fight against this disease. So far, many mutations involved in 
ovarian cancer pathogenesis have been identified. Among them, a few pathways were implicated. One such pathway is the 
P13K/AKT/mTOR with abnormalities found in many cases. This pathway is considered to have an instrumental role in pro-
liferation, migration, invasion and, more recently, in chemotherapy resistance. Many miRNAs have been found to influence 
P13K/AKT/mTOR pathway with different potential role in tumor genesis and ovarian cancer behaviour. In particular, their 
biological function was recently investigated as regards chemoresistance, therefore, leading to the identification of potential 
specific indirect biomarker of platinum sensitivity in ovarian cancer.
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Introduction

Ovarian cancer is the leading cause of death among gyneco-
logic malignancies (Jemal et al. 2017). The gold standard for 
treating ovarian cancer is a combination of surgery and plat-
inum-based chemotherapy [cancer.gov]. Although 80–90% 
of patients are initially responsive to platinum, nearly a third 
of the patients will eventually become resistant (Borst et al. 
2008). Resistance to platinum, defined as a recurrence within 
6 months of termination of a platinum-based chemotherapy, 
is a negative prognostic factor associated with reduced sur-
vival rates (Markman et al. 2004). Globally, type 1 ovarian 
cancer is considered low grade; it often presents at an early 
stage but is often resistant to platinum-based therapy. Type 
2, on the other hand, is high-grade ovarian cancer; it is usu-
ally undifferentiated, more commonly presenting at a late 
stage of disease, and is more aggressive but usually respon-
sive to platinum-based chemotherapies (Bast et al. 2012).

Genetic mutations leading to resistance to chemotherapy 
have been studied. The Cancer Genome Atlas has identi-
fied many mutations involved in ovarian cancer pathogen-
esis (Mabuchi et al. 2015). Although a vast array of muta-
tions has been identified, certain pathways are frequently 
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implicated. One such pathway is the P13K/AKT/mTOR with 
abnormalities found in up to one-third of samples analyzed 
(Network 2011; Gasparri et al. 2017a, b). Increasingly, the 
clinical relevance of understanding tumor modifications to 
this pathway in terms of prognostic information and poten-
tial therapeutic value is being explored as a means to inform 
and direct therapeutic strategies in the future (Mabuchi et al. 
2015).

Named after its three main driving molecules, P13 kinase 
(P13K) (Cantley 2002), AKT (Sarbassov et al. 2005) and 
mammalian target of rifampicin (mTOR) (Dobbin and 
Landen 2013), this pathway is considered to have an instru-
mental role in proliferation, migration, invasion and chemo-
therapy resistance. The pathway is very complex; it may 
have many variations and can be influenced by a vast number 
of diverse inputs. The pathway is connected to both type one 
and type two tumors.

Many miRNAs have been found to influence this pathway 
and, therefore, affect tumor genesis and therapeutic options 
(Kuznetsov et al. 2017). These commonly cause mutations 
in PIK3CA, PTEN, AKT1, AKT2 and AKT3, which are key 
elements of the P13K/AKT/mTOR pathway (Yu et al. 2017).

Since miRNAs can be detected in several human fluids 
(Gasparri et al. 2017a, b, 2018), they can potentially work 
as biomarkers. If more robust data about the correlation 
between platinum resistance and miRNAs through mTOR 
pathway can be established, miRNAs might work as poten-
tial indirect biomarker of chemoresistance.

The biology of ovarian cancer

Ovarian cancer is a multifaceted and therapeutically chal-
lenging disease and research shows confluence of informa-
tion suggesting that during tumor genesis, cancer cells face 
extrinsic (limiting oxygen and nutrient supply) and intrin-
sic (oncogene activation) challenges and gradually develop 
strategies to survive (Karnezis et al. 2017). Basic and clini-
cal scientists have proposed a framework for the classifica-
tion of tumors based on four important constituents (von 
Strandmann et al. 2017). These are diversified neoplastic 
cells (intratumoral heterogeneity) and changes that take 
place in subpopulations of cancer cells over time to form 
an evolutionary index (Evo-index). Moreover, the existing 
threats to survival of neoplastic cells and availability of 
resources to neoplastic cells form an ecological index (Eco-
index). The Eco- and Evo-indices provide a unique lexicon 
for a better understanding related to changes in neoplasms in 
response to interventions (Karnezis et al. 2017).

Data obtained through high-throughput technologies have 
considerably improved our understanding of intratumoral 
heterogeneity, genetic/epigenetic mutations, loss of apop-
tosis, and development of resistance against wide-ranging 

chemotherapeutic drugs (Cornelison et al. 2017). Recent 
advancements in computational and experimental strategies 
have provided insight into the underlying mechanisms that 
are contributory in the development of resistance against 
various chemotherapeutic drugs.

Epigenetic studies on chemoresistance 
and miRNA interference in ovarian cancer 
cells

A successive increase in the research works related to 
miRNA biology and miRNA regulation of modulators of 
intracellular signaling cascades has been produced; in par-
ticular, spotlight is also set on modulation of chemothera-
peutic sensitivity by some miRNAs, such as miR-34a, in 
cancer cells (Farooqi et al. 2016).

FOXO3 (forkhead box 3A) and TRIM31 (tripartite motif-
containing protein 31) are directly targeted by miR-551b. 
miR-551b promoted cellular proliferation and invasion of 
the side population (SP) of ovarian cancer cells by directly 
targeting TRIM31 and FOXO3 (Wei et al. 2016). SP cells 
were subcutaneously inoculated into flanks of severe com-
bined immunodeficiency (SCID) mice and later xenografted 
mice were intratumorally injected with antagomir or ago-
mir of miR-551b to increase or reduce levels of miR-551b 
(Wei et al. 2016). Data clearly suggested that miR-551b 
agomir increased tumor burden by 42% while miR-551b 
antagomir decreased the tumor burden by 38%. Treatment 
of mice with miR-551b agomir markedly reduced the sur-
vival of xenografted mice, whereas miR-551b antagomir 
treatment prolonged the survival of mice (Wei et al. 2016). 
DAPK1 (death-associated protein kinase 1) was negatively 
regulated by oncogenic miR-520g. miR-520g induced resist-
ance against cisplatin and paclitaxel was partially reduced 
by DAPK2 overexpression (Zhang et al. 2016).

miR-483-3p overexpression in ovarian carcinoma plat-
inum-resistant cells protected them from DNA damag-
ing effects of platinum compounds. Detailed mechanistic 
insights revealed that miR-483-3p negatively regulated 
PKCα (Protein Kinase C alpha) in drug-resistant ovarian 
cancer cells (Arrighetti et al. 2016).

Conversely, miR-770-5p overexpression reduced survival 
in chemoresistant cell lines after treatment with cisplatin. 
ERCC2 (excision repair cross-complementing rodent repair 
deficiency, complementation group) was noted to be directly 
inhibited by miR-770-5p (Zhao et al. 2016). Inhibition of 
miR-770-5p in A2780S cells further enhanced cisplatin 
resistance. Moreover, ERCC2 inhibition restored chemo-
sensitivity in A2780S cells (Zhao et al. 2016).

6-Phosphogluconate dehydrogenase (6PGD), an oxidative 
pentose phosphate pathway enzyme, promoted resistance 
against cisplatin (Zheng et al. 2017). It has been shown that 
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cisplatin-resistant cancer cells (A549DDP, C13*) had mark-
edly higher 6PGD levels compared with cisplatin-sensitive 
(A549 and OV2008) cells. Lower expression of miR-613 
and miR-206 was associated with an increased expression of 
6PGD in resistant cells (Zheng et al. 2017). Transfection of 
mimics of miR-613 and miR-206 into resistant cells signifi-
cantly reduced 6PGD mRNA and protein levels. However, 
inhibition of miR-613 and miR-206 in drug-sensitive cells 
induced upregulation of mRNA and protein levels of 6PGD 
(Zheng et al. 2017).

miR-199a-3p was found to be epigenetically modified 
in ovarian cancer. 5-Aza-dC, a selective DNA methyltrans-
ferase inhibitor, considerably upregulated miR-199a-3p in 
ovarian cancer cells. Data indicated that loss of expression 
of miR-199-3p was due to promoter hypermethylation trig-
gered by DNMT3A. DDR1 (discoidin domain receptor 1), 
a family member of collagen receptor tyrosine kinases, 
played a central role in invasion of tumor cells. DDR1 was 
negatively regulated by miR-199a-3p in ovarian cancer 
cells (Deng et al. 2017). DDR1 knockdown significantly 
increased the sensitivity of HO-8910 and SKOV3 cells to 
cisplatin treatment. Similarly, miR-199a-3p inhibitor made 
SKOV3 cells resistant to cisplatin (Deng et al. 2017).

miR-30a-5p and miR-30c-5p have been reported to be 
epigenetically inactivated in ovarian cancer cells. How-
ever, treatment with 5-Aza-dC significantly enhanced their 
expression. Both miRNAs (miR-30a-5p, miR-30c-5p) dra-
matically reduced resistance in CP70 cells (Han et al. 2017). 
miR-30a/c-5p indirectly targeted DNMT1 (DNA methyl-
transferase 1) and Snail. miR-30a/c-5p overexpression or 
knockdown of Snail and DNMT1 sensitized cells to cisplatin 

and induced partial reversal of epithelial-to-mesenchymal 
transition in CP70 cells (Han et al. 2017).

mTOR and miRNA interplay in ovarian cancer

Several molecules and signaling pathways upstream of 
mTOR have the ability to regulate its activation, such as 
PTEN loss of function and activation of the PI3K/AKT 
pathway (Hay et al. 2004). The target of rapamycin, mTOR 
signaling, is known to be involved in other cancer, such as 
medulloblastoma, where it is already targetable in the clini-
cal setting (Folgiero et al. 2016). The mTOR pathway is 
constituted by two complexes, MTORC1 and MTORC2, 
which have been found to respond differently to rifampicin, 
the original inhibiting agent. It has been reported that when 
mTORC1 is targeted, there is a resulting decrease in the 
expression levels of its downstream targets, which include 
pS6 and p4E-BP1. However, this also causes an increase in 
pS473-AKT (Montero et al. 2012). It is understood that this 
is a compensatory mechanism by mTORC2 in response to 
the loss of mTORC1 signaling. MTORC 1 is thought to have 
a greater role in ovarian cancer proliferation than mTORC2. 
However, both need to be targeted to prevent the compensa-
tory activation of AKT via MTORC2 when MTORC1 is 
inhibited alone (Zoncu et al. 2011).

MiRNAs and their biological function have been inves-
tigated in association with the mTOR pathway and ovarian 
cancer chemoresistance, which has led to the identification 
of both oncogenic and non-oncogenic miRNAs (Fig. 1).

Fig. 1  Interplay between 
miRNAs and mTOR pathway. 
Figure schematically represents 
components of mTORC1 and 
mTORC2. a mTORC1 has 
mTOR, RAPTOR, DEP-
TOR, mLST8 and PRAS40. b 
mTORC2 contains mTOR, RIC-
TOR, DEPTOR, mLST8 and 
SIN1. c TSC1 and TSC2 are 
involved in negative regulation 
of RHEB. miR-130a directly 
targeted TSC1 to promote ovar-
ian cancer. d miR-497 and miR-
199a quantitatively controlled 
mTOR to induce apoptosis in 
ovarian cancer cells
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miRNAs acting as oncogenes

MiR-182 has been shown to promote cell growth, invasion 
and chemoresistance, reduced chemosensitivity of ovarian 
cancer cells to Taxol by targeting the tumor suppressor pro-
grammed cell death 4 (PDCD4) (Wang et al. 2013). Simi-
lar to Taxol resistance, miR-93 has been shown to decrease 
cisplatin chemosensitivity in ovarian cancer cells, through 
targeting of PTEN and phosphorylation of AKT1, regulating 
the PTEN/AKT signaling pathway (Fu et al. 2012).

Another miRNA that could putatively target PTEN was 
miR-130a, whose expression was higher in cisplatin-resist-
ant ovarian cell line (SKOV3/CIS) when compared to the 
parental one (SKOV3) and could explain the activation of 
the mTOR pathway and subsequent chemoresistance (Yang 
et al. 2012). Of particular interest, transfection with miR-
6126 mimic reduced the levels of phosphorylated PI3K and 
AKT in the resistant ovarian cancer cells and suggested that 
chemoresistant cell lines are more sensitive to miR-6126 
treatment than chemosensitive cells (Kanlikilicer et  al. 
2016). Furthermore, low expression of miR-6126 was also 
associated with shorter survival in patients with ovarian can-
cer (Kanlikilicer et al. 2016).

miRNAs acting as tumor suppressors

The low expression of miR-152 and miR-185 permits the 
expression of DNA methyltransferase 1 (DNMT1) in cispl-
atin-resistant ovarian cancer. Interestingly, overexpression of 
miR-152 and miR-185 resulted in restoration of chemosensi-
tivity in cisplatin-resistant ovarian cancer cell lines through 
suppression of DNMT1 (Xiang et al. 2014).

A miRNA profiling study in clear cell carcinoma, an 
aggressive and chemoresistant subtype, reported the down-
regulation of miR-100 with respect to normal ovarian epithe-
lial cultures. Overexpression of miR-100 repressed FK506-
binding protein 12-rapamycin-associated protein 1 (FRAP1)/
mTOR along with the downstream targets of mTOR, 4EBP1 
and p70 S6 kinase. Moreover, overexpression of miR-100 
increased the chemosensitivity of clear cell carcinoma cells 
to the rapamycin analog, RAD001 (Nagaraja et al. 2010).

A similar study was conducted the following year in 
which the comparison between cisplatin-resistant (A2780/
CP70) and cisplatin-sensitive (A2780) ovarian cancer cell 
lines resulted in the identification of a miRNA signature 
composed by 11 miRNAs. Kumar et al. observed the low 
expression of miR-625 in cisplatin-resistant ovarian cancer 
cells that could putatively target insulin-like growth factor-1 
(IGF-1), another upstream regulator of the mTOR pathway 
(Kumar et al. 2011).

Most interestingly, loss of genomic loci encoding for 
miR-204 in ovarian cancer impedes its tumor suppressor 
function and the targeting of rain-derived neurotrophic factor 

(BDNF) and tyrosine kinase receptor, tropomyosin-related 
kinase B (TrkB). Overexpression of BDNF/TrkB led to 
in vitro and in vivo activation of PI3K/AKT/mTOR path-
way and tumor growth and metastasis (Imam et al. 2012).

Low expression of miR-199a, along with high mTOR 
expression, was observed in cisplatin-resistant (C13*) with 
respect to cisplatin-sensitive (OV2008) ovarian cancer cells. 
Overexpression in cisplatin-resistant and inhibition in cispl-
atin-sensitive cells of miR-199a led to mTOR decrease and 
increase, respectively, suggesting that miR-199a can directly 
target mTOR (Wang et al. 2013).

In 2015, Xu et al. reported the low expression of miR-
497 due to DNA hypermethylation in cisplatin-resistant cell 
lines and primary ovarian tumors. Cisplatin resistance was 
reduced by miR-497 overexpression, whose targets included 
mTOR and p70S6K1, in vitro and in vivo (Xu et al. 2015).

Another tumor suppressor, miRNA, was identified when 
miR-100 was found down-regulated in cisplatin-resistant 
ovarian cell lines with respect to their parent cells. It was 
reported that mTOR and PLK1 are targets of miR-100 
and the cisplatin-resistant cells became less tolerant due 
to mTOR and PLK1 targeted repression through miR-100 
overexpression (Guo et al. 2016).

Potential future clinical applications

A comprehensive understanding of the miRNA-mediated 
networks, both under- and overexpression of miRNAs, can 
provide insight into developing novel precision therapies. 
For example, this could involve using a miR-mimic and/or 
miR-inhibitor before administration of the drug of choice, 
taking into consideration the possibility of compensatory 
tumor mechanisms that may occur in vivo. Unfortunately, 
given one miRNA usually stimulates a number of pathways, 
targeting miRNAs might require further investigation. More 
plausible, if solid data about the correlation between plati-
num resistance and miRNAs through mTOR pathway will be 
confirmed, the identification of specific miRNAs might work 
as potential indirect biomarker of chemoresistance.
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