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Abstract 
The RAS family of proteins is among the most frequently mutated 
genes in human malignancies. In ovarian cancer (OC), the most lethal 
gynecological malignancy, RAS, especially KRAS mutational status at 
codons 12, 13, and 61, ranges from 6–65% spanning different histo-
types. Normally RAS regulates several signaling pathways involved in 
a myriad of cellular signaling cascades mediating numerous cellular 
processes like cell proliferation, differentiation, invasion, and death. 
Aberrant activation of RAS leads to uncontrolled induction of several 
downstream signaling pathways such as RAF-1/MAPK (mitogen-
activated protein kinase), PI3K phosphoinositide-3 kinase (PI3K)/AKT, 
RalGEFs, Rac/Rho, BRAF (v-Raf murine sarcoma viral oncogene 
homolog B), MEK1 (mitogen-activated protein kinase kinase 1), ERK 
(extracellular signal-regulated kinase), PKB (protein kinase B) and PKC 
(protein kinase C) involved in cell proliferation as well as maintenance 
pathways thereby driving tumorigenesis and cancer cell propagation. 
KRAS mutation is also known to be a biomarker for poor outcome and 
chemoresistance in OC. As a malignancy with several histotypes 
showing varying histopathological characteristics, we focus on 
reviewing recent literature showcasing the involvement of oncogenic 
RAS in mediating carcinogenesis and chemoresistance in OC and its 
subtypes.
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Introduction
Gynecological malignancies in women’s reproductive organs seriously threaten female lives. Primarily classified based
on the organ affected, gynecological cancers are of five major types, ovarian, cervical, uterine, vaginal, and vulvar.1,2 OC
is the most lethal gynecological malignancy and the fifth prominent cause of death in females worldwide.3 Characterized
by the poor outcome and relatively lower survival rate, OC is presented with several gene mutations.4 Until now, four
major gene mutations are stated to have highly correlated to the occurrence of OC including TP53, KRAS, BRCA1/2 and
PIK3CA, ultimately leading to several characteristics of the tumor cells, including abnormal DNA repair mechanisms,
impaired tumor suppression, oncogene gain of function, and epigenetic inactivation.4,5 In OC, KRASmutation is one of
the most frequently observed abnormalities.6 Though typically considered to be a single disease, OC is classified into
various sub types based on the origin of the tumor and the cellular histology.7

RAS is a family of intrinsic GTP-binding proteins involved in various crucial cellular signal transduction pathways that
fundamentally regulate cell growth, differentiation, cell adhesion and migration, and survival.8–10 Among the small
G-proteins, the RAS subfamily is the most studied, due to their crucial involvement in human tumorigenesis.11 RAS is
one of the major pathways found to be the most frequently mutated in several cancers, including pancreatic,12 lung,13

colorectal,14,15 ovarian,16 and hematopoietic malignancies.17,18

Even though OC is majorly driven by several genetic mutations,19 the role and involvement of RAS mutation in this
cancer have been scarcely reviewed before. In this review, we will discuss the significance of RAS, its mutational status,
and its role in the pathogenesis of different histological types of OC.

RAS signaling pathway
The RAS superfamily comprises more than 170 members,20 which can be classified into five major protein subfamilies:
RAS, Rho, Rab, Ran, and Arf.21–23 Primarily discovered as a viral component that initiated viral sarcoma in rats by
Jennifer Harvey,24,25 the oncogenic role of RAS has been known since then. Canonically, RAS superfamily proteins exist
in either the active GTP-bound or the inactive GDP-bound state, their transformation being dependent on GTPase
activating protein (GAP) and guanine nucleotide exchange factors (GEFs).26,27

Until now, five isoforms of RAS proteins have been identified, namely HRAS, KRAS, NRAS, MRAS, and RRAS.8 The
HRAS, KRAS, and NRAS proteins share around 85% amino acid sequence identity and are widely expressed in cells.
However, despite their similarities, studies have shown that KRAS is a fundamental protein in mouse development.28

Upstream of RAS includes several signaling pathways like epidermal growth factor receptor (EGFR (ERBB1)), human
epithelial growth factor receptor 2 (HER2 (ERBB2)), HER3 (ERBB3), and ERBB4,whichmediates cellular proliferation
and migratory actions.29,30

RAS proteins require post-translational modification by farnesylation, adding a farnesyl isoprenoid moiety catalyzed by
farnesyltransferase (FTase) to be biologically active.31 This ensures the exact localization of RAS proteins at the inner
surface of the plasma membrane, thus enabling them to recruit their target enzymes and initiate the signaling.32,33 Upon
activation, RAS induces numerous downstream proteins, such as Raf-1/mitogen-activated protein kinase pathway,
phosphoinositide-3 kinase (PI3K), as well as theGEFs for the RAS-like (Ral) small GTPases (RalGEFs) and the Rac/Rho
pathway.34 Aberrant activation of RAS could lead to irregular cellular events such as cell proliferation, differentiation,
and cancer.35,36 Alteration of the RAS-MAPK pathway due to mutations in RAS or RAF genes has been very often
reported.37 RAS also activates BRAF, MEK1, and ERK, which regulate the transcription of genes that promote cancer.
Moreover, RAS can activate the phosphatidylinositol 3-kinase (PI3K)-3-phosphoinositide-dependent protein kinase
1 (PDK1)-AKT pathway that facilitates cell growth and survival. RAS also activates the enzyme phospholipase C (PLC),
that mediate calcium signaling and the protein kinase C (PKC).38

RAS signaling in cancer
RAS serves as a cell signaling protein downstream of various receptor tyrosine kinases and upstream of many signaling
pathways associated with cancer.39 When abnormally activated, RAS proteins initiate and collate many proliferative
signaling pathways to exert a tumorigenic effect in tumor cells by significantly contributing to several aspects such as
tumor growth, apoptosis, invasiveness, and angiogenesis.32,40 Among the various cancer types, the global disease burden
associated with RASmutations accounts for approximately 19% of all cancer types engaged in tumorigenesis and tumor
progression.40,41 Single mutations at codon 12, 13 or 61 result in abnormal RAS functioning leading to hyperproliferative
disorders such as cancer.42

In humans, around 20%of all tumors show a gain-of-functionmutation in one of theRAS genes.43,44 Genomic sequencing
analysis of human cancer specimens identified KRAS gene as the most frequently mutated gene, followed by NRAS and
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HRAS.45,46 The incidence of RAS mutations in various cancers includes 57% in pancreatic cancer, 35% in the large
intestine, 28% in the biliary tract, 17% in the small intestine, 16% in lung cancer, 15% in the endometrium, and 14% in
OC.47

An aberrant RAS signaling can be contributed by various mutations in closely related RAS proteins, importantly KRAS
being most frequently mutated (about 85%), followed by N RAS (about 15%), and HRAS (less than 1%).9,41,48 All these
mutations are associated with GTPase activity of RAS, which prevents GAPs (GTPase Activating Proteins) from
stimulating the hydrolysis of GTP on RAS, which in turn leads to the accumulation of RAS in the GTP-bound active
form.9 Moreover, mutations in the KRAS gene have been manifested to be involved in the pathogenesis of a variety of
human tumors with pancreatic ductal adenocarcinoma (PDAC), colon cancer, and non-small cell lung cancer (NSCLC)
showing the highest rate of RAS mutations.47,49

A retrospective analysis by Zhu X. et al. reported a correlation between RAS mutational status and clinicopathological
features among the colorectal cancer patients. Patients who foster mutant RAS has unique pathological characteristics,
phenotypes, and staging.41,50 Several studies have portrayed a remarkable correlation of RAS mutation with overall
survival (OS) and poor prognosis. A comprehensive analysis conducted on metastatic colorectal cancer patients
presented that, patients with a mutation in codon 12 of the KRAS gene demonstrated significantly poor OS compared
to those with a wild-type mutation. However, the difference was insignificant for patients with KRASmutation at codon
13.51 Studies in pancreatic cancer cells highlight a novel approach to metabolic reprogramming created by combining
glutamine inhibitors with chemotherapeutic drugs. This may be a potential therapeutic intervention to address the mutant
KRAS that confers to chemoresistance in clinical studies.52

Despite the enormous studies conducted, RAS, however, stood apart; it is allegedly termed “undruggable” and
direct RAS inhibitor development proved exceedingly challenging.53 Direct drugging of RAS protein was considered
paradoxical due to the absence of a drug-binding pocket; consequently, studies started focusing on the proteins upstream
and downstream of RAS that could help suppress the oncogenic signal.41 Albeit drugging RAS had initial failures,
tremendous efforts in understanding the complications of RAS have initiated new avenues for next-generation anti-RAS
drug discovery by NCI (National Cancer Institute).

RAS signaling in OC
OC, the uncontrolled division of malignant cells of ovaries,3 is a leading gynecologic malignancy characterized by
high mortality rates and poor prognostic outcomes.54,55 In accordance with the American cancer society, in 2019, about
22,530 women were diagnosed with OC, and a mortality rate of 13,980 was reported.3 Debulking surgery followed
by chemotherapy and targeted therapy are the mainstay treatment strategies; however, most patients relapse due to
chemoresistance.56 There has been minimal progress in transitioning the remarkable strides in the multi-omics approach,
including genomics, proteomics, and radiomics, into effective clinical administration of OC.3 Despite the advancements
in the treatment of OC, several studies report a relative five-year survival rate of less than 45%, and there has been no
significant improvement in increasing the OS. Chemoresistance with the subsequent relapse and the side effects of the
chemotherapeutic drugs urges the need to identify a better and reliable diagnostic, prognostic and predictive biomarker
that would enable early detection and better screening.3,57,58 Considering the heterogeneity, genetics, and molecular
status of OC and the introduction of targeted therapies could significantly influence the management of OC.59 The
potential therapeutic targets identified for OC includes anti-VEGF/VEGFR angiogenic inhibitors, WNT inhibitors, non-
VEGF angiogenic inhibitors, SONIC Hedgehog (SHH) inhibitors, NOTCH inhibitors, PARP inhibitors, EGFR inhib-
itors, folate receptor inhibitor, IGFR inhibitors, PI3K/PTEN inhibitors, and NF-kB inhibitor.60,61

In a study involving 72 Japanese OC patients, RAS was found to be the third most commonly mutated gene with a
frequency of 3.9% regardless of the histological subtypes, observed as mutually exclusive. Moreover, KRAS was more
frequently found to be mutated in clear cell carcinoma patients (25.9%).62

The KRAS mutations are the most commonly observed RAS isoforms, including KRAS4A and KRAS4B, wherein the
mutations occur in exons 1 or 2.63,64 Furthermore, the variant located in the 30UTRof theKRAS gene (rs61764370 T >G),
is associated with higher risks of several cancers such as OC.65 However, it is noticed that KRASmutations occur mostly
in tissueswith FIGO I and II than in FIGO III and IV stages, indicatingKRASmutation to be happening at an earlier part of
cancer development.66,67

Intriguingly, in OC, the most commonly mutated genes include TP53, PIK3CA, ARID1A, and KRAS disproportionately
among the different histological subtypes with respect to their frequency of occurrence.68,69 Moreover, KRAS mutation
has been a common event in many histotypes of OC.70,71
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RAS mutations in OC
Reports from previous studies confirm that the mutational status ofKRAS shows an increasing trend from normal ovaries
(0%) to benign mucinous ovarian tumors (BMOT) (57%), mucinous borderline ovarian tumors (MBOT) (90%), and
mucinous OC (MOC) (76%) signifying its key involvement in the succession of benign tumors to aggressive OC.72

In OC, KRAS mutations are observed in codons 12, 13, and 61, leading to a constitutively active RAS protein paving
its way to an aberrant increase in tumor growth and malignant transformation.43 KRAS mutation is also found to be a
biomarker for poor outcomes and chemoresistance in OC.73,74 In a comprehensive study,Mayr et al., assessedKRAS and
BRAF mutations in a series of ovarian tumors and found that mutations usually occur at codons 12 and 13 of the KRAS
genewith an occurrence rate of 3–11%.71 Another study showed thatKRASmutations at codon 12weremore prevalent in
borderline tumors than malignant ones.75 Furthermore, a higher expression of Rab23, a member of RAS subfamily, is
evidenced in OC tissues and is associated with the advanced FIGO stage. It is also known for its pivotal part in the
malignant characteristic of OC and can be considered a potential therapeutic target for OC.76

OC subtypes
Genetically, OC represents a distinct subset of cancers with extensive genomic variations.77 Broadly classified into
epithelial OC (EOC), sex cord-stromal tumors (SCSTs), ovarian germ cell tumors (OGCTs), and small cell carcinoma of
the ovary (SCCO), based on the origin of cancer,78 EOC accounts for 90% of malignant ovarian neoplasms.79 Currently,
five major types of EOC is characterized: high-grade serous (HGSOC 70%), low-grade serous (LGSOC 10%), mucinous
(MOC, 3%), endometrioid (EnOC, 10%), and clear-cell (OCCC,10%) carcinomas.77,80,81 In addition, borderline ovarian
tumors (BOT), also known as semi-malignant ovarian tumors, account for around 15% of EOC.82 A broad classification
of OC is represented in Figure 1.

In the next section, we briefly discuss about the frequency (Table 1) of RASmutations in different types of OC and their
clinical relevance (Table 2).

Low-Grade Serous OC (LGSOC)
LGSOC is a morphologically discrete subtype of OC, accounting for ~10% of serous carcinomas.110 LGSOC is a distinct
histological subtype that accounts for only 3% of EOC. It’s clinical characteristics include the diagnosis at a young age,
prolonged OS, and chemoresistance.104,111 In a previous study, up to 70% of LGSOCs were found to have KRAS

Figure 1. ClassificationofOC.OC is broadly classified into epithelial, germcell, sex cord stromal andmixed cell types
based on cellular origin, and subclassified based on the site of tumor occurrence andmutational status (createdwith
biorender.com).
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Table 1. Frequency of incidence of KRAS and NRAS mutations in different subtypes of OC.

OC
subtype

KRAS mutations NRAS mutations Reference(s)

Frequency Mutational sites Frequency Mutational
sites

LGSOC 20–70% A59T, G12A, G12C, G12D, G12F,
G12R, G12S, G12V, G13D, G61H,
Q61L

4–26.3% G12C, G12V,
G13C, G13V,
Q61E, Q61H

77,83–85

HGSOC 5.9% <1% 5,86,87

MOC 71% - 88,89

EnOC 35% - 77,84,87,90

OCCC 15% - 77,91–93

Table 2. Mutational status and clinical relevance of RAS mutations in OC.

OC and
subtypes

Specimen Genes
mutated

Pathways involved Outcome Ref.

OCCC Patient
specimens

PIK3CA PIK3CA/AKT/mTOR
pathway

PIK3CA could be a
potential target

94

MOC Patient
specimens

KRAS EGFR signaling KRAS mutation at codon
12 andhigh titer of CA125
marker.

95

MOC Frozen ovarian
tumors

KRAS
BRAF
NRAS

MAPK pathway Mutational status of
mucinous carcinoma

90

EnOC Human tissue
specimen

CTNNB1
KRAS
PTEN
PIK3CA

MAPK/RAS, WNT and PI3K
pathways

TP53 and CTNNB1 can be
potential prognostic
markers

96

OCCC Ovarian tumor
tissue from
patients

ARID1A
PIK3CA
KRAS
ERBB2
ERBB3
BRAF

PI3/AKT and RTK/RAS
pathways

PI3/AKT and RTK/RAS
signaling pathways
might be a prognostic
marker

97

OCCC Serum samples ARID1A
PIK3CA
KRAS

PI3K/AKT, TP53, and
ERBB2 pathways

Potential therapeutic
target

98

OCCC Patient sample PI3KCA
KRAS

PI3K/AKT pathway Carcinogenesis and
progression

99

SBOT Patient sample KRAS
BRAF

RAS–RAF–MAP–MEK–ERK
kinase pathway

Mutations associated
with low-grade tumors

71,100

MBOT Specimens from
tumor bank

KRAS
TP53
CDKN2A
PIK3CA
PTEN
GNA11
ERBB2

RAS pathway Different RAS mutation
contributes to unique
personality

89

MBOT Ovarian tumors BRAF
KRAS

RAS-RAF-MEK-ERK
signaling pathway
MAPK pathway

Better prognostic
biomarker in patients
undergoing surgery

101

MOC Ovarian tumors KRAS RAS-RAF-MEK-ERK
signaling pathway
MAPK pathway

borderline tumor
progression to
carcinomas

101

MOC ovarian tissues BRAF
HRAS
KRAS
MET
NRAS
PIK3CA

RAS pathway Better prognosis and low
recurrence

102
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mutation.105 The LGSOCs have more frequent mutations in KRAS, BRAF, ERBB2, and NRAS, which are the signature
genes involved in the MAPK signaling pathway.77,104,111,112 LGSOC affects younger women aged between 43 and
47 years.113KRASmutations are common (>70%) in recurrent LGSOC,105 which usually occurs in SBOTs with LGSOC
recurrence. In low-grade serous ovarian carcinoma, alongwith theBRAF andKRASmutations, studies have also reported
an NRAS mutation only in serous ovarian carcinoma, suggesting NRAS to be an oncogenic driver in serous OC.107

Another study reported that NRAS mutations were present in 26.3% of LGSOC and were anticipated to be a potent
initiator of tumorigenesis.83On the contrary, studies also suggest that the lowmutation rates ofNRAS alonemay play only
aminor role in the LGSOC development.109 Somatic mutations inMAPK signaling pathway genes such asKRAS, BRAF,
and NRAS are highly prevalent in LGSOC.110 In the comprehensive genomic profiling study, Zhong et al. reported
that KRAS mutation was a characteristic feature of LGSOC.108 A report from Zuo et al. suggests that KRAS mutations
are significantly associated with invasive implants of borderline serous tumor. They found that KRAS mutation is a
significant prognostic indicator for tumor recurrence as higher recurrence rate of 71%was observedwith patients carrying
KRAS mutation wherein it was as low as 21% in patients without KRAS mutation.114

In a study initiated by Xing et al., the mutational status of NRAS was determined at the hotspot region of exon 3 in
98 cases, and they detected NRAS Q61R mutations in 7.4% of LGSOC cases and 3.6% of non-invasive LGSOCs. This
further suggests a lesser role of NRAS mutations in the occurrence of LGSOC.109 These findings are also in accordance
with previous studies where NRAS mutation was not observed in either SBT/APSTs or non-invasive LGSOCs.83,107

Moreover, the co-existence of NRAS and BRAF mutations in LGSOC contradicts the type of mutations among MAPK
pathway proteins. This further indicates thatNRASmutationsmight have a functional role inmediating other tumorigenic
functions, such as invasion or tumor advancement115–117; however, this warrants further investigation.

Table 2. Continued

OC and
subtypes

Specimen Genes
mutated

Pathways involved Outcome Ref.

MOC,
EnOC,
OCCC

Patient tumor
samples

KRAS Growth factor signaling
DNA damage response
p53 signaling
Cell cycle control
Apoptosis

Mutational status differs
between distinct
histological subtypes

88

MOC Patient tissue
sample

KRAS RAS/Raf/MEK/ERK-
pathway

Improved survival 103

LGSOC Patient tumor
tissue

KRAS
BRAF

MAPK pathway Better prognosis
Improved OS

104

BOT with
recurrent
LGSOC

Patient tumor
tissue

KRAS
G12V
BRAF

KRAS/RAF/MEK pathway Shorter survival 105

MOC Patient tumor
specimen

KRAS RAS pathway Without KRAS mutation
activation of RAS
pathway could not be
sustained

106

SBOT Patient tumor
specimen

NRAS
BRAF
KRAS

RAS pathway NRAS may be an
oncogenic driver

107

LGSOC Patients tissue
sample

KRAS
BRAF
HRAS
NRAS
EIF1AX
USP9X

RAS/RAF/ERBB2-
dependent cancer-
associated pathways
MAPK/ERBB2 signaling
pathways

USP9X and EIF1AX novel
driver of LGSOC

83

HGSOC Patients tissue
sample

NRAS
BRAF
KRAS
TP53

RAS/RAF pathway Co-occurrence of TP53
mutation with mutations
in RAS/RAF pathway

108

LGSOC Patients tissue
sample

KRAS
NRAS
BRAF
EIF1AX
USP9X

MAPK pathway Low mutation rate of
NRAS indicates a minor
role in LGSOC
development

109
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Chemoresistance is a challenging issue in the treatment of OC.118 About 70% of the patients at the advanced stage are
most refractory to platinum-based chemotherapy.68,119 Previous reports suggest that LGSOCs are refractory to chemo-
therapy compared to theHGSOC.120 The association of RASwith STAT3 has been proved to contribute to tumor growth,
metastasis, and resistance to cisplatin treatment. This has also been known for the differential regulation of MAPK-
and PI3K/AKT-mediated ERS and autophagy.118 Moreover, platinum resistance was plausibly significant among the
postmenopausal women with EOC amongKRAS variant-positive patients than in the non-KRAS variant patients, making
KRAS variant a prominent predictor of platinum resistance. Given the correlation between the KRAS variant and the
resistance to platinum-based chemotherapy, the KRAS variant is considered as a biomarker of poor outcome.74 Reports
from Kato et al. showed that combination therapy using MEK inhibitor trametinib and aromatase inhibitor letrozole
resulted in a better remarkable response in a womanwith aggressive ER-positive,KRAS-mutated LGSOC. However, this
effect was not observedwhen used asmonotherapies.121 Regardless of the enormous research, the chemoresistance due to
RASmutation still prevails as a major cause of concern and could be a promising approach to focus on the RAS initiated
resistance to instigate a better treatment regimen for OC.

High-grade serous OC (HGSOC)
The high-grade serous ovarian carcinoma (HGSOC) is the most common form of EOC, accounting for more than 70% of
its frequency of occurrence and accounts for 70–80% of death in OC patients.122,123 They portray a high degree of
invasiveness and are mostly diagnosed at the later stage of development. They harbor some notable mutations that
include: somatic TP53 mutation, germline BRCA1 and BRCA2 defects, and lower frequencies of RB1, PTEN, and NF1
mutations112,124; scarcely they carry KRAS and BRAF mutations.5

Mucinous OC (MOC)
MOC, which is characterized by larger cells filled with fluid, is a rare subtype of EOC.125 MOC are the histological
subtype rarely reported in western countries and more commonly reported in Thailand.102 The majority of the cases are
presented as borderline tumors or at the early disease stage (FIGO I-II).77,89 They have a better prognosis in case of early
diagnosis but worse if diagnosed at the advanced stage. They have also been known for their poor response rates to
platinum-based chemotherapy.126 The most significant genetic alteration observed in mucinous carcinoma is the KRAS
(71%) and TP53 (57%) mutations.125 Other mutations such as PIK3CA (8%) and BRAF (2%) have also been reported as
an event of occurrence in MOC.102 A higher amplification rate and overexpression of ERBB2 and ERBB3mutation were
also reported in mucinous ovarian tumors.90 Mutations in codon 61 are rare in OC; moreover, it was found to frequently
occur in mucinous adenocarcinomas and rarely in other common EOC. KRAS mutations are common in mucinous
ovarian tumors and are identified in 40–50% of MOC cases.127–129

In a study aimed at identifying the mutations in KRAS that were analyzed by direct genomic sequencing, the group
determined that the overall frequency of RAS gene mutations was 27% found in most of the mucinous tumors.130 The
study portrayed about 11% of the cases with KRASmutation at codon 12 and one with a mutation at codon 13 in ovarian
tumors. They also demonstrated a noteworthy prognostic effect of KRAS mutation in EnOCs compared to the other
histological subtypes.103 A case study also reported the existence of the same KRASmutation in the carcinoma cells and
the functioning stromal cells, suggesting some regions possibly having a common origin.131

Mackenzie et al. performed next-generation sequencing analysis with two MOC cases, previously established to have
ERBB2 over expression heterogeneity to identify sub-clonal populations containing either KRAS mutation or ERBB2
amplification in order to establish if they were expressed independently or simultaneously. This study shows that KRAS
mutations were the most frequently observed, with an incidence rate of 64.9% in MOC. However, concurrent ERBB2
amplification and KRAS mutation were observed in many cases.89

Panyavaranant et al.'s report using 50 cases of primary mucinous ovarian carcinoma cases evaluated the relationship
between geneticmutation and patients’ prognosis. Among the studied samples, 54%of the cases showedKRASmutation;
however, these cases had excellent prognoses.102 A cohort study by Nodin et al. demonstrates an important correlation
between KRAS mutations, mucinous histological subtype and progesterone receptor expression in OC patients.103

Endometrioid carcinoma (EnOC)
EnOC is associated with endometriosis and has a genetic resemblance to the endometrial tissue.112 They account
for about 10–20% of all OCs diagnosed at the early stage and are sensitive to platinum-based chemotherapy.77

They are further classified as high- and low-grade endometrioid carcinoma, in which the high-grade closely resembles
HGSOC clinically and molecularly.77,112 The genes that are frequently mutated are CTNNB1 ~50%, PIK3CA
(phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit α) ~40%, PTEN ~25%, KRAS ~35%, and ARID1A
(AT-rich interaction domain 1A) ~30%. Very few also harbor mutant PPP2R1A.77,111,112,132 An elevated frequency of
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KRAS mutation in the human tissue specimens was hypothesized as the rationale for the chemoresistance and
aggressiveness of EnOC.133 A previous study also demonstrated the significant prevalence of the overexpression and
amplification of KRAS gene in the aggressive phenotypes compared to the primary lesions.134 Reports also suggest that
the inflammatory, NF-κB, RAS, and TGF-β signaling pathways play a pivotal role in the pathogenesis of EnOC.135 A
retrospective analysis of the mouse model illustrates that the activation of the oncogenic KRAS allele provoked the
epithelial component of the endometriosis to develop into benign epithelial lesions. They also reported that either the
expression of the KRAS allele or conditional PTEN deletion in the ovarian epithelial surface resulted in preneoplastic
ovarian lesions that showed an endometrioid glandular morphology.136

Ovarian clear cell carcinoma (OCCC)
Similar to endometrioid cancer, OCCC is also associated with the endometriosis and is most frequently observed inAsian
countries, accounting for ~30% of cases in Japan and less than 10% of cases reported in Europe and the USA.111,112 They
are normally diagnosed at an earlier stage and are generally associated with resistance to platinum-based chemotherapy
and poor prognosis. The most frequently observed mutations at the genomic level are ARID1A of ~50%, PIK3CA of
~50%,KRAS of ~14%, andPTEN at ~5%.77,91–93KRASmutation in codon 12 exon 2 is observed in about 14% of OCCC,
and an absence of NRAS and BRAF mutation. KRAS mutation was observed only in codon 12 and not in codon
13, validating the heterogeneity of EOC characterized by distinct molecular signatures.92 Reports also suggest that, along
with KRAS, the other gene components of MAPK pathway PPP2R1A and ERBB2 were also frequently mutated in
OCCCs and EnOCs.137 The ovarian tumor tissue samples and their corresponding blood sample analysis from a group of
Japanesewomen diagnosedwithOCCC illustrated the alterations in genes involved in the RTK/RAS signaling cascade in
29% of cases. This includes the amplification of ERBB2 (11%) and ERBB3 (5%), and mutations of ERBB2 (4%), ERBB3
(7%),KRAS (9%), and BRAF (2%).97 Awhole genome sequencing of serum samples from the Korean patients diagnosed
with OCCC revealed somatic mutation observed in genes that include PIK3CA (40%), ARID1A (40%), andKRAS (20%)
in about 15 patients that correlates with PI3K/AKT, TP53, and ERBB2 pathways.138 In a retrospective analysis, KRAS
mutations were detected among the Japanese patients in cells isolated from the regions of endometriosis adjacent to the
site of carcinoma. Their DNAanalysis of regions of endometriosis, atypical endometriosis andOCCCcells also displayed
that KRAS mutation was observed only in the OCCC cells but not in endometriosis and atypical endometriosis. Their
study hypothesized a correlation between KRAS mutation with malignant transformation of atypical endometriosis to
OCCC.139 A pyrosequencing analysis conducted on 63 patients diagnosed with OCCC revealed a higher prevalence of
PI3KCAmutations of about 32% compared to theKRASmutation, which existed at only about 13%. They also displayed
a total absence ofBRAFmutation and involvement of the PI3K/AKT pathway as an important event in carcinogenesis and
progression, suggesting that OCCC harbor distinct molecular signatures with respect to other EnOC.140

Borderline ovarian tumor (BOT)
BOT are epithelial tumors characterized by variable nuclear atypia.141 As first described by Taylor in 1929, this cancer
was first described as a semi-malignant disease142 characterized by a lack of stromal invasion.143 Dobrzycka et al.
analyzed the mutation at codon 12 of the KRAS gene in 78 women with ovarian tumors, including 64 invasive OCs and
14BOTs, using anRFLP-PCR technique.KRAS codon 12 genemutationswere observed in 6.2%ofOC tissue and 14.3%
of BOTs. KRAS mutations were found to have a significantly higher frequency in MOC and BOT than serous tumors
(p<0.01). They also found that mutation frequency was correlated with the histological type of tumor but not with stage,
grade, or patient age.144

Studies show that 88% of serous BOTs are presented with KRAS or BRAF mutations, suggesting their importance in
developing SBOTs.71,100 In mucinous BOT (MBOT), KRAS mutations are reported to be at a higher incidence level of
92.3%.89 RASmutation, along with ERBB2 and BRAFmutations, can activate the MAPK pathway, ultimately leading to
cell proliferation and cancer progression.145 Ohnishi and his group have identified KRAS mutations in 43.8% of MOC
cases. Specifically, the most predominant mutations were observed atG12D andG13D. In their study, theKRAS, BRAF,
TP53, and PIK3CAmutational status in mucinous tumors of the ovary were identified using direct sequence analysis on
38 tumor specimens, including 16 MOCs, 10 MBOTs, and 12 MCAs. KRAS mutations were detected in MOC (43.8%)
and MBOT (20%) cases and not in MCA cases. Moreover, the frequency of occurrence was higher in MBOT. These
findings indicates that, KRAS mutations in MBOT might have a role in progression to MOC.101

Crosstalk between RAS and other signaling pathways in OC
RAS is found to crosstalk with many other tumor-inducing and tumor-suppressing pathways to regulate several
physiological and pathological characteristics in OC. Mutant RAS interaction with p53, a tumor suppressor gene, is
observed to regulate cisplatin resistance inOCviaHDAC4- andHIF-1α-mediated regulation of apoptosis and autophagy.
The group also found that ERK and AKT active RAS mutants are mutually suppressive, demonstrating that a crosstalk
between RAS/p53 signaling and STAT3 regulates metastasis and chemoresistance in OC cells via the slug/MAPK and
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PI3K/AKT/mTOR- mediated regulation of epithelial to mesenchymal transition (EMT) and autophagy.118 Downregula-
tion of beclin 1, an important protein involved in autophagy, by RAS via PI3K/AKT and MEK/ERK pathway has been
proved to inhibit autophagy.146 Furthermore, loss of beclin1 activity is evidenced to be associated with several cancers
including breast, ovarian and prostate cancer.147

Isoprenyl cysteine carboxyl methyltransferase (Icmt), is an enzyme that catalyzes the final step of oncoproteins'
prenylation,148 and is known to have a role in growth and survival of various cancer cells.149 Icmt expression is found
to be upregulated in EOC patients irrespective of age and tumor stage. However, this upregulation is observed both at
mRNA and protein levels. Moreover, OC cell lines with higher Icmt levels have been shown to express chemoresistance
to drugs. Liu et al. showed RAS activation as a crucial effector for Icmt in OC cells. Using in vitro and in vivo studies, this
group demonstrated that Icmt modulates RAS activation in OC cells and imparts chemoresistance in these cells.150

FSH receptor binding inhibitor (FRBI) is an FSH antagonist that blocks FSH binding to its receptor.151 FRBI is believed
to suppress the tumorigenesis of OC by reducing cMyc, KRAS, and FSHR levels in the presence of FSH. Wei and his
group reported that FRBI inhibited carcinogenesis and progression of OC by suppressing KRAS.152

As reported earlier, RAS is activated by the son of sevenless (SOS1), whose expression is mediated by ligands
that activate the aryl hydrocarbon receptor (AhR). This DRE-dependent activation of SOS is found to hasten cell
proliferation in HepG2 hepatoma cells.153 Though our group has already reported the involvement of AhR in inducing
tumor proliferation in OC, the cross-talk between AhR and the RAS pathway still needs to be investigated thoroughly.154

TCDD, an AhR activator, is found to induce RAS activity in hepatoma cells; however, studies contradict each other in
terms of tissue specificity of this cross-talk.155–157 Moreover, a microarray global expression analysis report has shown
that RAS MAP kinase pathway activation observed in TCDD-treated human hepatoma cells to be AhR-dependent.158

A recent study by Li et al. examined the effects of dysregulated micro-RNA expression in the progression of OC. The
group tried to unveil the mechanism by which reduced expression of miR-324-3p could suppress OC proliferation. They
found that WNK2, a cytoplasmic protein involved in ion transport,159 is upregulated and promotes the growth and
invasion of OC cells SKOV3 and CAOV3 by activating the RAS pathway. Moreover, phosphorylation modification
levels of most proteins, most significantly RAS was observed when WNK2 was knocked down in SKOV3 and CAOV3
cell lines as analyzed by the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis.160

Reports from a recent study reveal that tumor progression was abolished upon the inhibition of RAS GTPase-activating
protein SH3 domain-binding protein 1 (G3BP1)161 involved in the RAS signaling pathway which is also involved in the
development of several cancers such as breast, colon, and gastric cancer.162 Figure 2. depicts the effect of oncogenic
activation of RAS in OC and its pathological outcome.

Advancements in KRAS targeted therapy in OC
As a crucial gene mutated, the effects correlating with increased tumorigenesis, aggressiveness, and invasiveness in
OC indicate RAS as a potential candidate for targeted therapy. RAS proteins are considered merely undruggable owing
to their lack of drug binding pockets and to the very low binding affinity of GTP for RAS, which also makes GTP-
competitive inhibitors inefficient.163–165 Inhibiting RAS directly has proven challenging and has diverted researchers to
consider alternate approaches targeting RAS downstream effectors.164 Salirasib is a RAS inhibitor that interferes with the
localization of RAS protein by removing the protein from the cellular membrane, resulting in reduced intracellular RAS,
thereby affecting its downstream effectors.166 Due to the extensive crosstalk of RAS with other pathways such as PI3K,
the early attempt to inhibit a single pathway usually ended in promoting cellular resistance to chemotherapeutic drugs via
a feedback loop. In the study conducted by Kim et al., when GDC, a pan inhibitor of PI3K, was administered to OC cells
with KRASmutation, the subsequent reduction in PI3K signaling resulted in over-expression of KRAS. However, when
the inhibitor was combined with si-KRAS, this resulted in a synergistic anti-cancer effect in both ovarian OSE cell lines
and allograft OC model impeding cell proliferation and migration and also inducing apoptosis in tumors in vivo.167

Most studies published until now have confirmed that rather than targeting RAS itself, many targeted therapies use
inhibitors of proteins involved in mutated RAS-activated downstream signaling pathways such as the RAF-MEK-ERK
pathway.168 Desai et al. evaluated the effect of Lifirafenib, primarily an RAF family kinase inhibitor, in tumors with
KRAS mutations via dose escalation and observed antitumor activity in KRAS mutated endometrial cancer.169

Even though profusely known to be undruggable, certain drugs that selectively target KRASG12C, not wild type or other
KRASmutants, have been discovered170,171 AMG510,which potentially keeps RAS in an inactive GDP binding state,172

MRTX849 (adagrasib), an oral selective inhibitor of RASG12C that targets the mutant cysteine 12 of KRAS, ultimately
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keeping RAS in an inactive state,173 andMRTX1133, a potent non-covalent inhibitor174 are selective inhibitors of KRAS
mutants, in which MRTX849 is currently in Phase I/II clinical studies.

175 Though these drugs are effective in attenuating
RAS activity,176,177 their effect on the cancer cells remains questionable due to some reports showing cell lines expressing
KRASG12C, capable of sustaining the proliferating properties of cells despite the use of inhibitors, through adaptive
feedback via wild-type RAS proteins.178

Despite all the targeted therapy approaches defined, resistance to these inhibitors is developed. This includes mutations
within the drug binding pockets, new KRASG12C protein production, feedback activations of the KRAS pathway,
activation of both upstream and downstreammediators, etc.179KRASmutation is a predictive marker of poor response to
anti-EGFR monoclonal antibody therapies.180–183

In a molecular profiling study with 55 patients with EOC, 35% were found to have ≥1 somatic mutation, including
23 KRAS and six NRAS. Out of this, 14 patients with KRAS/NRAS mutations treated with MEK inhibitor targeted
combinations were subsequently enrolled in genotype-matched phase I or II trials. They observed that, in patients with
KRAS mutation, a higher sensitivity to MEK inhibitors was observed, with seven patients showing a partial response,
seven showing stable disease, and one showing disease progression.184 The synthetic lethality therapeutic approach aims
to inhibit both downstream pathway activation and feedback regulation of KRAS to ensure efficient therapy outcomes.
One such drug is AZDD5483, a cyclin-dependent kinase effective on KRASmutant tumor inhibition at G0/G1 phase, as
confirmed in colorectal and pancreatic cancer.185 In OC, this effect is achieved by combiningMEK inhibitor (pimasertib)
and PI3K/mTOR inhibitor (SAR245409, voxtalisib), identified by fluorescence resonance energy transfer imaging.186

OC stem cells associated with RAS functions involved in chemoresistance
Cancer stem cells (CSCs) are small subpopulation of cells within tumors with the potency for self-renewal, differentiation
and tumorigenicity.187 Accumulated pieces of evidence suggest a role of OC stem cells (OCSCs) in facilitatingmetastatic
cascade, in frequent disease recurrence and increased resistance.188,189 Few CSC markers, including ALDH1, CD44,
CD117, and CD133 are considered to be useful predictive or prognostic biomarkers of OC.190 The platinum-based
chemotherapy resistance and tumor cell stemness is associated with the recurrence in HGSOC. In an aggressive murine
model of OC, the stem phenotypes with a gain of KRAS,MYC, and FAK genes were found to be associated with intrinsic

Figure 2. Effect of oncogenic activation of RAS signaling in OC. RAS mutation leads to aberrant activation
of the RAS pathway leading to a cluster of other pathway activations involved in tumorigenesis (created with
biorender.com).
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platinum resistance and tumorsphere formation.191 Cisplatin-resistant EOC cell lines were found to significantly
express OCSC markers and EMT activation triggered by activated PI3K/Akt/mTOR signaling indicating its correlation
with chemoresistance in EOC. Moreover, treatment with an inhibitor BEZ235 in combination with cisplatin increased
chemosensitivity in cisplatin-resistant EOC by inhibiting PI3K/Akt/mTOR signaling.192 A gene expression analysis
revealed OC patients with a significantly higher expression of ROR1 having gene expression signatures associated with
CSCs and shorter OS. ROR1was also involved in promoting tumor-cell growth, metastasis, and tumor initiation, making
ROR1 a potential target for therapies directed against OCSCs.193 A recent analysis conducted by Zhang et al. to identify
potential core signaling pathways of OCSCs using integrated transcriptome data of OCSCs isolated ALDH and side
population, two distinctive stem cell surface markers.194 A recent study by Shokouhifar et al. highlights the protocol for
the generation of natural killer cells from umbilical cord blood hematopoietic stem cells by manipulating RAS/MAPK,
IGF-1R and TGF-β signaling pathways that can be used for cancer immunotherapy.195 RAS associated acquisition of
chemoresistance in OC is depicted in Figure 3. Though the mechanism underlying chemoresistance in OC is still
ambiguous, numerous such reports suggests the integral role of CSCs in chemoresistance and recurrence. Hence, OCSCs
are a plausible therapeutic target in overcoming therapeutic resistance and recurrence.

Conclusion
OC is a crucial disease characterized by chemoresistance, higher recurrence, and lower survival rates. A vast plethora of
studies has already demonstrated the involvement and influence of several genes and their specific mutational statuses to
be a major cause of OC, from the early development towards progression to invasion andmetastasis. Studies confirm that
RAS is one of the most mutated genes in OC, specifically, KRAS at codons 12,13 and 61. As a significant protein that has
shown to be both downstream effector of several signaling pathways such as EGFR (ERBB1), HER2 (ERBB2), HER3
(ERBB3), and ERBB4, and upstream effector of RAF-1/MAPK, PI3K, RalGEFs, Rac/Rho, BRAF, MEK1, ERK, AKT,
PLC and PKC, a mutation in RAS thereby causing hyperactivation of proteins could result in dysregulation ultimately
leading to cancer initiation and proliferation. KRASmutation, one of the majorly observed mutation in OC, is a predicted
biomarker for poor clinical outcomes and chemoresistance. Involvement of genetic mutations, however, demanded
targeted therapy initiation in OC in addition to the conservative therapeutic method of cytoreductive surgery followed by
platinum-based chemotherapy. RAS was primarily believed to be undruggable due to the lack of drug binding pockets.
Most publications confirm that targeting the downstream effectors of RAS paved more effect.

Figure 3. Mutant RAS associated acquisition of chemoresistance in OC. Active RAS mutants initiates
CSC properties in OC resulting in chemoresistance, tumor recurrence and poor patient outcome (created with
biorender.com).
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Moreover, as of its involvement in many other pathways such as cell proliferation, targeted therapy also had its
disadvantages owing to the feedback loop, wherein inhibition of a single pathway ended up promoting chemoresistance.
Recent advancements in targetingRASutilize highly specific inhibitors that selectively target KRASG12C, not wild-type
or other KRASmutants. Targeting RAS, however, is much less explored in different histotypes of ovarian carcinoma and
warrants further investigation.

Data availability
There are no data associated with this article.

References

1. Rahimian N, Razavi ZS, Aslanbeigi F, et al. : Non-coding RNAs
related to angiogenesis in gynecological cancer. Gynecol. Oncol.
2021; 161: 896–912.
PubMed Abstract|Publisher Full Text

2. Manzoor H, Naheed H, Ahmad K, et al. : Pattern of gynaecological
malignancies in south western region of Pakistan: An overview
of 12 years. Biomed Reports. 2017; 7(5): 487–491.
PubMed Abstract|Publisher Full Text

3. Shaik B, Zafar T, Balasubramanian K, et al.:AnOverview ofOvarian
Cancer: Molecular Processes Involved and Development of
Target-based Chemotherapeutics. Curr. Top. Med. Chem. 2020;
21(4): 329–346.

4. Guo T, Dong X, Xie S, et al.:Cellularmechanismof genemutations
and potential therapeutic targets in ovarian cancer. Cancer
Manag. Res. 2021; 13: 3081–3100.
PubMed Abstract|Publisher Full Text

5. Testa U, Petrucci E, Pasquini L, et al. : Ovarian Cancers: Genetic
Abnormalities, Tumor Heterogeneity and Progression, Clonal
Evolution and Cancer Stem Cells. Medicines. 2018; 5(1).
PubMed Abstract|Publisher Full Text

6. Nakayama N, Nakayama K, Yeasmin S, et al. : KRAS or BRAF
mutation status is a useful predictor of sensitivity to
MEK inhibition in ovarian cancer. Br. J. Cancer. 2008; 99(12):
2020–2028.
PubMed Abstract|Publisher Full Text

7. Hatano Y, Hatano K, Tamada M, et al. : A comprehensive review of
ovarian serous carcinoma. Adv. Anat. Pathol. 2019; 26: 329–339.
PubMed Abstract|Publisher Full Text

8. Rajasekharan SK, Raman T:Ras andRasmutations in cancer. Cent.
Eur. J. Biol. 2013; 8.

9. Downward J: Targeting RAS signalling pathways in cancer
therapy.Nat. Rev. Cancer. 2003 31. 2003 Jan [cited 2022 Aug 16]; 3(1):
11–22.
Publisher Full Text|Reference Source

10. Malumbres M, Barbacid M: RAS oncogenes: The first 30 years.
Nat. Rev. Cancer. 2003; 3.

11. Repasky GA, Chenette EJ, Der CJ: Renewing the conspiracy theory
debate: Does Raf function alone to mediate Ras oncogenesis?
Trends Cell Biol. 2004; 14: 639–647.
PubMed Abstract|Publisher Full Text

12. Forbes SA, Bindal N, Bamford S, et al. : COSMIC: Mining complete
cancer genomes in the catalogue of somatic mutations in
cancer. Nucleic Acids Res. 2011; 39(SUPPL. 1): D945–D950.
PubMed Abstract|Publisher Full Text

13. Lohinai Z, Klikovits T, Moldvay J, et al. : KRas-mutation incidence
and prognostic value are metastatic site-specific in lung
adenocarcinoma: Poor prognosis in patients with KRAS
mutation and bone metastasis. Sci. Rep. 2017; 7.

14. De Luca A, Maiello MR, D’Alessio A, et al. : The RAS/RAF/MEK/ERK
and the PI3K/AKT signalling pathways: Role in cancer
pathogenesis and implications for therapeutic approaches.
Expert Opin. Ther. Targets. 2012; 16: S17–S27.
Publisher Full Text

15. Boutin AT, LiaoWT,WangM, et al.:Oncogenic Kras drives invasion
and maintains metastases in colorectal cancer. Genes Dev. 2017;
31(4): 370–382.
PubMed Abstract|Publisher Full Text

16. RechsteinerM, Zimmermann AK,Wild PJ, et al.: TP53mutations are
common in all subtypes of epithelial ovarian cancer and occur
concomitantly with KRAS mutations in the mucinous type.
Exp. Mol. Pathol. 2013; 95(2): 235–241.
PubMed Abstract|Publisher Full Text

17. Zhou JD, YaoDM, Li XX, et al.:KRASoverexpression independent of
RAS mutations confers an adverse prognosis in cytogenetically
normal acute myeloid leukemia. Oncotarget. 2017; 8(39).

18. Chen S, Li F, Xu D, et al. : The Function of RAS Mutation in Cancer
and Advances in its Drug Research. Curr. Pharm. Des. 2019; 25(10):
1105–1114.
Publisher Full Text

19. Della Pepa C, Tonini G, Santini D, et al. : Low Grade Serous
Ovarian Carcinoma: From the molecular characterization
to the best therapeutic strategy. Cancer Treat. Rev. 2015; 41:
136–143.
PubMed Abstract|Publisher Full Text

20. Colicelli J:HumanRAS superfamily proteins and relatedGTPases.
Science’s STKE: signal transduction knowledge environment. 2004;
2004: 2004.
Publisher Full Text

21. Etienne-Manneville S, Hall A: Rho GTPases in cell biology. Nature.
2002; 420: 629–635.
Publisher Full Text

22. Vega FM, Ridley AJ: Rho GTPases in cancer cell biology. FEBS Lett.
2008; 582: 2093–2101.
Publisher Full Text

23. Cheng KW, Agarwal R, Mills GB: Ras-Superfamily GTP-ases in
Ovarian Cancer. Cancer Treat. Res. 2009; 149.
PubMed Abstract|Publisher Full Text

24. Harvey JJ: An unidentified virus which causes the rapid
production of tumours inmice [33].Nature. 1964; 204: 1104–1105.
PubMed Abstract|Publisher Full Text

25. Kirsten WH, Schauf V, McCoy J: Properties of a murine sarcoma
virus. Bibl. Haematol. 1970; 36.

26. Chen FY, Li X, Zhu HP, et al. : Regulation of the Ras-Related
Signaling Pathway by Small Molecules Containing an Indole
Core Scaffold: A Potential Antitumor Therapy. Front. Pharmacol.
2020; 11.

27. Ye X, Carew TJ: Small G Protein Signaling in Neuronal Plasticity
and Memory Formation: The Specific Role of Ras Family
Proteins. Neuron. 2010; 68: 340–361.
PubMed Abstract|Publisher Full Text

28. Johnson L, Greenbaum D, Cichowski K, et al. : K-ras is an essential
gene in the mouse with partial functional overlap with N-ras.
Genes Dev. 1997; 11(19): 2468–2481.
PubMed Abstract|Publisher Full Text|Free Full Text

29. Mangiapane LR, Nicotra A, Turdo A, et al. : PI3K-driven HER2
expression is a potential therapeutic target in colorectal cancer
stem cells. Gut. 2022; 71(1): 119–128.
PubMed Abstract|Publisher Full Text

30. Pao W, Girard N: New driver mutations in non-small-cell lung
cancer. Lancet Oncol. 2011; 12: 175–180.
Publisher Full Text

31. Downward J: Targeting RAS signalling pathways in cancer
therapy. Nat. Rev. Cancer. 2003; 3: 11–22.
Publisher Full Text

32. Shields JM, Pruitt K, McFall A, et al. : Understanding Ras: ‘It ain’t
over “til it’s over.”. Trends Cell Biol. 2000; 10: 147–154.
PubMed Abstract|Publisher Full Text

33. Rubio I, Wittig U, Meyer C, et al.: Farnesylation of Ras is important
for the interaction with phosphoinositide 3-kinase γ. Eur.
J. Biochem. 1999; 266(1): 70–82.
PubMed Abstract|Publisher Full Text

34. Rowinsky EK, Windle JJ, Von Hoff DD: Ras protein
farnesyltransferase: A strategic target for anticancer

Page 13 of 21

F1000Research 2022, 11:1253 Last updated: 21 FEB 2023

http://www.ncbi.nlm.nih.gov/pubmed/33781555
https://doi.org/10.1016/j.ygyno.2021.03.020
https://doi.org/10.1016/j.ygyno.2021.03.020
https://doi.org/10.1016/j.ygyno.2021.03.020
http://www.ncbi.nlm.nih.gov/pubmed/29109863
https://doi.org/10.3892/br.2017.993
https://doi.org/10.3892/br.2017.993
https://doi.org/10.3892/br.2017.993
http://www.ncbi.nlm.nih.gov/pubmed/33854378
https://doi.org/10.2147/CMAR.S292992
https://doi.org/10.2147/CMAR.S292992
https://doi.org/10.2147/CMAR.S292992
http://www.ncbi.nlm.nih.gov/pubmed/29389895
https://doi.org/10.3390/medicines5010016
https://doi.org/10.3390/medicines5010016
https://doi.org/10.3390/medicines5010016
http://www.ncbi.nlm.nih.gov/pubmed/19018267
https://doi.org/10.1038/sj.bjc.6604783
https://doi.org/10.1038/sj.bjc.6604783
https://doi.org/10.1038/sj.bjc.6604783
http://www.ncbi.nlm.nih.gov/pubmed/31368906
https://doi.org/10.1097/PAP.0000000000000243
https://doi.org/10.1097/PAP.0000000000000243
https://doi.org/10.1097/PAP.0000000000000243
https://doi.org/10.1038/nrc969
https://www.nature.com/articles/nrc969
https://www.nature.com/articles/nrc969
https://www.nature.com/articles/nrc969
http://www.ncbi.nlm.nih.gov/pubmed/15519853
https://doi.org/10.1016/j.tcb.2004.09.014
https://doi.org/10.1016/j.tcb.2004.09.014
https://doi.org/10.1016/j.tcb.2004.09.014
http://www.ncbi.nlm.nih.gov/pubmed/20952405
https://doi.org/10.1093/nar/gkq929
https://doi.org/10.1093/nar/gkq929
https://doi.org/10.1093/nar/gkq929
https://doi.org/10.1517/14728222.2011.639361
http://www.ncbi.nlm.nih.gov/pubmed/28289141
https://doi.org/10.1101/gad.293449.116
https://doi.org/10.1101/gad.293449.116
https://doi.org/10.1101/gad.293449.116
http://www.ncbi.nlm.nih.gov/pubmed/23965232
https://doi.org/10.1016/j.yexmp.2013.08.004
https://doi.org/10.1016/j.yexmp.2013.08.004
https://doi.org/10.1016/j.yexmp.2013.08.004
https://doi.org/10.2174/1381612825666190506122228
http://www.ncbi.nlm.nih.gov/pubmed/25573350
https://doi.org/10.1016/j.ctrv.2014.12.003
https://doi.org/10.1016/j.ctrv.2014.12.003
https://doi.org/10.1016/j.ctrv.2014.12.003
https://doi.org/10.1126/stke.2502004re13
https://doi.org/10.1038/nature01148
https://doi.org/10.1016/j.febslet.2008.04.039
http://www.ncbi.nlm.nih.gov/pubmed/19763439
https://doi.org/10.1007/978-0-387-98094-2_11
https://doi.org/10.1007/978-0-387-98094-2_11
https://doi.org/10.1007/978-0-387-98094-2_11
http://www.ncbi.nlm.nih.gov/pubmed/14243400
https://doi.org/10.1038/2041104b0
https://doi.org/10.1038/2041104b0
https://doi.org/10.1038/2041104b0
http://www.ncbi.nlm.nih.gov/pubmed/21040840
https://doi.org/10.1016/j.neuron.2010.09.013
https://doi.org/10.1016/j.neuron.2010.09.013
https://doi.org/10.1016/j.neuron.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/9334313
https://doi.org/10.1101/gad.11.19.2468
https://doi.org/10.1101/gad.11.19.2468
https://doi.org/10.1101/gad.11.19.2468
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC316567
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC316567
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC316567
http://www.ncbi.nlm.nih.gov/pubmed/33436496
https://doi.org/10.1136/gutjnl-2020-323553
https://doi.org/10.1136/gutjnl-2020-323553
https://doi.org/10.1136/gutjnl-2020-323553
https://doi.org/10.1016/S1470-2045(10)70087-5
https://doi.org/10.1038/nrc969
http://www.ncbi.nlm.nih.gov/pubmed/10740269
https://doi.org/10.1016/S0962-8924(00)01740-2
https://doi.org/10.1016/S0962-8924(00)01740-2
https://doi.org/10.1016/S0962-8924(00)01740-2
http://www.ncbi.nlm.nih.gov/pubmed/10542052
https://doi.org/10.1046/j.1432-1327.1999.00815.x
https://doi.org/10.1046/j.1432-1327.1999.00815.x
https://doi.org/10.1046/j.1432-1327.1999.00815.x


therapeutic development. J. Clin. Oncol. 1999; 17(11): 3631–3652.
PubMed Abstract|Publisher Full Text

35. McKay MM, Morrison DK: Integrating signals from RTKs to
ERK/MAPK. Oncogene. 2007; 26: 3113–3121.
PubMed Abstract|Publisher Full Text

36. McCubrey JA, Steelman LS, Chappell WH, et al. : Roles of the
Raf/MEK/ERK pathway in cell growth, malignant
transformation and drug resistance. Biochimica et Biophysica Acta
- Molecular Cell Research. 2007; 1773.

37. Santarpia LL, Lippman S, El-Naggar A: Targeting the Mitogen-
Activated Protein Kinase RAS-RAF Signaling Pathway in Cancer
Therapy. Expert Opin. Ther. Targets. 2012; 16(1): 103–119.
PubMed Abstract|Publisher Full Text

38. Khan AQ, Kuttikrishnan S, Siveen KS, et al. : RAS-mediated
oncogenic signaling pathways in human malignancies. Semin.
Cancer Biol. 2019; 54: 1–13.
PubMed Abstract|Publisher Full Text

39. Stites EC, Ravichandran KS: A Systems Perspective of Ras
Signaling in Cancer. [cited 2022 Aug 16].
Reference Source

40. Prior IA, Hood FE, Hartley JL: The frequency of Ras mutations in
cancer.

41. Chen K, Zhang Y, Qian L, et al. : Emerging strategies to target RAS
signaling in human cancer therapy. J. Hematol. Oncol. 2021; 14(1):
116–123.
PubMed Abstract|Publisher Full Text

42. Prior IA, Lewis PD, Mattos C: A comprehensive survey of Ras
mutations in cancer.

43. Bos JL: Ras Oncogenes in Human Cancer: A Review. Cancer Res.
1989; 49(17): 4682–4689.
PubMed Abstract

44. Moon A: Differential functions of ras for malignant phenotypic
conversion. Arch. Pharm. Res. 2006; 29(2): 113–122.
PubMed Abstract|Publisher Full Text

45. Baines AT, Xu D, Der CJ: Inhibition of Ras for cancer treatment:
The search continues. Future Med. Chem. 2011; 3: 1787–1808.
PubMed Abstract|Publisher Full Text

46. Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D: RAS oncogenes:
Weaving a tumorigenic web. Nat. Rev. Cancer. 2011; 11: 761–774.
PubMed Abstract|Publisher Full Text

47. Kannan Murugan A, Grieco M, Tsuchida N: RAS mutations in
human cancers: Roles in precision medicine. 2020 [cited 2022
Aug 16].
Publisher Full Text

48. Gurung AB, Bhattacharjee A: Significance of Ras Signaling in
Cancer and Strategies for its Control. Oncol. Hematol. Rev. 2015;
11(02): 147.

49. Serna-Blasco R, Sanz-Álvarez M, Aguilera Ó, et al. : Targeting the
RAS-dependent chemoresistance: The Warburg connection.
Semin. Cancer Biol. 2019 [cited 2022 Aug 31]; 54: 80–90.
Reference Source.
PubMed Abstract|Publisher Full Text

50. Zhu X, Meng X, Xiang W, et al. : Correlation between
clinicopathological features and KRAS, NRAS, and BRAF
mutation status in Chinese colorectal cancer patients. Int. J. Clin.
Exp. Pathol. 2018; 11(5): 2839–45.
PubMed Abstract|Reference Source

51. Dolatkhah R, Dastgiri S, Taher Eftekhar Sadat A, et al. : Impact of
RAS/RAF mutations on clinical and prognostic outcomes in
metastatic colorectal cancer. Tabriz Univ. Med. Sci. 2021 [cited
2022 Aug 17]; 11(1): 5–14.
Reference Source

52. Mukhopadhyay S, Goswami D, Adiseshaiah PP, et al.:Undermining
glutaminolysis bolsters chemotherapy while NRF2 promotes
chemoresistance in KRAS-driven pancreatic cancers Graphical
Abstract HHS Public Access. Cancer Res. 2020; 80(8): 1630–1643.
PubMed Abstract|Publisher Full Text

53. Conroy M, Cowzer D, Kolch W, et al. : Emerging RAS-directed
therapies for cancer. Cancer Drug Resist. 2021 [cited 2022 Aug 16];
4(3): 543–558.
PubMed Abstract|Publisher Full Text

54. Kossaï M, Leary A, Scoazec J-Y, et al.: E-Mail Tumour Heterogeneity
Ovarian Cancer: A Heterogeneous Disease. Pathobiology. 2018
[cited 2022 Aug 23]; 85: 41–49.
Reference Source.
Publisher Full Text

55. Menon U, Karpinskyj C, Gentry-Maharaj A: Ovarian Cancer
Prevention and Screening. Obstet. Gynecol. 2018; 131(5): 909–927.
Publisher Full Text

56. Li SS, Ma J, Wong AST; Chemoresistance in ovarian cancer:
exploiting cancer stem cell metabolism. J. Gynecol. Oncol.

2018 Mar 1 [cited 2022 Aug 24]; 29(2).
PubMed Abstract|Publisher Full Text|Free Full Text

57. Webb PM, Leader GCancers Group G, et al. : Epidemiology of
epithelial ovarian cancer. Best Pract. Res. Clin. Obstet. Gynaecol.
2017 [cited 2022 Aug 24]; 41: 3–14.
Publisher Full Text

58. Mak VCY, Siu MKY, Wong OGW, et al. : Dysregulated stemness-
related genes in gynecological malignancies. Histol. Histopathol.
2012; 27.

59. Lim HJ, Ledger W: Targeted Therapy in Ovarian Cancer. Women’s
Heal. 2016 Jun 1 [cited 2022 Sep 13]; 12(3): 363.
Free Full Text

60. Keyvani V, Farshchian M, Esmaeili SA, et al. : Ovarian cancer stem
cells and targeted therapy. J. Ovarian Res. 2019 Dec 6 [cited 2022
Sep 13]; 12(1): 120.
PubMed Abstract|Publisher Full Text|Free Full Text

61. Lim HJ, Ledger W: Targeted Therapy in Ovarian Cancer. Women’s
Heal. 2016 Jun; 12(3): 363–378.
Publisher Full Text

62. TakenakaM, SaitoM, IwakawaR, et al.:Profilingof actionable gene
alterations in ovarian cancer by targeted deep sequencing. Int.
J. Oncol. 2015; 46(6): 2389–2398.
PubMed Abstract|Publisher Full Text

63. Tsuchida N, Murugan AK, Grieco M: Kirsten Ras* oncogene:
Significance of its discovery in human cancer research.
Oncotarget. 2016; 7: 46717–46733.
Publisher Full Text

64. Tsai FD, Lopes MS, Zhou M, et al.: K-RAS4A splice variant is widely
expressed in cancer and uses a hybrid membrane-targeting
motif. Proc. Natl. Acad. Sci. U. S. A. 2015; 112(3).

65. Hollestelle A, Pelletier C, Hooning M, et al. : Prevalence of the
variant allele rs61764370 T>G in the 30UTR of KRAS amongDutch
BRCA1, BRCA2 and non-BRCA1/BRCA2 breast cancer families.
Breast Cancer Res. Treat. 2011; 128(1): 79–84.
PubMed Abstract|Publisher Full Text

66. Sadlecki P, Grzanka D, Grabiec M: Testing for NRAS mutations in
serousborderline ovarian tumors and low-grade serousovarian
carcinomas. Dis. Markers. 2018; 2018: 1–7.
PubMed Abstract|Publisher Full Text

67. Carvalho PD, Guimarães CF, Cardoso AP, et al. : KRAS oncogenic
signaling extends beyond cancer cells to orchestrate the
microenvironment. Cancer Res. 2018; 78.

68. Kim S, Han Y, Kim I, et al. : Tumor evolution and chemoresistance
in ovarian cancer. npj Precis. Oncol. 2018 [cited 2022 Sep 1]; 2: 20.
PubMed Abstract|Publisher Full Text|Reference Source

69. Bulun SE, Wan Y, Matei D: Epithelial Mutations in Endometriosis:
Link to Ovarian. Cancer. 2019.
Reference Source

70. Auner V, Kriegshäuser G, Tong D, et al.: KRASmutation analysis in
ovarian samples using a high sensitivity biochip assay.
BMC Cancer. 2009 Apr 9 [cited 2022 Aug 28]; 9(1): 1–8.
PubMed Abstract|Publisher Full Text

71. MayrD, HirschmannA, Löhrs U, et al.:KRAS andBRAFmutations in
ovarian tumors: A comprehensive studyof invasive carcinomas,
borderline tumors and extraovarian implants. Gynecol. Oncol.
2006 Dec; 103(3): 883–887.
PubMed Abstract|Publisher Full Text

72. Lee YJ, LeeMY, RuanA, et al.:Multipoint Kras oncogenemutations
potentially indicate mucinous carcinoma on the entire
spectrum of mucinous ovarian neoplasms. Oncotarget. 2016;
7(50): 82097–82103.
PubMed Abstract|Publisher Full Text

73. Wang Y, Niu XL, Qu Y, et al.:Autocrine production of interleukin-6
confers cisplatin and paclitaxel resistance in ovarian cancer
cells. Cancer Lett. 2010; 295(1): 110–123.
PubMed Abstract|Publisher Full Text

74. Ratner E, Keane F, Lindner R, et al.:AKRASvariant is abiomarker of
poor outcome, platinum chemotherapy resistance and a
potential target for therapy in ovarian cancer. Oncogene. 2012
[cited 2022 Aug 24]; 31: 4559–4566.
PubMed Abstract|Publisher Full Text|Reference Source

75. Caduff RF, Svoboda-Newman SM, Ferguson AW, et al.: Comparison
of mutations of Ki-RAS and p53 immunoreactivity in borderline
andmalignant epithelial ovarian tumors. Am. J. Surg. Pathol.1999;
23(3): 323–328.
PubMed Abstract|Publisher Full Text

76. Gao L, Zheng M, Guo Q, et al. : Downregulation of Rab23 inhibits
proliferation, invasion, and metastasis of human ovarian
cancer. Int. J. Biochem. Cell Biol. 2019 Nov 1; 116: 105617.
Publisher Full Text

77. Hirst J, Crow J, Godwin A: Ovarian Cancer Genetics: Subtypes and
Risk Factors. Ovarian Cancer - From Pathog to Treat. 2018 Jan

Page 14 of 21

F1000Research 2022, 11:1253 Last updated: 21 FEB 2023

http://www.ncbi.nlm.nih.gov/pubmed/10550163
https://doi.org/10.1200/JCO.1999.17.11.3631
https://doi.org/10.1200/JCO.1999.17.11.3631
https://doi.org/10.1200/JCO.1999.17.11.3631
http://www.ncbi.nlm.nih.gov/pubmed/17496910
https://doi.org/10.1038/sj.onc.1210394
https://doi.org/10.1038/sj.onc.1210394
https://doi.org/10.1038/sj.onc.1210394
http://www.ncbi.nlm.nih.gov/pubmed/22239440
https://doi.org/10.1517/14728222.2011.645805
https://doi.org/10.1517/14728222.2011.645805
https://doi.org/10.1517/14728222.2011.645805
http://www.ncbi.nlm.nih.gov/pubmed/29524560
https://doi.org/10.1016/j.semcancer.2018.03.001
https://doi.org/10.1016/j.semcancer.2018.03.001
https://doi.org/10.1016/j.semcancer.2018.03.001
http://www.aacrjournals.org
http://www.ncbi.nlm.nih.gov/pubmed/34301278
https://doi.org/10.1186/s13045-021-01127-w
https://doi.org/10.1186/s13045-021-01127-w
https://doi.org/10.1186/s13045-021-01127-w
http://www.ncbi.nlm.nih.gov/pubmed/2547513
http://www.ncbi.nlm.nih.gov/pubmed/16526274
https://doi.org/10.1007/BF02974271
https://doi.org/10.1007/BF02974271
https://doi.org/10.1007/BF02974271
http://www.ncbi.nlm.nih.gov/pubmed/22004085
https://doi.org/10.4155/fmc.11.121
https://doi.org/10.4155/fmc.11.121
https://doi.org/10.4155/fmc.11.121
http://www.ncbi.nlm.nih.gov/pubmed/21993244
https://doi.org/10.1038/nrc3106
https://doi.org/10.1038/nrc3106
https://doi.org/10.1038/nrc3106
https://doi.org/10.1016/j.semcancer.2019.06.007
http://www.elsevier.com/locate/semcancer
http://www.ncbi.nlm.nih.gov/pubmed/29432815
https://doi.org/10.1016/j.semcancer.2018.01.016
https://doi.org/10.1016/j.semcancer.2018.01.016
https://doi.org/10.1016/j.semcancer.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/31938404
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6958270
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6958270
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6958270
http://bi.tbzmed.ac.ir/
http://www.ncbi.nlm.nih.gov/pubmed/31911550
https://doi.org/10.1158/0008-5472.CAN-19-1363
https://doi.org/10.1158/0008-5472.CAN-19-1363
https://doi.org/10.1158/0008-5472.CAN-19-1363
http://www.ncbi.nlm.nih.gov/pubmed/35582302
https://doi.org/10.20517/cdr.2021.07
https://doi.org/10.20517/cdr.2021.07
https://doi.org/10.20517/cdr.2021.07
http://www.karger.com/pat
https://doi.org/10.1159/000479006
https://doi.org/10.1097/AOG.0000000000002580
http://www.ncbi.nlm.nih.gov/pubmed/29468856
https://doi.org/10.3802/jgo.2018.29.e32
https://doi.org/10.3802/jgo.2018.29.e32
https://doi.org/10.3802/jgo.2018.29.e32
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5823988
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5823988
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5823988
https://doi.org/10.1016/j.bpobgyn.2016.08.006
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5384518
http://www.ncbi.nlm.nih.gov/pubmed/31810474
https://doi.org/10.1186/s13048-019-0588-z
https://doi.org/10.1186/s13048-019-0588-z
https://doi.org/10.1186/s13048-019-0588-z
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6896744
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6896744
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6896744
https://doi.org/10.2217/whe.16.4
http://www.ncbi.nlm.nih.gov/pubmed/25846456
https://doi.org/10.3892/ijo.2015.2951
https://doi.org/10.3892/ijo.2015.2951
https://doi.org/10.3892/ijo.2015.2951
https://doi.org/10.18632/oncotarget.8773
http://www.ncbi.nlm.nih.gov/pubmed/20676756
https://doi.org/10.1007/s10549-010-1080-z
https://doi.org/10.1007/s10549-010-1080-z
https://doi.org/10.1007/s10549-010-1080-z
http://www.ncbi.nlm.nih.gov/pubmed/29682098
https://doi.org/10.1155/2018/1497879
https://doi.org/10.1155/2018/1497879
https://doi.org/10.1155/2018/1497879
http://www.ncbi.nlm.nih.gov/pubmed/30246154
https://doi.org/10.1038/s41698-018-0063-0
https://doi.org/10.1038/s41698-018-0063-0
https://doi.org/10.1038/s41698-018-0063-0
http://www.nature.com/npjprecisiononcology
http://www.nature.com/npjprecisiononcology
http://www.nature.com/npjprecisiononcology
https://academic.oup.com/endo
http://www.ncbi.nlm.nih.gov/pubmed/19358724
https://doi.org/10.1186/1471-2407-9-111
https://doi.org/10.1186/1471-2407-9-111
https://doi.org/10.1186/1471-2407-9-111
http://www.ncbi.nlm.nih.gov/pubmed/16806438
https://doi.org/10.1016/j.ygyno.2006.05.029
https://doi.org/10.1016/j.ygyno.2006.05.029
https://doi.org/10.1016/j.ygyno.2006.05.029
http://www.ncbi.nlm.nih.gov/pubmed/27888800
https://doi.org/10.18632/oncotarget.13449
https://doi.org/10.18632/oncotarget.13449
https://doi.org/10.18632/oncotarget.13449
http://www.ncbi.nlm.nih.gov/pubmed/20236757
https://doi.org/10.1016/j.canlet.2010.02.019
https://doi.org/10.1016/j.canlet.2010.02.019
https://doi.org/10.1016/j.canlet.2010.02.019
http://www.ncbi.nlm.nih.gov/pubmed/22139083
https://doi.org/10.1038/onc.2011.539
https://doi.org/10.1038/onc.2011.539
https://doi.org/10.1038/onc.2011.539
http://www.nature.com/onc
http://www.nature.com/onc
http://www.nature.com/onc
http://www.ncbi.nlm.nih.gov/pubmed/10078924
https://doi.org/10.1097/00000478-199903000-00012
https://doi.org/10.1097/00000478-199903000-00012
https://doi.org/10.1097/00000478-199903000-00012
https://doi.org/10.1016/j.biocel.2019.105617


26 [cited 2022 Sep 6]. undefined/state.item.id.
Publisher Full Text

78. Ravindran F, Choudhary B: Ovarian Cancer: Molecular
Classification and Targeted Therapy. In: Ovarian Cancer -
Updates in Tumour Biology and Therapeutics [Working Title].
2021.

79. Morgan RJ, Armstrong DK, Alvarez RD, et al. : Ovarian cancer,
version 1.2016: Clinical practice guidelines in oncology. JNCCN J.
Natl. Compr. Cancer Netw. 2016; 14(9).

80. Prat J, D’Angelo E, Espinosa I: Ovarian carcinomas: at least five
different diseases with distinct histological features and
molecular genetics. Hum. Pathol. 2018; 80: 11–27.
PubMed Abstract|Publisher Full Text

81. Morphologic, Immunophenotypic, and Molecular Features of
Epithelial Ovarian Cancer. [cited 2022 Sep 6].
Reference Source

82. Silverberg SG, Bell DA, Kurman RJ, et al. : Borderline ovarian
tumors: Key points and workshop summary. Hum. Pathol. 2004;
35: 910–917.
PubMed Abstract|Publisher Full Text

83. Hunter SM, Anglesio MS, Ryland GL, et al. : Molecular profiling of
low grade serous ovarian tumours identifies novel candidate
driver genes. Oncotarget. 2015; 6(35): 37663–37677.
PubMed Abstract|Publisher Full Text

84. Jones S, Wang TL, Kurman RJ, et al.: Low-grade serous carcinomas
of the ovary contain very few point mutations. J. Pathol. 2012;
226(3): 413–420.
PubMed Abstract|Publisher Full Text

85. Etemadmoghadam D, Azar WJ, Lei Y, et al. : EIF1AX and NRAS
mutations co-occur and cooperate in low-grade serous ovarian
carcinomas. Cancer Res. 2017; 77(16): 4268–4278.
PubMed Abstract|Publisher Full Text

86. Nakamura K, Nakayama K, Ishikawa N, et al. : Reconstitution of
high-grade serous ovarian carcinoma from primary fallopian
tube secretory epithelial cells. Oncotarget. 2018; 9(16):
12609–12619.
PubMed Abstract|Publisher Full Text

87. Voutsadakis IA: Further understanding of high-grade serous
ovarian carcinogenesis: Potential therapeutic targets. Cancer
Manag. Res. 2020; 12: 10423–10437.
PubMed Abstract|Publisher Full Text

88. Teer JK, Yoder S, Gjyshi A, et al.:Mutational heterogeneity in non-
serous ovarian cancers OPEN. [cited 2022 Sep 9].
Reference Source

89. Mackenzie R, Kommoss S, Winterhoff BJ, et al. : Targeted deep
sequencing of mucinous ovarian tumors reveals multiple
overlapping RAS-pathway activating mutations in borderline
and cancerous neoplasms. BMC Cancer. 2015; 15(1): 415.
PubMed Abstract|Publisher Full Text

90. Ryland GL, Hunter SM, Doyle MA, et al. ; Mutational landscape of
mucinous ovarian carcinoma and its neoplastic precursors.
2015.

91. Iida Y, Okamoto A, Hollis RL, et al. : Clear cell carcinoma of the
ovary: a clinical andmolecular perspective. Int. J. Gynecol. Cancer.
2021 [cited 2022 Sep 7]; 31: 605–616.
Publisher Full Text|Reference Source

92. Franco Zannoni G, Improta G, Chiarello G, et al.:Mutational status
of KRAS, NRAS, and BRAF in primary clear cell ovarian
carcinoma.

93. Fan C, Zhao C, Shugen Li FW, et al.: Significance of PTENMutation
in Cellular Process, Prognosis, and Drug Selection in Clear
Cell Renal Cell Carcinoma. Front. Oncol. 2019 [cited 2022 Sep 8];
9(MAY).
PubMed Abstract|Publisher Full Text|Free Full Text

94. Friedlander ML, Russell K, Millis S, et al. : Molecular Profiling of
Clear Cell Ovarian Cancers Identifying Potential Treatment
Targets for Clinical Trials. [cited 2022 Sep 8].
Reference Source

95. Bagherlou N, Farajnia S, Zahri S, et al.: Original Article Prevalence
of K-RAS mutations and CA125 tumor marker in patients with
ovarian carcinoma. Casp. J. Intern. Med. 2020; 11(1): 75–82.

96. Hollis RL, Thomson JP, Stanley B, et al. : Molecular stratification of
endometrioid ovarian carcinoma predicts clinical outcome.Nat.
Commun. 2020. 2020 Oct 5 [cited 2022 Sep 12]; 11(1): 1–10.
Reference Source

97. Itamochi H, Oishi T, Oumi N, et al. : Whole-genome sequencing
revealed novel prognostic biomarkers and promising targets
for therapy of ovarian clear cell carcinoma.Br. J. Cancer. 2017; 117
(5): 717–724.
PubMed Abstract|Publisher Full Text

98. Kim I, Lee JW, LeeM, et al.:Genomic landscapeof ovarian clear cell
carcinoma via whole exome sequencing. Gynecol. Oncol. 2018

Feb; 148(2): 375–382.
PubMed Abstract|Publisher Full Text

99. Zannoni GF, Improta G, Pettinato A, et al. : Molecular status of
PI3KCA, KRAS and BRAF in ovarian clear cell carcinoma: an
analysis of 63 patients. J. Clin. Pathol. 2016; 69: 1088–1092.
PubMed Abstract|Publisher Full Text

100. Ho CL, Kurman RJ, Dehari R, et al. : Mutations of BRAF and KRAS
precede the development of ovarian serous borderline
tumors. Cancer Res. 2004; 64(19): 6915–6918.
PubMed Abstract|Publisher Full Text

101. Ohnishi K, Nakayama K, Ishikawa M, et al. : Mucinous borderline
ovarian tumors with BRAF V600E mutation may have low risk
for progression to invasive carcinomas. Arch. Gynecol. Obstet.
2020; 302(2): 487–495.
PubMed Abstract|Publisher Full Text

102. Panyavaranant P, Teerapakpinyo C, Pohthipornthawat N, et al. :
RAS mutation in mucinous carcinoma of the ovary. Asian
Pacific. J Cancer Prev. 2019; 20(4): 1127–1132.
Publisher Full Text

103. Nodin B, Zendehrokh N, SundströmM, et al.: Clinicopathological
correlates and prognostic significance of KRAS mutation
status in a pooled prospective cohort of epithelial ovarian
cancer. Diagn. Pathol. 2013 [cited 2022 Aug 24]; 8: 1.
Reference Source

104. Gershenson DM, Sun CC, Wong K-K: Impact ofmutational status
on survival in low-grade serous carcinoma of the ovary or
peritoneum. 2015 [cited 2022 Sep 6].
Reference Source

105. Tsang YT, Deavers MT, Sun CC, et al. : KRAS (but not BRAF)
mutations in ovarian serous borderline tumour are associated
with recurrent low-grade serous carcinoma. J. Pathol. 2013;
231(4): 449–456.
PubMed Abstract|Publisher Full Text

106. Gemignani ML, Schlaerth AC, Bogomolniy F, et al. : Role of KRAS
and BRAF gene mutations in mucinous ovarian carcinoma.
Gynecol. Oncol. 2003; 90(2): 378–381.
PubMed Abstract|Publisher Full Text

107. Emmanuel C, Chiew Y-E, George J, et al.:Genomic Classification of
Serous Ovarian Cancer with Adjacent Borderline
Differentiates RAS Pathway and TP53-Mutant Tumors and
Identifies NRAS as an Oncogenic Driver; current address for.
Clin. Cancer Res. Clin. Cancer Res. 2014 [cited 2022 Aug 25]; 20(24).
Reference Source

108. Zhong F, Zhu T, Pan X, et al.:Comprehensive genomic profiling of
high-grade serous ovarian carcinoma from Chinese patients
identifies co-occurringmutations in the Ras/Raf pathwaywith
TP53. Cancer Med. 2019; 8(8).

109. Xing D, Rahmanto YS, Zeppernick F, et al. : Mutation of NRAS is a
Rare Genetic Event in Ovarian Low-Grade Serous Carcinoma
HHS Public Access. Hum. Pathol. 2017; 68: 87–91.
PubMed Abstract|Publisher Full Text

110. Moujaber T, Balleine RL, Gao B, et al. : New therapeutic
opportunities for women with low-grade serous ovarian
cancer. Endocr. Relat. Cancer. 2022; 29(1): R1–R16.
Publisher Full Text

111. Barnes BM, Nelson L, Tighe A, et al. : Distinct transcriptional
programs stratify ovarian cancer cell lines into the five major
histological subtypes. [cited 2022 Sep 6].
Publisher Full Text

112. Hollis RL, Gourley C: Genetic and molecular changes in ovarian
cancer. 2016 [cited 2022 Sep 6].
Reference Source

113. Gershenson DM, Bodurka DC, Lu KH, et al. : Impact of age and
primary disease site on outcome in women with low-grade
serous carcinoma of the ovary or peritoneum: Results of a
large single-institution registry of a rare tumor. J. Clin. Oncol.
2015; 33(24): 2675–2682.
PubMed Abstract|Publisher Full Text

114. Zuo T, Wong S, Buza N, et al. : KRAS mutation of extraovarian
implants of serous borderline tumor: Prognostic indicator for
adverse clinical outcome. Mod. Pathol. 2018; 31(2): 350–357.
PubMed Abstract|Publisher Full Text

115. Matulonis UA, Hirsch M, Palescandolo E, et al. : High throughput
interrogation of somatic mutations in high grade serous
cancer of the ovary. PLoS One. 2011; 6(9): e24433.
PubMed Abstract|Publisher Full Text

116. Anglesio MS, Wiegand KC, Melnyk N, et al.: Type-Specific Cell Line
Models for Type-Specific Ovarian Cancer Research. PLoS One.
2013; 8(9).
Publisher Full Text

117. Dokianakis DN, Varras MN, Papaefthimiou M, et al. : Ras gene
activation in malignant cells of human ovarian carcinoma

Page 15 of 21

F1000Research 2022, 11:1253 Last updated: 21 FEB 2023

https://doi.org/10.5772/intechopen.72705
http://www.ncbi.nlm.nih.gov/pubmed/29944973
https://doi.org/10.1016/j.humpath.2018.06.018
https://doi.org/10.1016/j.humpath.2018.06.018
https://doi.org/10.1016/j.humpath.2018.06.018
https://www.cancernetwork.com/view/morphologic-immunophenotypic-and-molecular-features-epithelial-ovarian-cancer
http://www.ncbi.nlm.nih.gov/pubmed/15297959
https://doi.org/10.1016/j.humpath.2004.03.003
https://doi.org/10.1016/j.humpath.2004.03.003
https://doi.org/10.1016/j.humpath.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26506417
https://doi.org/10.18632/oncotarget.5438
https://doi.org/10.18632/oncotarget.5438
https://doi.org/10.18632/oncotarget.5438
http://www.ncbi.nlm.nih.gov/pubmed/22102435
https://doi.org/10.1002/path.3967
https://doi.org/10.1002/path.3967
https://doi.org/10.1002/path.3967
http://www.ncbi.nlm.nih.gov/pubmed/28646021
https://doi.org/10.1158/0008-5472.CAN-16-2224
https://doi.org/10.1158/0008-5472.CAN-16-2224
https://doi.org/10.1158/0008-5472.CAN-16-2224
http://www.ncbi.nlm.nih.gov/pubmed/29560094
https://doi.org/10.18632/oncotarget.23035
https://doi.org/10.18632/oncotarget.23035
https://doi.org/10.18632/oncotarget.23035
http://www.ncbi.nlm.nih.gov/pubmed/33116896
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.2147/CMAR.S249540
https://doi.org/10.2147/CMAR.S249540
http://www.nature.com/scientificreports/
http://www.ncbi.nlm.nih.gov/pubmed/25986173
https://doi.org/10.1186/s12885-015-1421-8
https://doi.org/10.1186/s12885-015-1421-8
https://doi.org/10.1186/s12885-015-1421-8
https://doi.org/10.1136/ijgc-2020-001656
http://ijgc.bmj.com/
http://ijgc.bmj.com/
http://ijgc.bmj.com/
http://www.ncbi.nlm.nih.gov/pubmed/31139560
https://doi.org/10.3389/fonc.2019.00357
https://doi.org/10.3389/fonc.2019.00357
https://doi.org/10.3389/fonc.2019.00357
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6518664
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6518664
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6518664
http://links.lww.com/IGC/A363
https://www.nature.com/articles/s41467-020-18819-5
http://www.ncbi.nlm.nih.gov/pubmed/28728166
https://doi.org/10.1038/bjc.2017.228
https://doi.org/10.1038/bjc.2017.228
https://doi.org/10.1038/bjc.2017.228
http://www.ncbi.nlm.nih.gov/pubmed/29233531
https://doi.org/10.1016/j.ygyno.2017.12.005
https://doi.org/10.1016/j.ygyno.2017.12.005
https://doi.org/10.1016/j.ygyno.2017.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27153872
https://doi.org/10.1136/jclinpath-2016-203776
https://doi.org/10.1136/jclinpath-2016-203776
https://doi.org/10.1136/jclinpath-2016-203776
http://www.ncbi.nlm.nih.gov/pubmed/15466181
https://doi.org/10.1158/0008-5472.CAN-04-2067
https://doi.org/10.1158/0008-5472.CAN-04-2067
https://doi.org/10.1158/0008-5472.CAN-04-2067
http://www.ncbi.nlm.nih.gov/pubmed/32556513
https://doi.org/10.1007/s00404-020-05638-8
https://doi.org/10.1007/s00404-020-05638-8
https://doi.org/10.1007/s00404-020-05638-8
https://doi.org/10.31557/APJCP.2019.20.4.1127
http://www.diagnosticpathology.org/content/8/1/106
http://www.bjcancer.com
http://www.ncbi.nlm.nih.gov/pubmed/24549645
https://doi.org/10.1002/path.4252
https://doi.org/10.1002/path.4252
https://doi.org/10.1002/path.4252
http://www.ncbi.nlm.nih.gov/pubmed/12893203
https://doi.org/10.1016/S0090-8258(03)00264-6
https://doi.org/10.1016/S0090-8258(03)00264-6
https://doi.org/10.1016/S0090-8258(03)00264-6
http://aacrjournals.org/clincancerres/article-pdf/20/24/6618/2023208/6618.pdf
http://www.ncbi.nlm.nih.gov/pubmed/28873354
https://doi.org/10.1016/j.humpath.2017.08.021
https://doi.org/10.1016/j.humpath.2017.08.021
https://doi.org/10.1016/j.humpath.2017.08.021
https://doi.org/10.1530/ERC-21-0191
https://doi.org/10.1186/s13073-021-00952-5
http://www.cancerbiomed.org
http://www.ncbi.nlm.nih.gov/pubmed/26195696
https://doi.org/10.1200/JCO.2015.61.0873
https://doi.org/10.1200/JCO.2015.61.0873
https://doi.org/10.1200/JCO.2015.61.0873
http://www.ncbi.nlm.nih.gov/pubmed/29027536
https://doi.org/10.1038/modpathol.2017.121
https://doi.org/10.1038/modpathol.2017.121
https://doi.org/10.1038/modpathol.2017.121
http://www.ncbi.nlm.nih.gov/pubmed/21931712
https://doi.org/10.1371/journal.pone.0024433
https://doi.org/10.1371/journal.pone.0024433
https://doi.org/10.1371/journal.pone.0024433
https://doi.org/10.1371/annotation/856f0890-9d85-4719-8e54-c27530ac94f4


peritoneal fluids. Clin. Exp. Metastasis. 1999; 17(4): 293–297.
Publisher Full Text

118. Liang F, Ren C, Wang J, et al. : The crosstalk between STAT3 and
p53/RAS signaling controls cancer cellmetastasis and cisplatin
resistance via the Slug/MAPK/PI3K/AKT-mediated regulation
of EMT and autophagy. Oncog. 2019. 2019 Oct 9 [cited 2022
Aug 25]; 8(10): 1–15.
Reference Source

119. Mai J, Yang L, Xie HJ, et al. : Molecular mechanisms of platinum-
based chemotherapy resistance in ovarian cancer (Review).
Oncol. Rep. 2022; 47(4).
Publisher Full Text

120. Gershenson DM, Sun CC, Bodurka D, et al. : Recurrent low-grade
serous ovarian carcinoma is relatively chemoresistant. 2009.

121. Kato S, McFall T, Takahashi K, et al. : KRAS-Mutated, Estrogen
Receptor-Positive Low-Grade Serous Ovarian Cancer:
Unraveling an Exceptional Response Mystery. Oncologist. 2021
Apr 1; 26(4): e530–e536.
PubMed Abstract|Publisher Full Text

122. Kurman RJ, Shih IM: The dualistic model of ovarian
carcinogenesis revisited, revised, and expanded. Am. J. Pathol.
2016; 186: 733–747.
PubMed Abstract|Publisher Full Text

123. Bowtell DD, Böhm S, Ahmed AA, et al.: Rethinking ovarian cancer
II: Reducingmortality from high-grade serous ovarian cancer.
Nat. Rev. Cancer. 2015; 15: 668–679.
PubMed Abstract|Publisher Full Text|Free Full Text

124. Contributions Conceptualization A, Methodology RJY, -N.; Formal
Analysis AF, Investigation RJY:Most CommonlyMutatedGenes in
High-Grade Serous Ovarian Carcinoma Are Nonessential for
Ovarian Surface Epithelial StemCell Transformation Graphical
Abstract In Brief. 2020.

125. Babaier A, Ghatage P: Mucinous cancer of the ovary: Overview
and current status. Diagnostics. 2020; 10.
PubMed Abstract|Publisher Full Text

126. Babaier A, Ghatage P: diagnostics Mucinous Cancer of the
Ovary: Overview and Current Status. [cited 2022 Sep 9].
Reference Source

127. Liddell C, Droy-Dupré L, Métairie S, et al. : Mapping
clinicopathological entities within colorectal mucinous
adenocarcinomas: A hierarchical clustering approach. Mod.
Pathol. 2017; 30(8): 1177–1189.
PubMed Abstract|Publisher Full Text

128. Prat J: New insights into ovarian cancer pathology. Ann. Oncol.
2012; 23: x111–x117.
Publisher Full Text

129. Luo C, Cen S, Ding G, et al. : Mucinous colorectal
adenocarcinoma: Clinical pathology and treatment options.
Cancer Commun. 2019; 39: 13.
PubMed Abstract|Publisher Full Text

130. Enomoto T, Weghorst CM, Inoue M, et al.: K-ras activation occurs
frequently in mucinous adenocarcinomas and rarely in other
common epithelial tumors of the human ovary. Am. J. Pathol.
1991; 139(4): 777–785.
PubMed Abstract

131. Narikiyo M, Yano M, Kamada K, et al. : Molecular association of
functioning stroma with carcinoma cells in the ovary:
A preliminary study. Oncol. Lett. 2019; 17(3): 3562–3568.
PubMed Abstract|Publisher Full Text

132. WatanabeT,NanamiyaH, EndoY, et al.: Identificationandclinical
significance of somatic oncogenic mutations in epithelial
ovarian cancer. J Ovarian Res. 2021 [cited 2022 Sep 6]; 14: 129.
PubMed Abstract|Publisher Full Text

133. Pierson WE, Peters PN, Chang MT, et al. : may, Quigley DA,
Ashworth A, et al. An integrated molecular profile of
endometrioid ovarian cancer. Gynecol. Oncol. 2020 Apr 1; 157(1):
55–61.
PubMed Abstract|Publisher Full Text

134. Birkeland E, Wik E, Mjos S, et al. : KRAS gene amplification and
overexpression but not mutation associates with aggressive
and metastatic endometrial cancer. Br. J. Cancer. 2012 [cited
2022 Sep 12]; 107(12): 1997–2004.
PubMed Abstract|Publisher Full Text|Reference Source

135. Zhang C, Wang X, Anaya Y, et al.: Distinct molecular pathways in
ovarian endometrioid adenocarcinoma with concurrent
endometriosis. Int. J. Cancer. 2018 Nov 15 [cited 2022 Sep 12];
143(10): 2505–2515.
PubMed Abstract|Publisher Full Text

136. Dinulescu DM, Ince TA, Quade BJ, et al. : Role of K-ras
and Pten in the development of mouse models of
endometriosis and endometrioid ovarian cancer. Nat. Med.
2005; 11(1): 63–70.
Publisher Full Text

137. Yachida N, Yoshihara K, Yamaguchi M, et al. : How does
endometriosis lead to ovarian cancer? The molecular
mechanism of endometriosis-associated ovarian cancer
development. Cancers (Basel). 2021; 13(6): 1–14.
Publisher Full Text

138. Kim I, Lee JW, Lee M, et al. : Genomic landscape of ovarian clear
cell carcinoma via whole exome sequencing. Gynecol. Oncol.
2018 Feb 1 [cited 2022 Sep 12]; 148(2): 375–382.
PubMed Abstract|Publisher Full Text|Reference Source

139. Otsuka J, Okuda T, Sekizawa A, et al.:Krasmutationmay promote
carcinogenesis of endometriosis leading to ovarian clear cell
carcinoma. Med. Electron Microsc. 2004; 37: 188–192.

140. Zannoni GF, Improta G, Pettinato A, et al. : Molecular status of
PI3KCA, KRAS and BRAF in ovarian clear cell carcinoma: an
analysis of 63 patients. J. Clin. Pathol. 2016 [cited 2022 Sep 13]; 69:
1088–1092.
PubMed Abstract|Publisher Full Text

141. Maramai M, Barra F, Menada MV, et al. : Borderline ovarian
tumours: Management in the era of fertility-sparing surgery.
ecancermedicalscience. 2020; 14.
PubMed Abstract|Publisher Full Text

142. Taylor HC: Malignant and semimalignant tumors of the ovary.
Surg. Gynecol. Obs. 1929; 48(2).

143. Prat J: Pathology of borderline and invasive cancers. Best Pract.
Res. Clin. Obstet. Gynaecol. 2017; 41.

144. Dobrzycka B, Terlikowski SJ, Kowalczuk O, et al. :Mutations in the
KRAS gene in ovarian tumors. Folia Histochem. Cytobiol. 2009;
47(2).
Publisher Full Text

145. Anglesio MS, Arnold JM, George J, et al. : Mutation of ERBB2
provides a novel alternative mechanism for the ubiquitous
activation of RAS-MAPK in ovarian serous low malignant
potential tumors. Mol. Cancer Res. 2008; 6(11): 1678–1690.
Publisher Full Text

146. Wu SY, Lan SH, Cheng DE, et al. : Ras-related tumorigenesis is
suppressed by BNIP3-mediated autophagy through inhibition
of cell proliferation. Neoplasia. 2011; 13(12): 1171–IN28.
PubMed Abstract|Publisher Full Text

147. Miracco C, Cosci E, Oliveri G, et al.: Protein andmRNA expression
of autophagy gene Beclin 1 in human brain tumours. Int.
J. Oncol. 2007; 30(2): 429–436.
PubMed Abstract

148. Winter-Vann AM, Casey PJ: Post-prenylation-processing
enzymesasnewtargets inoncogenesis.Nat. Rev. Cancer. 2005;5:
405–412.
PubMed Abstract|Publisher Full Text

149. Lau HY, Tang J, Casey PJ, et al. : Isoprenylcysteine
carboxylmethyltransferase is critical for malignant
transformation and tumor maintenance by all RAS isoforms.
Oncogene. 2017; 36(27): 3934–3942.
PubMed Abstract|Publisher Full Text

150. Liu Q, Chen J, Fu B, et al. : Isoprenylcysteine
carboxylmethyltransferase regulates ovarian cancer cell
response to chemotherapy and RAS activation. Biochem.
Biophys. Res. Commun. 2018; 501(2): 556–562.
PubMed Abstract|Publisher Full Text

151. Chitnis SS, Selvaakumar C, Jagtap DD, et al.: Interaction of follicle-
stimulating hormone (FSH) receptor binding inhibitor-8:
A novel FSH-binding inhibitor, with FSH and its receptor. Chem.
Biol. Drug Des. 2009; 73(6): 637–643.
PubMed Abstract|Publisher Full Text

152. Wei S, Shen X, Lai L, et al.: FSH receptor binding inhibitor impacts
K-Ras and c-Myc of ovarian cancer and signal pathway.
Oncotarget. 2018; 9(32): 22498–22508.
PubMed Abstract|Publisher Full Text

153. Pierre S, BatsAS, Chevallier A, et al.: Inductionof theRasactivator
Son of Sevenless 1 by environmental pollutantsmediates their
effects on cellular proliferation. Biochem. Pharmacol. 2011; 81(2):
304–313.
PubMed Abstract|Publisher Full Text

154. Therachiyil L, Krishnankutty R, Ahmad F, et al. : Aryl Hydrocarbon
Receptor Promotes Cell Growth, Stemness Like
Characteristics, and Metastasis in Human Ovarian Cancer via
Activation of PI3K/Akt, β-Catenin, and Epithelial to
Mesenchymal Transition Pathways. 2022.
Publisher Full Text

155. Parrish AR, Fisher R, Bral CM, et al. : Benzo(a)pyrene-induced
alterations in growth-related gene expression and signaling in
precision-cut adult rat liver and kidney slices. Toxicol. Appl.
Pharmacol. 1998; 152(2): 302–308.
PubMed Abstract|Publisher Full Text

156. Bral CM, Ramos KS: Identification of benzo [a]pyrene-inducible
cis-acting elementswithin c- Ha-ras transcriptional regulatory

Page 16 of 21

F1000Research 2022, 11:1253 Last updated: 21 FEB 2023

https://doi.org/10.1023/A:1006611220434
https://www.nature.com/articles/s41389-019-0165-8
https://doi.org/10.3892/or.2022.8293
http://www.ncbi.nlm.nih.gov/pubmed/33528846
https://doi.org/10.1002/onco.13702
https://doi.org/10.1002/onco.13702
https://doi.org/10.1002/onco.13702
http://www.ncbi.nlm.nih.gov/pubmed/27012190
https://doi.org/10.1016/j.ajpath.2015.11.011
https://doi.org/10.1016/j.ajpath.2015.11.011
https://doi.org/10.1016/j.ajpath.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26493647
https://doi.org/10.1038/nrc4019
https://doi.org/10.1038/nrc4019
https://doi.org/10.1038/nrc4019
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4892184
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4892184
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4892184
http://www.ncbi.nlm.nih.gov/pubmed/31963927
https://doi.org/10.3390/diagnostics10010052
https://doi.org/10.3390/diagnostics10010052
https://doi.org/10.3390/diagnostics10010052
http://www.mdpi.com/journal/diagnostics
http://www.ncbi.nlm.nih.gov/pubmed/28429715
https://doi.org/10.1038/modpathol.2017.18
https://doi.org/10.1038/modpathol.2017.18
https://doi.org/10.1038/modpathol.2017.18
https://doi.org/10.1093/annonc/mds300
http://www.ncbi.nlm.nih.gov/pubmed/30922401
https://doi.org/10.1186/s40880-019-0361-0
https://doi.org/10.1186/s40880-019-0361-0
https://doi.org/10.1186/s40880-019-0361-0
http://www.ncbi.nlm.nih.gov/pubmed/1656759
http://www.ncbi.nlm.nih.gov/pubmed/30867798
https://doi.org/10.3892/ol.2019.9992
https://doi.org/10.3892/ol.2019.9992
https://doi.org/10.3892/ol.2019.9992
http://www.ncbi.nlm.nih.gov/pubmed/34615547
https://doi.org/10.1186/s13048-021-00876-z
https://doi.org/10.1186/s13048-021-00876-z
https://doi.org/10.1186/s13048-021-00876-z
http://www.ncbi.nlm.nih.gov/pubmed/32139151
https://doi.org/10.1016/j.ygyno.2020.02.011
https://doi.org/10.1016/j.ygyno.2020.02.011
https://doi.org/10.1016/j.ygyno.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23099803
https://doi.org/10.1038/bjc.2012.477
https://doi.org/10.1038/bjc.2012.477
https://doi.org/10.1038/bjc.2012.477
http://www.bjcancer.com
http://www.bjcancer.com
http://www.bjcancer.com
http://www.ncbi.nlm.nih.gov/pubmed/30152524
https://doi.org/10.1002/ijc.31768
https://doi.org/10.1002/ijc.31768
https://doi.org/10.1002/ijc.31768
https://doi.org/10.1038/nm1173
https://doi.org/10.3390/cancers13061439
http://www.ncbi.nlm.nih.gov/pubmed/29233531
https://doi.org/10.1016/j.ygyno.2017.12.005
https://doi.org/10.1016/j.ygyno.2017.12.005
https://doi.org/10.1016/j.ygyno.2017.12.005
http://www.gynecologiconcology-online.net/article/S0090825817315524/fulltext
http://www.gynecologiconcology-online.net/article/S0090825817315524/fulltext
http://www.gynecologiconcology-online.net/article/S0090825817315524/fulltext
http://www.ncbi.nlm.nih.gov/pubmed/27153872
https://doi.org/10.1136/jclinpath-2016-203776
https://doi.org/10.1136/jclinpath-2016-203776
https://doi.org/10.1136/jclinpath-2016-203776
http://www.ncbi.nlm.nih.gov/pubmed/32419843
https://doi.org/10.3332/ecancer.2020.1031
https://doi.org/10.3332/ecancer.2020.1031
https://doi.org/10.3332/ecancer.2020.1031
https://doi.org/10.2478/v10042-009-0039-6
https://doi.org/10.1158/1541-7786.MCR-08-0193
http://www.ncbi.nlm.nih.gov/pubmed/22241963
https://doi.org/10.1593/neo.11888
https://doi.org/10.1593/neo.11888
https://doi.org/10.1593/neo.11888
http://www.ncbi.nlm.nih.gov/pubmed/17203225
http://www.ncbi.nlm.nih.gov/pubmed/15864282
https://doi.org/10.1038/nrc1612
https://doi.org/10.1038/nrc1612
https://doi.org/10.1038/nrc1612
http://www.ncbi.nlm.nih.gov/pubmed/28192404
https://doi.org/10.1038/onc.2016.508
https://doi.org/10.1038/onc.2016.508
https://doi.org/10.1038/onc.2016.508
http://www.ncbi.nlm.nih.gov/pubmed/29746868
https://doi.org/10.1016/j.bbrc.2018.05.038
https://doi.org/10.1016/j.bbrc.2018.05.038
https://doi.org/10.1016/j.bbrc.2018.05.038
http://www.ncbi.nlm.nih.gov/pubmed/19635055
https://doi.org/10.1111/j.1747-0285.2009.00810.x
https://doi.org/10.1111/j.1747-0285.2009.00810.x
https://doi.org/10.1111/j.1747-0285.2009.00810.x
http://www.ncbi.nlm.nih.gov/pubmed/29854294
https://doi.org/10.18632/oncotarget.25139
https://doi.org/10.18632/oncotarget.25139
https://doi.org/10.18632/oncotarget.25139
http://www.ncbi.nlm.nih.gov/pubmed/20950586
https://doi.org/10.1016/j.bcp.2010.10.003
https://doi.org/10.1016/j.bcp.2010.10.003
https://doi.org/10.1016/j.bcp.2010.10.003
https://doi.org/10.3390/ijms23126395
http://www.ncbi.nlm.nih.gov/pubmed/9852999
https://doi.org/10.1006/taap.1998.8525
https://doi.org/10.1006/taap.1998.8525
https://doi.org/10.1006/taap.1998.8525


sequences. Mol. Pharmacol. 1997; 52(6): 974–982.
PubMed Abstract|Publisher Full Text

157. Enan E, Matsumura F: Significance of TCDD-induced changes in
protein phosphorylation in the adipocyte of male guinea pigs.
J. Biochem. Toxicol. 1994; 9(3): 159–170.
PubMed Abstract|Publisher Full Text

158. Puga A,Maier A,MedvedovicM: The transcriptional signature of
dioxin in human hepatoma HepG2 cells. Biochem. Pharmacol.
2000; 60(8): 1129–1142.
PubMed Abstract|Publisher Full Text

159. BhuiyanMIH, Song S, YuanH, et al.:WNK-Cab39-NKCC1 signaling
increases the susceptibility to ischemic brain damage in
hypertensive rats. J. Cereb. Blood Flow Metab. 2017; 37(8):
2780–2794.
PubMed Abstract|Publisher Full Text

160. Li F, Liang Z, Jia Y, et al. : microRNA-324-3p suppresses the
aggressive ovarian cancer by targeting WNK2/RAS pathway.
Bioengineered. 2022; 13(5): 12030–12044.
PubMed Abstract|Publisher Full Text

161. Parker F, Maurier F, Delumeau I, et al. : A Ras-GTPase-activating
protein SH3-domain-binding protein. Mol. Cell. Biol. 1996; 16(6):
2561–2569.
PubMed Abstract|Publisher Full Text|Free Full Text

162. Zhang H, Zhang S, He H, et al. : RasGAP-derived peptide 38GAP
potentiates the cytotoxicity of cisplatin through inhibitions of
Akt, ERK andNF-κB in colon carcinomaHCT116 cells. Cancer Lett.
2011; 308(1): 62–70.
PubMed Abstract|Publisher Full Text

163. Goody RS, Frech M, Wittinghofer A: Affinity of guanine
nucleotide binding proteins for their ligands: facts and
artefacts. Trends Biochem. Sci. 1991; 16(C): 327–328.
PubMed Abstract|Publisher Full Text

164. Ryan MB, Corcoran RB: Therapeutic strategies to target RAS-
mutant cancers. Nat. Rev. Clin. Oncol. 2018; 15: 709–720.
PubMed Abstract|Publisher Full Text

165. Cox AD, Fesik SW, Kimmelman AC, et al. : Drugging the
undruggable RAS: Mission Possible? Nat. Rev. Drug Discov. 2014;
13: 828–851.
PubMed Abstract|Publisher Full Text

166. Kiessling MK, Rogler G: Targeting the RAS pathway bymitogen-
activated protein kinase inhibitors. Swiss Med. Wkly. 2015; 145.

167. KimMJ, Lee SJ, Ryu JH, et al.: Combination of KRAS gene silencing
and PI3K inhibition for ovarian cancer treatment. J. Control.
Release. 2020; 318: 98–108.
PubMed Abstract|Publisher Full Text

168. Lito P, Rosen N, Solit DB: Tumor adaptation and resistance to
RAF inhibitors. Nat. Med. 2013; 19: 1401–1409.
Publisher Full Text

169. Desai J, Gan H, Barrow C, et al. : Phase I, open-label, dose-
escalation/dose-expansion study of lifirafenib (BGB-283), an
RAF family kinase inhibitor, in patients with solid tumors.
J. Clin. Oncol. 2020; 38(19): 2140–2150.
PubMed Abstract|Publisher Full Text

170. Thein KZ, Biter AB, Hong DS: Therapeutics Targeting Mutant
KRAS. Annu. Rev. Med. 2021; 72: 349–364.
Publisher Full Text

171. Kessler D, Gmachl M, Mantoulidis A, et al. : Drugging an
undruggable pocket on KRAS. Proc. Natl. Acad. Sci. U. S. A. 2019;
116(32): 15823–15829.
Publisher Full Text

172. Nagasaka M, Li Y, Sukari A, et al. : KRAS G12C Game of Thrones,
which direct KRAS inhibitor will claim the iron throne? Cancer
Treat. Rev. 2020; 84: 101974.
PubMed Abstract|Publisher Full Text

173. Hallin J, Engstrom LD, Hargi L, et al. : The KRASG12C inhibitor
MRTX849 provides insight toward therapeutic susceptibility of
KRAS-mutant cancers in mouse models and patients. Cancer
Discov. 2020; 10(1): 54–71.
PubMed Abstract|Publisher Full Text

174. Wang X, Allen S, Blake JF, et al. : Identification of MRTX1133, a
Noncovalent, Potent, and Selective KRASG12DInhibitor. J. Med.
Chem. 2022; 65(4): 3123–3133.
Publisher Full Text

175. Jänne PA, Rybkin II, Spira AI, et al.:KRYSTAL-1: Activity and Safety
of Adagrasib (MRTX849) in Advanced/Metastatic Non–Small-
Cell Lung Cancer (NSCLC) Harboring KRAS G12C Mutation.
Eur. J. Cancer. 2020; 138.

176. Lito P, Solomon M, Li LS, et al. : Cancer therapeutics: Allele-
specific inhibitors inactivate mutant KRAS G12C by a trapping
mechanism. Science (80-). 2016; 351(6273): 604–608.
PubMed Abstract|Publisher Full Text

177. Muzumdar MD, Chen PY, Dorans KJ, et al. : Survival of pancreatic
cancer cells lacking KRAS function. Nat. Commun. 2017; 8(1):
1090.
PubMed Abstract|Publisher Full Text

178. Ryan MB, de la Cruz FF, Phat S, et al.: Vertical pathway inhibition
overcomes adaptive feedback resistance to KrasG12C
inhibition. Clin. Cancer Res. 2020; 26(7): 1633–1643.
PubMed Abstract|Publisher Full Text

179. Zhu C, Guan X, Zhang X, et al. : Targeting KRAS mutant cancers:
from druggable therapy to drug resistance. Mol. Cancer. 2022;
21(1): 159.
PubMed Abstract|Publisher Full Text

180. Shroff GS, de Groot PM, Papadimitrakopoulou VA, et al.: Targeted
Therapy and Immunotherapy in the Treatment of Non–Small
Cell Lung Cancer. Radiol. Clin. N. Am. 2018; 56: 485–495.
Publisher Full Text

181. Guo F, Gong H, Zhao H, et al. : Mutation status and prognostic
values of KRAS, NRAS, BRAF and PIK3CA in 353 Chinese
colorectal cancer patients. Sci. Rep. 2018; 8(1).
Publisher Full Text

182. Therkildsen C, Bergmann TK, Henrichsen-Schnack T, et al. : The
predictive value of KRAS, NRAS, BRAF, PIK3CA and PTEN for
anti-EGFR treatment in metastatic colorectal cancer: A
systematic review and meta-analysis. Acta Oncol. 2014; 53:
852–864.
PubMed Abstract|Publisher Full Text

183. Sideris M, Emin EI, Abdullah Z, et al. : The role of KRAS in
endometrial cancer: A mini-review. Anticancer Res. 2019; 39(2):
533–539.
PubMed Abstract|Publisher Full Text

184. Spreafico A, Oza AM, Clarke BA, et al. : Genotype-matched
treatment for patients with advanced type I epithelial ovarian
cancer (EOC). Gynecol. Oncol. 2017; 144(2): 250–255.
PubMed Abstract|Publisher Full Text

185. Costa-Cabral S, Brough R, Konde A, et al. : CDK1 Is a synthetic
lethal target for KRAS mutant tumours. PLoS One. 2016; 11(2).

186. Inaba K, Oda K, Aoki K, et al. : Synergistic antitumor effects of
combination PI3K/mTOR and MEK inhibition (SAR245409 and
pimasertib) in mucinous ovarian carcinoma cells by
fluorescence resonance energy transfer imaging. Oncotarget.
2016; 7(20): 29577–29591.
PubMed Abstract|Publisher Full Text

187. Yu Z, Pestell TG, Lisanti MP, et al. : Cancer Stem Cells. 2012.

188. Zong X, Nephew KP: cancers Ovarian Cancer Stem Cells: Role in
Metastasis and Opportunity for Therapeutic Targeting. [cited
2022 Sep 26].
Reference Source

189. Terraneo N, Jacob F, Dubrovska A, et al. : Novel Therapeutic
Strategies for Ovarian Cancer Stem Cells. Front. Oncol. 2020;
10(March): 1–17.
Publisher Full Text

190. Takahashi A, Hong L, Chefetz I:ReviewOpen Access Cancer Drug
Resistance How to win the ovarian cancer stem cell battle:
destroying the roots. Cancer Drug Resist. 2020 [cited 2022 Sep 29];
3: 1021–1033.
PubMed Abstract|Publisher Full Text|Reference Source

191. Diaz Osterman CJ, Ozmadenci D, Kleinschmidt EG, et al. : FAK
activity sustains intrinsic and acquired ovarian cancer
resistance to platinum chemotherapy. 2019 [cited 2022 Sep 26].
Publisher Full Text

192. Deng J, Bai X, Feng X, et al. : Inhibition of PI3K/Akt/mTOR
signaling pathway alleviates ovarian cancer chemoresistance
through reversing epithelial-mesenchymal transition and
decreasing cancer stem cell marker expression. [cited 2022
Sep 29].
Publisher Full Text

193. Zhang S, Cui B, Lai H, et al. : Ovarian cancer stem cells express
ROR1,which canbe targeted for anti-cancer-stem-cell therapy.
[cited 2022 Sep 29].
Publisher Full Text

194. Zhang T, Xu J, Deng S, et al. : Core signaling pathways in ovarian
cancer stem cell revealed by integrative analysis of multi-
marker genomics data. 2018 [cited 2022 Sep 27].
Publisher Full Text

195. Shokouhifar A, Sarab GA, Yazdanifar M, et al. : Overcoming the
UCB HSCs-Derived NK cells Dysfunction through Harnessing
RAS/MAPK, IGF-1R andTGF-β SignalingPathways.Cancer Cell Int.
2021 [cited 2022 Sep 27]; 21: 298.
PubMed Abstract|Publisher Full Text

Page 17 of 21

F1000Research 2022, 11:1253 Last updated: 21 FEB 2023

http://www.ncbi.nlm.nih.gov/pubmed/9415707
https://doi.org/10.1124/mol.52.6.974
https://doi.org/10.1124/mol.52.6.974
https://doi.org/10.1124/mol.52.6.974
http://www.ncbi.nlm.nih.gov/pubmed/7983682
https://doi.org/10.1002/jbt.2570090308
https://doi.org/10.1002/jbt.2570090308
https://doi.org/10.1002/jbt.2570090308
http://www.ncbi.nlm.nih.gov/pubmed/11007951
https://doi.org/10.1016/S0006-2952(00)00403-2
https://doi.org/10.1016/S0006-2952(00)00403-2
https://doi.org/10.1016/S0006-2952(00)00403-2
http://www.ncbi.nlm.nih.gov/pubmed/27798271
https://doi.org/10.1177/0271678X16675368
https://doi.org/10.1177/0271678X16675368
https://doi.org/10.1177/0271678X16675368
http://www.ncbi.nlm.nih.gov/pubmed/35549643
https://doi.org/10.1080/21655979.2022.2056314
https://doi.org/10.1080/21655979.2022.2056314
https://doi.org/10.1080/21655979.2022.2056314
http://www.ncbi.nlm.nih.gov/pubmed/8649363
https://doi.org/10.1128/MCB.16.6.2561
https://doi.org/10.1128/MCB.16.6.2561
https://doi.org/10.1128/MCB.16.6.2561
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC231246
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC231246
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC231246
http://www.ncbi.nlm.nih.gov/pubmed/21570766
https://doi.org/10.1016/j.canlet.2011.04.014
https://doi.org/10.1016/j.canlet.2011.04.014
https://doi.org/10.1016/j.canlet.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/1949151
https://doi.org/10.1016/0968-0004(91)90134-H
https://doi.org/10.1016/0968-0004(91)90134-H
https://doi.org/10.1016/0968-0004(91)90134-H
http://www.ncbi.nlm.nih.gov/pubmed/30275515
https://doi.org/10.1038/s41571-018-0105-0
https://doi.org/10.1038/s41571-018-0105-0
https://doi.org/10.1038/s41571-018-0105-0
http://www.ncbi.nlm.nih.gov/pubmed/25323927
https://doi.org/10.1038/nrd4389
https://doi.org/10.1038/nrd4389
https://doi.org/10.1038/nrd4389
http://www.ncbi.nlm.nih.gov/pubmed/31838203
https://doi.org/10.1016/j.jconrel.2019.12.019
https://doi.org/10.1016/j.jconrel.2019.12.019
https://doi.org/10.1016/j.jconrel.2019.12.019
https://doi.org/10.1038/nm.3392
http://www.ncbi.nlm.nih.gov/pubmed/32182156
https://doi.org/10.1200/JCO.19.02654
https://doi.org/10.1200/JCO.19.02654
https://doi.org/10.1200/JCO.19.02654
https://doi.org/10.1146/annurev-med-080819-033145
https://doi.org/10.1073/pnas.1904529116
http://www.ncbi.nlm.nih.gov/pubmed/32014824
https://doi.org/10.1016/j.ctrv.2020.101974
https://doi.org/10.1016/j.ctrv.2020.101974
https://doi.org/10.1016/j.ctrv.2020.101974
http://www.ncbi.nlm.nih.gov/pubmed/31658955
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1158/2159-8290.CD-19-1167
https://doi.org/10.1021/acs.jmedchem.1c01688
http://www.ncbi.nlm.nih.gov/pubmed/26841430
https://doi.org/10.1126/science.aad6204
https://doi.org/10.1126/science.aad6204
https://doi.org/10.1126/science.aad6204
http://www.ncbi.nlm.nih.gov/pubmed/29061961
https://doi.org/10.1038/s41467-017-00942-5
https://doi.org/10.1038/s41467-017-00942-5
https://doi.org/10.1038/s41467-017-00942-5
http://www.ncbi.nlm.nih.gov/pubmed/31776128
https://doi.org/10.1158/1078-0432.CCR-19-3523
https://doi.org/10.1158/1078-0432.CCR-19-3523
https://doi.org/10.1158/1078-0432.CCR-19-3523
http://www.ncbi.nlm.nih.gov/pubmed/35922812
https://doi.org/10.1186/s12943-022-01629-2
https://doi.org/10.1186/s12943-022-01629-2
https://doi.org/10.1186/s12943-022-01629-2
https://doi.org/10.1016/j.rcl.2018.01.012
https://doi.org/10.1038/s41598-018-24306-1
http://www.ncbi.nlm.nih.gov/pubmed/24666267
https://doi.org/10.3109/0284186X.2014.895036
https://doi.org/10.3109/0284186X.2014.895036
https://doi.org/10.3109/0284186X.2014.895036
http://www.ncbi.nlm.nih.gov/pubmed/30711927
https://doi.org/10.21873/anticanres.13145
https://doi.org/10.21873/anticanres.13145
https://doi.org/10.21873/anticanres.13145
http://www.ncbi.nlm.nih.gov/pubmed/28062115
https://doi.org/10.1016/j.ygyno.2016.12.002
https://doi.org/10.1016/j.ygyno.2016.12.002
https://doi.org/10.1016/j.ygyno.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/27102436
https://doi.org/10.18632/oncotarget.8807
https://doi.org/10.18632/oncotarget.8807
https://doi.org/10.18632/oncotarget.8807
http://www.mdpi.com/journal/cancers
https://doi.org/10.3389/fonc.2020.00319
http://www.ncbi.nlm.nih.gov/pubmed/35582216
https://doi.org/10.20517/cdr.2020.93
https://doi.org/10.20517/cdr.2020.93
https://doi.org/10.20517/cdr.2020.93
http://www.cdrjournal.com
http://www.cdrjournal.com
http://www.cdrjournal.com
https://doi.org/10.7554/eLife.47327.001
https://doi.org/10.1186/s12885-019-5824-9
https://doi.org/10.1073/pnas.1419599111
https://doi.org/10.1371/journal.pone.0196351
http://www.ncbi.nlm.nih.gov/pubmed/34098947
https://doi.org/10.1186/s12935-021-01983-z
https://doi.org/10.1186/s12935-021-01983-z
https://doi.org/10.1186/s12935-021-01983-z


Open Peer Review
Current Peer Review Status:   

Version 1

Reviewer Report 16 November 2022

https://doi.org/10.5256/f1000research.138739.r155264

© 2022 Raza H et al. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Haider Raza  
Department of Biochemistry and Molecular Biology, College of Medicine and Health Sciences, 
United Arab Emirates University, Al Ain, United Arab Emirates 
Annie John  
United Arab Emirates University, Al Ain, United Arab Emirates 

This is a comprehensive and interesting review on RAS family mutations in cancer focusing on 
ovarian cancer. In this review, the authors have described the role of RAS, which regulates several 
signaling pathways involved in cell proliferation, differentiation, and cell death/survival. The 
authors have focused on the mutational status of RAS, especially KRAS in mediating 
carcinogenesis and chemoresistance in ovarian cancer (OC). 
 
The authors have reviewed the subtypes of ovarian cancer, mutations in RAS, especially KRAS, the 
frequency of incidence, and the clinical relevance of the mutations on signaling pathways. They 
have also favorably tackled the problems involved in KRAS-targeted therapy and resistance in OC. 
 
However, a few minor issues need to be addressed:

The authors have schematically presented the classification of OC very well, based on 
cellular origin, with the various sub-types. Though the frequency of the other carcinomas is 
minimal compared to that of the epithelial, it would be a good idea to include at least some 
basic information regarding the tumors from other cellular origins. 
 

1. 

In Table 2, the authors have given the mutational status and clinical relevance of RAS 
mutations. In the column, showing ‘Specimen’, the authors have given arbitrary descriptions 
like patient specimens or human tissue specimens etc. It would be good if the authors could 
identify and specify the specimen/tissues referred to in the given references. 
 

2. 

The authors have mentioned the disadvantages of targeted therapy due to the feedback 
loop leading to chemoresistance. An elaboration on this would help the readers better 
understand the mechanism. 
 

3. 
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The discussion on the role of AhR and RAS activation is limited and referred to the author’s 
previous review which is not published yet (Ref #154?). An expansion on this subject (or 
access to the previous published review) may be beneficial to the readers owing to the wide 
range of AhR involvement in carcinogenesis, inflammation and hormonal signaling, 
including in OC. 
 

4. 

A brief description on the pathophysiology and hormonal sensitivity of OC 
progression/regression, metastasis and chemoresistance/sensitivity would also improve the 
quality of the present review. Only cisplatin/platinum based-drug resistance has been 
discussed in this review. This can also be expanded by including other specific/precision-
based therapies (e.g. in Figure 2 on radio-or other chemo-based therapies).
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In this article the authors have highlighted the role of the RAS family of proteins in the 
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pathogenesis of ovarian cancers. The article has covered a wide range of functional aspects of RAS 
including mutational aspects of RAS and its association with various signaling pathways such as 
RAF-1/MAPK (mitogen-activated protein kinase), PI3K phosphoinositide-3 kinase (PI3K)/AKT, 
RalGEFs, Rac/Rho, BRAF (v-Raf murine sarcoma viral oncogene homolog B), MEK1 (mitogen-
activated protein kinase kinase 1), ERK (extracellular signal-regulated kinase), PKB (protein kinase 
B), and PKC (protein kinase C) involved in cell proliferation as well as maintenance pathways 
thereby driving tumorigenesis and cancer cell propagation.  
 
It is an important addition to the current state of literature and a very timely one too. The 
manuscript is well written, and literature extensively reviewed. There are just a few minor issues to 
take care of before possible indexing: 
 
Minor comments:

It is will important to add a graphic abstract. 
 

1. 

The full form of OC should be provided for use in the introduction section. 
 

2. 

Editing/spelling checks in a few sections is required.3. 
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