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Preface

Ovarian cancer (OC) is a heterogeneous disease composed of multiple distinct
molecular and clinical subtypes. Women with OC, in particular high-grade serous
ovarian cancer (HGSOC), face a formidable challenge as fatal resistance to therapies
commonly occurs within a few years of diagnosis, with the exception of rare subtypes
such as ovarian germ cell tumour. Improvement in our ability to target the underlying
drivers and vulnerabilities of OC, together with advances in surgical techniques, are
essential to developing effective treatments for women battling this disease.

HGSOC accounts for much of the lethality of epithelial OC and is the OC subtype
of focus in this book. However, the book also covers the genetics and mutational
landscape of a rare and lesser-known ovarian cancer, granulosa cell tumour. In
general, the molecular characterisation of HGSOC has revealed several subtypes
associated with distinct phenotypes and clinical outcomes. The first section of

this book explores the utility of OC molecular subtyping for directing therapeutic
decisions, the implications of ovarian cancer genetic profiling for the patient, the
current understanding of OC tumorigenesis and the role of epigenetic events in this
disease.

Most OC is diagnosed at an advanced stage and, in particular for HGSOC, often
regarded as a systemic disease. Despite this, the role of surgical cytoreduction
remains paramount in the management of OC diagnosed at any stage. Although
there has been a significant shift in the management paradigm for women with
more advanced OC from primary cytoreductive surgery (PCS) to neoadjuvant
chemotherapy (NACT) followed by interval surgery, maximum cytoreduction of
tumour to microscopic residual disease, also known as RO resection or complete
resection (CR), is one of the most important positive prognostic factors for women
with OC. RO resection is the current gold standard for optimal debulking surgery.
The second section of the book focuses on the role of ultra-radical surgery and
hyperthermic intraperitoneal chemotherapy (HIPEC) in the management of
women with more advanced OC.

Unfortunately, it is inevitable that most OC will recur. More than 70% of women with
HGSOC will relapse within three years, and almost all patients with the recurrent
disease will eventually succumb to their cancer. The focus of any treatment is there-
fore mainly palliative. Chemotherapy with platinum-based or non-platinum-based
agents has remained the mainstay of treatment for affected women, despite minimal
gains in OC overall survival for the last three decades. It is only recently, with the
introduction of poly adenosine diphosphate(ADP)-ribose polymerase inhibitors
(PARPi) for treatment of patients with homologous recombination deficient (HRD)
tumours, that improvements in OC overall survival is observed. To develop more
effective treatments for HGSOC, an in-depth understanding of the early genetic
events in HGSOC tumorigenesis is crucial. The last section of the book highlights
several potential novel OC therapeutic approaches including targeting the leader cell
population to increase chemotherapy sensitivity, use of nanoparticle and gas plasma
technologies, and exploration of anti-parasitic drug and epigenetic therapies.



In summary, this book brings together many leading specialists’ discoveries and
opinions in exploring novel concepts in OC tumour biology and management. It
also highlights the rapidly evolving landscape in the understanding and treatment

of this devastating disease.

XIvV

Gwo-Yaw Ho

School of Clinical Sciences,
Monash University,

Department of Medical Oncology,
Monash Health,

Melbourne, Australia

Kate Webber
Monash University,
Australia
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Chapter1

Ovarian Cancer: Molecular
Classification and Targeted
Therapy

Febina Ravindran and Bibha Choudhary

Abstract

Ovarian cancer is the deadliest gynecological cancer among women with an
overall 5-year survival rate below 50% due to its asymptomatic nature, diagnosis at
advanced stages, and a high recurrence rate after standard therapy in 70% of cases.
Ovarian cancers are heterogenous cancers where each subtype possesses a varied mor-
phology and biologic behavior. Accumulating evidence has identified each of these
subtypes characterized with specific pathways activated in each along with specific
gene alterations. For example, high-grade serous ovarian cancer is characterized by
universal TP53 mutation, mucinous ovarian cancer with KRAS mutation and clear
cell or endometrioid ovarian cancers with ARIDIA mutations. With the current focus
of molecular-targeted therapies for cancer, such druggable markers serve as excellent
targets for precision therapy and combination therapy. This chapter, provides an
overview of the critical molecular pathways activated in the ovarian cancer subtypes
with its druggable targets studied in ovarian cancer. We also highlight the implications
of miRNAs in chemoresistance and sensitivity in the regulation of ovarian cancer.

Keywords: ovarian cancer subtypes, targeted therapy, miRNAs in ovarian cancers

1. Introduction

Ovaries are the prime female reproductive organ that produces the oocyte or
the egg cell for fertilization. It is also an endocrine gland that produces the female
sex hormones estrogen and progesterone responsible for ovulation and pregnancy
maintenance. Some of the diseases that affect the ovaries are ovarian cysts, primary
ovarian insufficiency, ovarian torsion and more recently ovarian cancer (OC). OC
was first detected in the 1950s and is now one of the deadliest gynecological cancers
among women [1, 2]. According to the latest Global Cancer Observatory: CANCER
TODAY (GLOBOCAN 2018), the incidence and mortality rates of OC vary glob-
ally and ranks at the 8th and 7th position respectively [3]. The highest mortality
rates are reported in Oceania and Europe and the lowest are from Latin America,
the Caribbean and Asia [3]. OCs are also prevalent in countries with a high human
development index (HDI) but with lower mortality rates due to increased diagnos-
tic and therapeutic support [4].

Most OCs manifest post menopause and the increased incidence is reported
in women older than 65 years [5]. Considering the ethnicity, non-Hispanic white
women are reported to have the highest incidence and mortality rates [6]. OCs are
heterogeneous cancer, hence the risk factors for each histological subtype vary. In
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general, some of the major risk factors for OC include Hereditary Breast and Ovarian
Cancer (HBOC) syndrome [7], Lynch syndrome [8], menopausal hormonal therapy
[9, 10], endometriosis [11], IVF treatment [12], use of fertility drugs [13], late meno-
pause [14] and null parity [15]. Interestingly, high parity [16], hysterectomy [17]

and usage of hormonal contraceptive pills for prolonged periods [18] are reported to
have a protective effect since these conditions confer in the suppression of ovulatory
cycles [19]. The sterilization treatment, tubal ligation is also reported to reduce the
risk of OCs [17, 20]. Recently reported other emerging risk factors for OCs are the use
of talc powders [21], asbestos exposure [22] and pelvic inflammatory disease [23].

OCs are difficult to detect;therefore almost 60% of OC cases are diagnosed at
advanced stages [24]. It is often called the “whispering cancer” or “silent cancer”
due to its asymptomatic nature and late presentation [25, 26]. Late-stage OC
symptoms are very nonspecific and diffuse but may include abdominal bloating
or swelling, pelvic pain, increased urinary urgency, weight loss, or fatigue [27, 28].
Although a biopsy is the only reliable diagnosis for OC, screening for serum can-
cer antigen 125 (CA-125) levels combined with ultrasound imaging are used for
women with increased risk [29]. The emerging technique of liquid biopsy is being
explored for identifying serum biomarkers for early detection of OCs. It holds
great promise being non-invasive and is utilized to diagnose, prognose and predict
surgical outcomes. One such serum biomarker identified is the Human Epididymis
Protein 4 (HE4) which is reported to have high specificity for OCs [30, 31]. 2011
FDA approved, ROMA index (risk of ovarian malignancy algorithm) deduced from
HE4, CA-125 and the menopausal status is used for diagnosis and prognosis of
OCs with a specificity of 90% [32-34]. Another recent 2016 FDA approved serum-
based screening test, Overa also uses HE4 levels along with other serum proteins is
reported to show a sensitivity of 94% along with pathological diagnosis [35]. The
mutational status of multiple cancer-causing genes are also being developed as
screening tests for various cancers like PapSEEK and CancerSEEK and are reported
to detect OC with a specificity of 63% and 98%, respectively [36, 37].

According to the World cancer report 2020, OC five-year survival rate is below
30% [38]. This is mainly because this cancer gets diagnosed at stage III or IV with
metastasis and the recurrence rate high despite standard therapy. Cytoreductive
surgery followed by chemotherapy based on cancer’s surgical stage remains the
gold standard treatment for OCs. The most commonly administered chemotherapy
drugs are platinum derivatives e.g. cisplatin and carboplatin and are often combined
with taxane-based drugs like paclitaxel or docetaxel. These drugs induce apoptosis
in the tumor cells by creating double-stranded breaks in the DNA [39]. Despite che-
motherapy being effective for advanced cancers in the initial phases, cancer relapses
in 70% of cases due to drug resistance [40]. In the case of recurrent OCs, the second
line of the chemotherapy treatment regimen is based on the platinum-free interval
and the tumor’s molecular profile [41]. Furthermore, the treatment options include
combinations of carboplatin with gemcitabine, topotecan, vinorelbine, trabectedin,
belotecan or pegylated liposomal doxorubicin [42].

Despite intensive combination chemotherapy, the survival rate decreases with
chemoresistance and subsequent OC metastasis. The lack of anatomical barrier
around the ovaries facilitates the dissemination of OC cells into the peritoneal
cavity, metastasizing onto abdominal organs resulting in bowel obstruction, which
is the major cause of OC morbidity and mortality [43, 44]. Currently, there are no
preventive measures for OCs, and options for the high-risk category are prophy-
lactic surgeries like hysterectomy (removal of the uterus) combined with bilateral
salpingo-oophorectomy (removal of both ovaries and fallopian tube) or bilateral
salpingectomy (removal of both fallopian tubes) [45]. Women with average risk can
opt for oral contraceptive treatment [46].
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Presently, there is no effective cure for advanced OC. Though these cancers
vary histologically, clinical treatment therapies neglect these differences and are
treated as a single disease. Each OC subtype is characterized by specific genetic
mutations that deregulate specific signaling pathways that should be utilized for
personalized or tailored therapeutics. Precision therapy is the need of the hour for
OC treatment in improving the current survival rate. In the following sections of
the chapter, we describe the various OC subtypes, their histological classification
and the key molecular pathways activated in each subtype along with its druggable
targets.

2. Ovarian cancer subtypes

OC neoplasms arise from distinct regions of the ovary. They are termed
heterogeneous as each OC subtype is unique with varied morphology, biologic
behavior and even prognosis. High throughput sequencing technologies have identi-
fied each OC subtype as distinct even on a molecular level with unique genomic
characteristics. OCs are broadly classified into epithelial and non-epithelial cancers.
Non-epithelial cancer comprises germ cell cancer, stromal cell cancer, and the
rare small cell carcinoma. The origin of the various subtypes of OCs and the
sub-classifications are depicted in Figure 1.

2.1 Epithelial ovarian cancer (EOC)

Epithelial ovarian cancers (EOCs) comprise 90% of all OCs and are among the
most well-characterized forms of OC. EOCs are thought to arise from the epithe-
lium, the outer lining of the ovary. EOC is an age-related disease and is considered
mainly a postmenopausal disease. Based on tumor cell morphology, they are
further subdivided into high grade serous ovarian carcinoma (HGSOC), low grade
serous ovarian carcinoma (LGSOC), mucinous ovarian carcinoma (MOC), endo-
metrioid carcinoma (EC), and clear-cell carcinoma (CCC). The histological image,
epidemiology, molecular alterations and pathways affecting each EOC variant are
outlined in Figure 2.

OVARIAN EPITHELIAL CANCER OVARIAN SEX CHORD-STROMAL
= High-Grade Serous Carcinomas TUMORS
» Low-Grade Serous Carcinomas Stromal tumors
= Clear cell carcinoma 1. Fibroma
* Endometrioid 2. Thecoma
*  Mucinous 3. Fibrosarcoma
4. Leydig cell tumor
FALLOPIAN TUBE 5. Steroid cell tumor
6. Sclerosing stromal tumor
Sex chord tumors

Adult granulosa cell tumor
Juvenile granulosa tumor
Sertoli cell tumor

Sex chord tumor with annular
tubules

Mixed sex chord-stromal tumors
1. Sertoli-Leydig cell tumor

R o e

OVARIAN GERM CELL TUMORS
1. Dysgerminoma
2. Immature teratoma SMALL CELL CARCINOMA OF THE OVARY
3. Yolk sac tumors 1. SCCO - hypercalcemic type
4, Mixed germ cell tumors 2. SCCO - pulmonary type
Figure 1.

Origin of the various ovarian cancer subtypes and their sub-classifications.
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HIGH GRADE SEROUS OVARIAN CARCINOMA

Incidence: 75% of EOCs

Age affected: >65 years

Risk factors: HBOC syndrome, Menopausal hormonal therapy
Prognosis: Poor

Chromosomal aberrations: TP53 mutations (90%), BRCA
mutations (<20%)

Major pathways affected: HR pathway

Incidence: <2% of all OCs

Age affected: mean age of 55 years

Risk factors: Menopausal hormonal therapy

Prognosis: Intermediate

Chromosomal aberrations: Mutations in
BRAF/KRAS/NRAS, ERBB2, PI3KCA, FFAR1, USP9X, EIF1AX
Pathways affected: MAPK pathway, PI3K pathway, mTOR
pathway

Incidence: 10% of all OCs

Age affected: 40-70 years

Risk factors: Endometriosis, menopausal hormone therapy,
HBOC syndrome, Lynch syndrome and late menopause
Prognosis: Favorable

Chr I aberrations: Mutations in ARID1A (30%), CTNNB1
(25-60%), KRAS/BRAF (20%), PIK3CA (12%) and TP53 (25%)
Pathways affected: MAPK pathway, B-catenin signalling,
PI3K/PTEN pathway

MUCINOUS OVARIAN CARCINOMA

Incidence: 2-3% of all OCs

Age affected: <40 years

Risk factors: Smoking

Prognosis: Good

Chromosomal aberrations: Mutations in KRAS (66%), TP53,
PIK3CA/PTEN, ARID1A, BRAF, CTNNB1/APC and HER2
amplification

Pathways affected: MAPK pathway, Wnt signalling pathway,
PI3K/PTEN/AKT pathway

CLEAR-CELL CARCINOMAS

Incidence: >5% of all OCs

Age affected: 50-70 years

Risk factors: Late menopause, Endometriosis

Prognosis: Intermediate

Chromosomal aberrations: Mutations in PIK3CA (50%), ARID1A,
ARID1B, SMARCA4, ERBB2, PIK3CA, PIK3R1, AKTZ2, PTEN, KRAS,
PPP2R1A, TP53 and TERT promoter, MET gene amplification
Pathways affected: PI3K/PTEN/AKT pathway, MAPK pathway

Figure 2.
EOC subtypes: histology, epidemiology, and molecular alterations. Histology images courtesy [47].

2.1.1 High grade serous ovarian carcinoma (HGSOC)

High grade serous ovarian carcinomas (HGSOCs) are the most lethal forms of
OCs and account 75% of all EOCs [48]. They are the most aggressive and chemo-
resistant forms of EOCs responsible for 70-80% of OC related deaths. HGSOCs
are thought to be derived from the fallopian tube [49]. These cancers are mainly
diagnosed in postmenopausal women and due to its asymptomatic character
presents themselves in advanced stages. Familial HBOC syndrome, and menopausal
hormonal therapy predispose women towards this cancer [25, 50].

HGSOCs are characterized by a high frequency (90%) of somatic TP53
mutations. These mutations are present in the DNA binding domain of TP53 which
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render its tumor-suppressive function inactive, leading to enhanced cell prolifera-
tion and metastasis. The drug APR-246 targeting TP53 resulting in its wild type
stabilization is under clinical trial and has shown favorable results [51]. Another
drug, nutlin-3a targeting MDM?2, a negative regulator of TP53, has also entered
clinical trials with positive outcomes [52]. Moreover, combination therapy using
nutlin-3 and RG7388 (another MDM2-TP53 antagonist) have reported cytotoxic
effects in various OC cell lines [53].

15-20% of HGSOC patients harbor germline mutations in BRCA1 or BRCA2
[48]. The BRCA genes are involved in the repair of double-strand DNA breaks
through homologous recombination (HR). Besides, most HGSOCs with the
germline BRCA mutation are also reported to harbor somatic mutations in other
HR-related genes conferring an HR deficient (HRD) phenotype [54]. The Cancer
Genome Atlas Research Network (TCGA) has reported almost 50% HGSOCs cases
as HR deficient [55]. HRD conferring genes besides BRCA1/2 include Fanconi
anemia genes (PALB2, FANCA, FANCI, FANCL, FANCC), RAD family genes
(RAD50, RAD51, RAD51IC, RAD54L), MRN complex genes (Mrel1-Rad50-Nbs1),
and also DNA damage response genes (ATM, ATR, CHEK1, CHEK?2) [54, 56]. This
manifestation of inactivating BRCA gene mutations and other HRD genes confer a
DNA repair-deficient phenotype leading to genomic instability [57].

One of the most remarkable developments for OC therapy has been the PARP
(poly (ADP-ribose) polymerase) inhibitors. PARP is an excision repair enzyme
involved in the repair of single DNA strand breaks. PARP inhibitor treatment in
BRCA-deficient cancer induces synthetic lethality and cell death [58]. The PARP
inhibitor olaparib has been reported to show increased progression-free survival
(PFS) and is currently approved as first-line maintenance therapy for BRCA-mutant
individuals [59, 60]. Another PARP inhibitor, niraparib, improved PFS regardless
of BRCA or HRD status is also approved for first-line maintenance of advanced OCs
[61]. CDK4/6 inhibitors (palbociclib, ribociclib and abemaciclib) are also under
clinical trials as maintenance and combination therapy for HGSOCs [62]. Cyclin-
dependent kinase 4 and 6 (CDK4/6) are key kinases that regulate the cell cycle.
CDK4/6 inhibitors hinder G1-S transition inducing cell cycle arrest at the G1 phase.
PI3K/AKT and NOTCH pathways are reported to be deregulated in HGSOCs which
could also be targeted via combination therapies using PI3K inhibitors or the AKT
inhibitor, afuresertib [63].

One of the first targeted therapy used to treat advanced OCs is Bevacizumab,
an anti-angiogenic agent that targets vascular endothelial growth factor (VEGF)
[64]. Angiogenesis plays a pivotal role in tumor progression and metastasis in many
malignant cancers. This drug acts by neutralizing VEGF-A, thereby inhibiting
tumor growth and invasion. Bevacizumab is currently approved as a combination
therapy along with platinum/taxane drugs for advanced HGSOCs and has been
reported to show a significant improvement in progression-free survival [57].

2.1.2 Low grade serous ovarian carcinoma (LGSOC)

As the name suggests, LGSOCs are indolent and less aggressive tumors with
relatively better prognosis than HGSOC. They are prevalent in younger women
with a median age of 55 years and constitute less than 5% of all OCs [65]. Though
LGSOCs are chemoresistant they are treated the same way as HGSOCs with plati-
num/taxane drugs. The increased survival rate in LGSOCs is attributed to its longer
disease trajectory and complete resection of the tumor post-primary cytoreductive
surgery [66].

LGSOCs are characterized by activation of the mitogen-activated protein kinase
(MAPK) pathway in 80% cases. KRAS (54%), BRAF (33%), NRAS (26%), and
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ERBB2, the upstream regulators of MAPK pathways are reported to be mutated,
with mutations in BRAF/KRAS considered as good prognostic markers [67]. Due
to the high prevalence of activated MAPK pathway in LGSOCs, MEK inhibitors
(Trametinib, Selumetinib, Pimasertib, Binimetinib) are among the druggable
targets for these cancers and some are under evaluation [65]. Recurrent mutations
in PIK3CA, FFAR1, USP9X (11%) and EIF1AX (15%) are reported as driver muta-
tions [68]. USP9X and EIF1AX are regulators of the mTOR pathway which are
downstream effectors of the MAPK pathway. The use of Metformin, an inhibitor of
the mTOR pathway, along with MEK inhibitor (Trametinib) has been reported to
show an inhibitory effect in various LGSOCs cell lines [69]. Taken together, MEK
inhibitors and Metformin are potential candidates for targeted therapies. CDK4/6
inhibitors, (ribociclib and abemaciclib) are under clinical trials for LGSOCs [65].
Endocrine therapy using letrozole, anastrozole or tamoxifen used as maintenance
therapy has been reported to be beneficial in LGSOCs due to estrogen and proges-
terone receptors expressions [70].

2.1.3 Endometrioid carcinomas

Endometrioid carcinomas (ECs) are the second most common EOCs repre-
senting 10% of all OCs [71]. They are diagnosed in women in the age range of
40-70 years and are associated with a good prognosis. As its name suggests they are
associated with endometriosis and are thought to be derived from the endometrium
[72]. Endometriosis, menopausal hormone therapy, HBOC syndrome, Lynch syn-
drome and late menopause are some of the risk factors associated with ECs [14, 73].

One of the most mutated genes reported in ECs is ARID1A at a frequency of
30%. ARID1A is a component of the SWI/SNF chromatin remodeling complex.
Targeting ARID1A with HDAC inhibitors have been reported to be effective in mice
models harboring ARIDIA tumor mutation [74]. CTNNBI, of the p-catenin signal-
ing is also reported to be mutated at a rate of 25-60%. B-catenin signaling is a con-
served pathway involved in development implicated in other epithelial cancers but
its oncogenic role is less understood [75]. Other less frequent mutations are KRAS/
BRAF (20%), which are regulators of MAPK pathways, PIK3CA (12%), and TP53
(25%) [76]. PTEN mutations with frequent loss of heterozygosity (45-75%) is also
reported [52]. PTEN is a tumor-suppressor gene that is a negative regulator of the
PI3K pathway and is also the most mutated in the related endometrial cancers [77].
The multiple mutational spectra of ECs warrants the investigation of combination
therapy using MEK inhibitors (trametinib, MEK162), TP53 activators (APR-246),
and PI3K inhibitors (idelalisib, voxtalisib). Only 14% of EC cases are reported to be
BRCA mutation carriers [78], and HBOC syndrome being one of the risk factors for
ECs, PARP inhibitors are a viable option for targeted therapies.

2.1.4 Mucinous ovarian carcinomas

Mucinous carcinomas (MOCs) are a rare subset of EOCs accounting for 2-3% of
all OCs. They are histologically characterized by high levels of intracellular mucin.
MOCs are more prevalent in women below 40 years and unlike other EOC types,
the only risk factor identified is smoking [14, 79]. Early-stage MOCs have an excel-
lent prognosis and beyond stage II, they are addressed by standard chemotherapeu-
tic agents with poor outcomes, as these tumors are chemoresistant.

Though rare, MOCs have been well characterized. The predominant mutation
present in MOCs is KRAS mutations reported in 66% of cases [79, 80]. A recent
large cohort study identified many other mutations in MOCs besides KRAS in
varying degrees which are TP53 mutation, HER2 amplification (a member of the
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epidermal growth factor receptor family), PIK3CA/PTEN (regulator of PI3K-
PTEN-AKT pathway), BRAF mutation, CTNNB1/APC mutations (regulator of
Wnt-signaling pathway), and ARIDIA mutation (a member of the SWI/SNF family)
[79, 80]. One of the potential drugs for the treatment of MOCs is 5-fluorouracil.
MOCs and mucinous colorectal cancer (CRC) share a similar mutational profile
with unfavorable outcome [81]. 5-fluorouracil, which is currently utilized for CRC
treatment has been effective in various MOC cell lines in combination with oxali-
platin [82]. Moreover, the multiple mutational spectra reported in MOCs are a great
avenue for identifying the most potent target for tailored therapies. Some targeted
drugs like BRAF inhibitors, PI3K inhibitors are already being investigated in various
other cancer types. Combinatorial therapy using dual inhibitors is warranted for
MOC treatment due to its varied mutational landscape.

2.1.5 Clear-cell carcinomas

Clear cell carcinomas (CCCs) of the ovary constitute >5% of all OCs and 10%
of all EOCs [83]. The incidence rates of CCCs vary by ethnicity; the majority of
the cases are reported in East Asian countries (mainly Japan) for unknown reasons
[84]. They are mostly diagnosed in younger women with an option of fertility-spar-
ing surgery before standard chemotherapy. These are chemoresistant tumors with a
poor prognosis if diagnosed at an advanced stage, but most of these cases are diag-
nosed early with a good prognosis [83]. They are a distinct class of EOCs thought to
arise from endometriosis or clear cell adenofibroma, hence they are associated with
endometriosis which is thought to be the precursor for CCC manifestation and this
association is considered a good prognosis [85]. Late menopause and endometriosis
are considered to be the highest risk factors for developing CCCs.

The most common genomic alterations identified in CCCs are activating muta-
tions in PIK3CA, a regulator of the PI3K-PTEN-AKT pathway (50%), and loss of
function in ARID1A, component of SWI/SNF chromatin remodeling complex
(50%) [86]. Other mutations reported in varying degrees are MET gene amplifica-
tion, mutations in ARID1B, SMARCA4, ERBB2, PIK3CA, PIK3R1, AKT2, PTEN,
KRAS, PPP2R1A, TP53, TERT promoter, and ZNF217 overexpression [85, 87].
Antioxidant genes like Glutathione peroxidase 3 (GPX3), glutaredoxin (GLRX), and
superoxide dismutase 2 (SOD2) are reported to be highly expressed in CCCs render-
ing them resistant to chemotherapy [88]. A recent report on the pharmacological
inhibition of EZH2 for loss of function of ARID1A has shown considerable promise
in treating CCCs [89]. The overexpression of the transcription factor ZNF217 is a
poor prognostic marker. In-vitro studies in ZNF217-overexpressing cells treated
with triciribine, a DNA synthesis inhibitor, have shown inhibitory effects suggest-
ing ZNF217 be a druggable target [90]. Targeting PI3K/AKT/mTOR pathways using
PI3K inhibitor (idelalisib, Voxtalisib) or mTOR pathway inhibitor (Metformin) are
other viable options.

2.2 Sex cord-stromal tumors (SCSTs)

The rare ovarian sex cord-stromal tumors (SCSTs) constitute 8% of all OCs and
are diagnosed in broad age groups with mixed prognosis [91]. These neoplasms
originate from the stromal cells and/or the sex chord cells of the ovary, which are
involved in the endocrine function of producing the female sex hormones, therefore
unlike EOCs, they present with hormone-related disorders. Certain hereditary can-
cer syndromes predispose patients towards SCST. Based on the WHO classification
of OCs, the various subtypes of SCSTs with their incidence, risk factors, prognosis,
and molecular alterations are outlined in Table 1 [92].
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SCST subtypes Incidence Incident Risk factors Prognosis Chromatic
rates age groups alteration

Stromal tumors

Fibroma 4% of all ~ 40 years Meigs’ Good
0Cs syndrome
Thecoma 0.5-1% of 26-86 years Poor FOXL2 (~21%)
all OCs
Fibrosarcoma 20-73 years Poor
Leydig cell 0.1% of all Post- Good
tumor SCST menopausal
women
Steroid cell 0.1% of all ~ 43 years Cushing Good
tumor SCST syndrome
Sclerosing >0.1% of <30 years Good
stromal tumor all SCST

Sex-chord tumors

Adult granulosa 5% of 24-84 years Peutz Jeghers Poor FOXL2 mutation

cell tumor all OCs, syndrome, (> 95%), TERT
70% of all Potters mutations (~40%),
SCSTs syndrome AKT1 amplification

(~60%)

Juvenile 5% of all 8-45 years Ollier Good AKT1 amplification

granulosa GCTs disease, (~60%), GNAS

tumor Maffucci mutations (~30%)

disease

Sertoli cell 2-76 years Peutz Jeghers Good

tumor syndrome

Sex chord 1.4% of all 5-39 years Peutz Jeghers Favorable

tumor with SCST syndrome

annular tubules

Mixed sex chord-stromal tumors

Sertoli-Leydig 0.5% of all >30 years Dicer Good Germline and
cell tumor OCs syndrome somatic DICER1
mutations (60%)

Table 1.
Sex covd-stromal tumors subtypes: epidemiology, and molecular altevations.

Due to the rarity of these tumor types, the molecular characteristics of only a
few of these subtypes are reported. The cancers arising in the ovary’s granulosa cells
are the most common in this group comprising 2-5% of all OCs [93]. Granulosa
cells are somatic cells involved in folliculogenesis and ovulation, the variant adult
granulosa cell tumors (AGCTs), which are estradiol producing are the most com-
mon in this group constituting 70% of all SCSTs [94]. Inhibin, a gonadal hormone
secreted by granulosa cells, is reported to be elevated in GCT patients [95]. Inhibin
level and CA-125 are utilized as a diagnostic biomarker to assess disease progres-
sion in GCTs [96]. 97% of AGCTs are characterized by the ubiquitous presence of
FOXL2 mutations, a component of the TGFp pathway [95]. The pleiotropic TGFp
pathway is reported to be deregulated in many cancers conferring chemoresistance
and metastasis [97]. Moreover, TERT promoter mutations are reported in 40%
of recurrent AGCT cases with poor prognosis [98]. Few small cohort studies of
AGCTs, and juvenile granulosa cell tumors (JGCTs), have reported amplification in
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AKT leading to possible dysregulations in PI3K/AKT pathways [99, 100]. Activating
GNAS mutations involved in tumor invasion are reported in 30% of JGCTs with
aggressive nature [101]. The notch signaling pathway is also reported to be altered
in GCTs [102]. Estrogen producing thecomas, composed of pure stromal cells are
also reported to harbor FOXL2 mutation at a rate of 21% [103]. Sertoli-Leydig

cell tumors (SLCTs), which belong to mixed-sex chord and stromal cells are
androgen-secreting tumors that induce varying degrees of virilization (male physi-
cal characteristics) [104]. Mutation in DICER1, an endoribonuclease involved in
microRNA biogenesis, is reported with a high frequency of 88% in undifferentiated
SLCTs [105].

Targeting Activin A of the TGFf pathway and aromatase, a downstream target of
FOXL2 has been reported promising for targeted therapies [106, 107]. TERT pro-
moter mutations are present in various cancer types and are reported to activate the
oncogenic MAPK pathway; targeting this pathway using MEK inhibitors (trametinib,
MEK162) are potential treatment options [108]. Besides, other druggable pathways
for GCTs include PI3K and NOTCH pathways. Identifying drugs targeting DICER1 is
warranted which could provide novel modalities for tailored therapies for SLCTs.

2.3 Ovarian germ cell tumors (OGCTs)

Ovarian germ cell tumors (OGCTs) of the ovary are rare ovarian neoplasms
comprising 2-3% of all OCs [109]. These histologically variant heterogeneous
neoplasms arise in the egg or ovum, the ovary’s primordial germ cell. They primar-
ily manifest in young and adolescent women with excellent prognosis if diagnosed
in earlier stages [110]. These tumors are chemosensitive allowing fertility-sparing
surgery in most cases [111]. A recent small cohort study reported a low mutational
burden in OGCTs explaining their chemosensitive disposition [112]. OGCTs are
classified into dysgerminomas, immature teratomas, yolk sac tumors, and mixed
germ cell tumors in order of their frequency. Embryonal carcinomas, choriocarci-
nomas, and malignant struma ovarii tumors are other very rare forms of OGCTs
[113]. The understudied, very rare mixed germ cell tumors are the only aggressive
OGCT subtype with poor prognosis [114]. There are no risk factors identified for
OGCTs but certain genetic diseases like Turner’s syndrome, Triple X syndrome,
and Swyer syndrome are reported to be high-risk factors for dysgerminomas [115].
The incidence rate, prognosis, risk factors, and their molecular characteristics are
outlined in Table 2.

OGCT subtypes Incidence Incident Prognosis Chromatic alteration
rates age groups
Dysgerminoma 40% of 19-23 years Good KIT mutation (30-50%), 12p
OGCTs amplifications harboring KRAS
(80%)
Immature teratoma ~35% of 18-36 years Good
OGCTs
Yolk sac tumors 15% of 15-40 years Good PIK3CA or AKT1 mutation (72%),
OGCTs 12p amplifications harboring
KRAS (60%)
Mixed germ cell 5% of <20 years Poor 12p amplifications harboring
tumors OGCTs KRAS (~40%)
Table 2.

Ovarian germ cell tumors subtypes: epidemiology and molecular alterations.
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SCCO subtypes Incidence Incident age Prognosis Chromatic alteration
rates groups
SCCO-hypercalcemic type <1% of all OCs <40 years Poor SMARCA mutation
(90%)
SCCO- pulmonary type <1% of all OCs <59 years Poor None reported
Table 3.

Small cell carcinoma of the ovary subtypes: Epidemiology, and molecular alterations.

The most frequent mutations reported in OGCTs are KIT mutations and 12p
amplification, which harbor KRAS [112]. The OGCT subtype, dysgerminomas
harbor 12p amplification and KIT mutation at a frequency of 80% and 30-50%,
respectively [116]. KIT is a proto-oncogene involved in PI3K/AKT/mTOR, JAK/
STAT and MAPK pathways [117], whereas the oncogene KRAS is involved in the
tumor development pathway of Ras/Raf/MEK/ERK pathway [118]. The aneuploid,
yolk sac tumors are reported to harbor PI3K and AKT1 mutations, besides KRAS
altering PI3K/AKT/mTOR pathway. The TGFf/BMP and Wnt/B-catenin signaling
pathways are also reported to be activated in yolk sac tumors [116]. Few druggable
targets of these pathways like AKT inhibitor (afuresertib) and MEK inhibitor
(trametinib) are already under clinical trials for various OCs [119].

2.4 Small cell carcinoma of the ovary (SCCO)

Small cell carcinoma of the ovary (SCCO) is a group of extremely rare OCs
accounting for <1% of all OCs [120]. Their biology is poorly understood as their
cellular lineage is unknown. Based on histologic characterization, SCCO is classified
into hypercalcemic type (SCCO-HT), which is chemoresistant and pulmonary type
(SCCO-PT) which is chemo-sensitive. These are highly malignant cancers with an
average survival of 5.7 years. The incidence rate, prognosis, risk factors and molecu-
lar characteristics are outlined in Table 3.

One of the significant mutations identified in 90% of cases of SCCOHT is germ-
line or somatic mutations of SMARCA4 [121]. SMARCA4 mutation is considered
one of the hallmarks of SCCOHT, it is a key component of the switching/sucrose
non-fermenting (SWI/SNF) chromatin remodeling complex [122, 123]. The loss
of function of SMARCA4 leads to the upregulation of EZH2, the catalytic subunit
of the PRC2 complex which is utilized as a druggable target for SCCOHT [124].
Targeting EZH2 using tazemetostat has reported antiproliferative and antitumor
effects in SCCOHT cell lines [125]. Moreover, a recent study has reported oncolytic
viruses’ effect on SCCOHT derived cell line BIN-1 in reducing its proliferation
>75%, which holds promise in developing targeted therapies [126]. Some of the
broad categories of drugs being investigated for SCCOHT and some of which are
already in clinical trials, include tyrosine kinase inhibitors, immune checkpoint
inhibitors and HDAC inhibitors [127]. There are no studies reported on the
molecular characterization and pathogenesis of SCCO-PT due to its rarity.

3. Potential drugs for targeted therapies in OCs

Presently, targeted therapy is employed only to improve the efficacy of standard
therapy in OC treatment with drugs such as bevacizumab, an anti-angiogenic agent
which is licensed for use as front-line therapy for advanced OCs [57] and olaparib,
a PARP inhibitor which is now approved for first-line maintenance therapy for
patients with relapsed BRCA-mutated OCs [128]. Very recently, the combination of
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bevacizumab and olaparib is FDA approved for first-line maintenance treatment in
advanced OCs with HRD positive status [129].

Generic drugs being investigated for a variety of OC types are receptor tyrosine
kinase (RTK) inhibitors. RTK inhibitors have been reported to be efficacious in
treating a variety of malignant cancers by inhibiting tumor cell proliferation via
blocking the signal transduction cascade. For e.g., Ponatinib is a multi-tyrosine
kinase inhibitor that targets pathways like EGFR, FGFR, PDGFR, and VEGFR all of
which are aberrantly activated in various cancer types [130]. Other RTK inhibitors
being investigated for OCs are Palbociclib, Abemaciclib and Ribociclib [131, 132].
Likewise, immunotherapy using immune checkpoint inhibitors like Pembrolizumab
and Nivolumab has been revolutionary in oncology research. These are monoclonal
antibodies that trigger the immune T-cell activation to attack the cancer cells and
Pembrolizumab is already under clinical trial for various cancer types [133, 134].
Epigenetic abnormalities being the hallmarks of cancers, epigenetic modulators like
HDAC inhibitors have shown great promise as anti-cancer drugs. HDAC inhibitors
like Vorinostat, Panobinostat, Quisinostat, and Trichostatin are under investigation
for targeted therapies for OCs [126, 135].

4. Role of miRNAs in ovarian cancer

miRNAs are single-stranded RNA nucleotides that regulate gene expression.
In the human body, they are reported to be involved in regulating around 60% of
genes affecting various cellular and biological processes. Each miRNA has multiple
gene targets or multiple miRNAs can act on one target gene. They can function
either as an oncogene or a tumor suppressor and their expressions in cancer cells are
deregulated [136]. The miRNA expression profile for each OC subtype is reported
to be distinct, with a subset of miRNAs downregulated or upregulated [137]. The
miRNA signatures identified in various cancer types are being investigated for their
utility as cancer biomarkers in tumor diagnosis, prognosis and therapeutic outcome.

Ovarian cancer Upregulated Downregulated References
subtype
Serous Ovarian miR-429, miR-141, miR-200c, miR-320c, miR-383, let-7b, [138, 139]
cancer miR-93, miR-16, miR-20a, miR-99a, miR-125b, miR-145,

miR-21, miR-27a, miR-200a, miR-100, miR-31, miR-137,

miR-200b, miR-200c, miR-203, miR-132, miR-26a

miR-205, miR-375, miR-145
Clear-cell miR-93, miR-126, miR-338, miR-383, miR-424, miR-127, [138, 139]
carcinomas miR-200a, miR-200b, miR-30a, miR-155, miR-99b

miR-141, miR-182, miR-200a,

miR-510, miR-509,
Mucinous ovarian miR-192, miR-194 — [137]
carcinoma
Endometrioid miR-7, miR-429, miR-21, miR-342, miR-181a, miR- [136-138]
carcinomas miR-29a, miR-92, miR-30c1, 450b, miR-155, miR-25,

miR-126, miR-126, miR-29a miR-93, miR-127, miR-99b
Ovarian Germ cell miR-373-3p, miR-372-3p and miR-199a-5p, miR-214-5p and [139, 140]

tumors miR-302c-3p, mir-302-367 miR-202-3p, Let-7
cluster, mir-371-373 cluster,
miR-146b, miR-155, miR-182
Table 4.

Deregulated miRNASs in ovarian cancer subtypes.
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The sensitivity of a cancer drug profoundly affects treatment efficacy and
prognosis. miRNAs are involved in conferring chemo-sensitive or chemoresis-
tant phenotype by regulating the drug-resistance related genes [138]. Therefore,
manipulating the expression levels of specific miRNAs can aid in drug sensitivity.
As previously mentioned, the sensitivity for platinum drugs varies among each
OC subtype, and this profoundly affects the treatment efficacy and prognosis.
Though still in its infancy, targeting miRNA holds great promise for a more custom-
ized therapeutic approach. Here, we highlight the key miRNAs reported in recent
literature, which are deregulated in the various OC subtypes (Table 4).

5. Conclusion

The global incidence rate for OC is expected to increase by 47% by 2040 [141].
Except for the emergence of PARP inhibitors in women with HRD HGSOC tumors,
the conventional treatment protocol for other OC subtypes has remained the same
since the 1980s, with no significant impact on survival rates. Screening for high-
grade OCs remains a challenge. With the advances in the high throughput screening
technologies, the focus is warranted to shift towards translational research to treat
each OC subtype for their underlying genomic aberrations.
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Chapter2

Ovarian Cancer Genetics and the
Implications

Shyamika Mirisse Acharige and Chit Cheng Yeoh

Abstract

Ovarian cancers mostly arise sporadically, however about 20-25% of the cases
arise as a part of hereditary syndromes. There are numerous mutations involved in
the ovarian cancer development and more to be discovered. Knowing the patho-
genic variants of the mutations present in the ovarian cancers are important in
developing and practising of risk reduction strategies in asymptomatic carriers,
genetic counselling, prognostication and decision on treatment. This chapter will
focus on the various types of mutations found in ovarian cancers and their implica-
tions- when considering testing, treatment options and insight for the next level of
Improvement in cancer care.

Keywords: ovarian cancer, somatic BRCA mutation, germline BRCA mutations,
PARP inhibitors, homologous recombination

1. Introduction

BRCA1/2 somatic and germline, PTEN deletion, CCNE amplification and RB1/NF1
loss, RAD51IC, RAD5I1D, BRIP 1 are some of the known mutations causing the ovarian
cancers [1]; the BRCA1/2 gene mutations are the most common and deleterious to find
in this spectrum. From women who inherit a pathogenic BRCA1 variant and BRCA2
variant at risk of developing ovarian cancer 39-44% and 11-17% respectively by the
age of 70-80 years [2, 3].

The current recommended guidelines for all high grade serous ovarian cancer
patients at the diagnosis, apart from mucinous adenocarcinoma of Ovaries, are
screen upfront for pathogenic BRCA1/2 genes, regardless whether they have
family history or not. The uptake of this screen is 1:10 patient, and if we extend
the screening to tumour somatic testing, the uptake becomes 17% of all ovar-
ian cancer diagnosis with germline and somatic BRCA mutations. Difference
between the somatic and the germline BRCA mutations are discussed later in this
chapter.

The following is a schematic representation of the various known mutation
prevalence in the ovarian Cancers particularly in High grade serous ovarian car-
cinoma. As obvious BRCA1 and BRCA2 are the most common type of mutations
found in the OC and signifies the importance, hence this chapter mainly focus on
the BRCA mutations (Figure1).
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Figure 1.
Common Pathogenic mutations in high grade sevous ovarian cancer.

2. Genetics of sporadic ovarian cancers

There’s a multitude of genetics involved in the sporadic ovarian cancers, involv-
ing multiple cellular pathways. There are 2 types of sporadic ovarian cancers
according to their behaviour, histology, genetic according to Kurman and shih’s
original article “The origin and pathogenesis of epithelial ovarian cancer: a pro-
posed unifying theory”, type 1 and type 2 [4]. Typel tumours are slow growing,
indolent tumours and Type 2 being high grade, aggressive.

Some of the mutations associated with sporadic typel ovarian cancers are KRAS,
BRAF, ERBB2, PIK3CA, ARID1A, CTNNB1 and PTEN. In normal cells these genes and
their products will regulate the cell growth, chromatin remodelling, DNA repair, cellular
proliferation and controlling of apoptosis preventing tumour development. Mutations in
these genes inevitably causes increases susceptibility to development of malignancies [4].

Type 2 sporadic ovarian cancers which are high grade share the similar genetics
as hereditary ovarian cancers TP53, BRCA1 and BRCA2 [4].

3. Genetics of hereditary OC

Hereditary Breast ovarian cancer syndrome, Lynch Syndrome, Li-Fraumani,
Cowden and Peutz-jeghers syndrome are some of the few of Hereditary ovar-
ian cancer syndromes, all of which inherit in autosomal dominant pattern [5, 6].
Patients who presents at young age, multiple primaries and/or a high incidence of
family history of malignancy should be considered as having hereditary OC and
should be investigated for the genetic mutations. Eighty percent [80%] of this type
of ovarian cancers are associated with BRCA1/2 gene mutation and minority are
with RAD51C, RAD51D, BRIP1, PALB2, BARD1, NBN and MRE11A.

4. BRCA1/2 gene structure and functions
BRCA1 and BRCA2 genes were discovered in early nineties following extensive

research on breast cancer patients and families, hence the name Breast cancer
susceptibility gene [BRCA] and identified as responsible in the ovarian cancer
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causation as well. BRCA1 and BRCA2 pathogenic mutations are found in 10-15% of
sporadic ovarian cancers and about 40% of Hereditary ovarian cancers [7].

These genes are tumour suppressor genes encode for tumour suppressor pro-
teins, which will help in maintaining genomic stability. BRCA1 and BRCA2 are
large genes contain about 100-70 Kilo bases respectively. BRCA1 situated in long
arm of chromosome 17 at 17q21 position and BRCA2 gene is in chromosome 13 at
13q12.These 2 genes encode for different protein structures although still have got
functional similarities [8]. BRCA1 protein consists of nuclear localization sequence
(NLS) and three functional domains; RING, coiled coil, and BRCT domains,
whereas BRCA2 protein has NLS, eight BRC repeats, and a DNA binding domain.

BRCA1 and BRCA2 genes helps in repairing the double strand breakage in DNA
by promoting the homologous recombination, which is a highly accurate process in
the maintenance of genomic stability and regulating the cell cycle and apoptosis.

5. Action of BRCA1 and BRCA2 proteins in DNA double strand damage
repair

Although the action of the BRCA1 and BRCA2 gene products in cancer causation
is not fully discovered [9], their function in maintaining the genomic stability is well
understood. This involves the DNA double strand break repair [DSB] which is the
most deleterious type of DNA damage as no healthy DNA strand left for the repair
mechanism [10]. The DSB will be repaired by 2 mechanisms in the healthy eukaryotic
cells -The Homologous directed repair [HDR] pathway, which is a highly accurate
system and Non-Homologous end joining [NHE]] pathway which is prone to errors.
BRCA1 and BRCA? proteins involve in the HDR mechanism following stimulated
by the cellular DNA damage response. This function is facilitated by other cellular
proteins including RAD51 [11, 12], Ataxia-Telangiectasia kinase [ATM-kinase].

The following flow chart shows the mechanism of DNA DSB repair and the steps
involving the BRCA1/2 proteins (Figure 2).

Mutation of the BRCA1/2 genes causing loss of the encoded protein func-
tions causes abnormal checkpoint stimulation and genomic errors in DNA repair

DNA double strand breakage induces
cellular signalling

stimulation of BRCA1 phosphorylisation
by ATM

Formation of protein complexes
between BRCA1/2,BARD1,RAD50,RAD51,
inturn activating checkpoint activation
helped by p53 leading to DNA repair

Q
Figure 2.

Action of BRCA1/2 protein in DNA double strand break vepair. Source - functions of BRCA1 and BRCA2 in
the biological response to DNA damage [13].
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causing cancer development through uncontrolled cellular proliferation, impaired
cell apoptosis in abnormal cells.

6. Somatic vs. germline BRCA mutations

BRCA1/2 mutations can occur in the germline causing the hereditary susceptibil-
ity to ovarian and other types of cancers. There are BRCA mutations can occur in the
somatic cells as well -within the tumour itself which consists of 3% of whole BRCA
mutation found in the high grade serous ovarian cancers, without mutation in the germ-
line. Presence of germline BRCA mutation gives rise to specific behaviour of the ovarian
cancer, response to treatment and the prognosis. Patients with germline BRCA muta-
tions will develop cancers at young age, commonly have visceral disease at presentation
and shows high sensitivity to platinum-based chemotherapy and PARP inhibitors.

Clear relationship between the somatic BRCA mutations and the features of the
response to the treatment and the clinical features are yet to be identified [14].

7. Implications of BRCA testing in ovarian cancer

Currently there’s no proven benefit of population screening for sporadic ovarian
cancer as the trial results are still pending to show reduction in the mortality and
survival benefit from the early screening of asymptomatic patients in this category.
However screening strategies in hereditary ovarian cancers are important for the
prophylactic procedures such as bilateral Salpingo-oophorectomy which can reduce
the risk of development of cancer by 79% in endometrium, fallopian tube, ovaries
which has been proven by meta-analysis.

8. Testing for germline BRCA mutations in ovarian cancer patients

Genetic testing for germline-BRCA1/BRCA2 mutations in epithelial ovarian
cancer (EOC) was commissioned by National Health Service England in 2015 [15].
In the United Kingdom, all genetic counselling take place in Cancer Centres, and all
first degree family member will be given a letter to inform them of the risk in them
carrying this gene and a mean to have germline BRCA status tested on the NHS. The
NHS will also provide risk reduction surgery to prophylactic Breast and Ovarian
surgery once the family planning is completed and the decision made by affected
family members. For those who do not wish to embark on these prophylactic surger-
ies, there are guidelines for surveillance with Mammograms and blood test Ca 125
for the affected gene mutation carriers. For male gene carriers, there are now early
PSA surveillance available for General physician to follow.

Germline BRCA testing is done via a blood test following gaining the consent of
the patient, according to the NCCP [National cancer control programme] guide-
lines, which is then being sent to the Cancer Molecular Diagnostics Laboratory.

9. Testing for somatic BRCA mutations in ovarian cancer patients

Testing for somatic BRCA mutation was introduced in October 2020 in UK.
The samples from the previous biopsy or surgery including the ovarian cancer
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tissue block/slides are needed for somatic BRCA mutation testing. The block must
be of reasonable quality, neoplastic cell content >50% included. This should be
sent at room temperature with a copy of the block(s) histopathology report within
5 working days of patient registration.

Although the germline BRCA testing could be a straightforward blood test,
the somatic BRCA mutation comes with some challenges, which are summarised
below.

1.Issues with extracting high quality DNA samples from the preserved tumour
samples-which needs tumour microdissection, so that a small tumour
samples will not be enough for the purpose. Also poor fixation samples can
cause fragmented and damaged DNA and also formalin used in fixation can
cause deamination of the nucleic acids leading to sequencing errors and false
mutations.

2. Analysis and interpretation of sequencing data as there is currently no
standardised interpretation.

3.The stability of the somatic BRCA mutations can change over time due to can-
cer selection, resistance, treatment and within the tumour itself due to hetero-
geneity of the tumour cells.

For most countries the method for detecting the BRCA mutation still limited to
one or the other due to funding issues.

10. The significance of BRCA mutation in HGSOC

As mentioned earlier in the chapter being positive for BRCA mutations when
compared with the wild type, gives the ovarian cancer specific features — impor-
tantly higher response rate to platinum and other types of non-platinum chemo-
therapeutic agents [16] and more importantly high sensitivity to Poly (ADP-ribose)
polymerase (PARP) inhibitors, which is highly important as a maintenance therapy
of the patients who have responded to first line platinum based chemotherapy in
improving 5 year disease free survival.

11. What are PARP inhibitors?

Poly (ADP-ribose) polymerase (PARP) is a protein mediated the DNA double
strand break repair, which was first identified in early sixties and first PARP inhibi-
tor was discovered in 1980 as a chemotherapy sensitizer [17].

Following figure illustrates the normal action of the PARP proteins to aid the
understanding of how the PARP inhibitors work (Figure 3).

In 2005 and 2006, inhibiting PARP enzymes was first observed to be highly
effective against cancers with homologous recombination deficiencies [19], are
being utilised in the clinical setting to manage recurrent ovarian cancers. However,
PARPi — Niraparib also show significant clinical benefit in patients without HR
deficiencies [20]. There are currently three FDA-approved PARP inhibitors for
recurrent ovarian cancer — Olaparib, Rucaparib and Niraparib.
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PARP inhibitor will impair the base excision
repair

DNA replication s

leading to tumour cell apoptosis

Figure 3.
Function of PARP proteins in DNA damage vepair. Source: An update on PARP inhibitors—Moving to the
adjuvant setting [18].

12. PARP inhibitors in the treatment of ovarian cancers

Since the discovery in 1980 s PARP inhibitors has gone through extensive
scrutiny and research in the efficiency in management of the ovarian cancers.

The initial monotherapy with PARP inhibitors for patients with solid tumours
with a germline BRCA mutation were published in 2009. This was a study on ovar-
ian cancer patients with known BRCA mutation [21]. Other tumours included were
breast, colon, melanoma, prostate, and sarcomas. In patients with known BRCA1/2
mutations, single-agent treatment with Olaparib showed a 63% clinical benefit
(including disease stabilisation).

Following this study there several other trials carried out for assessing the
individual efficacy of the Olaparib, Niraparib and Rucaparib and with the outcomes
of these trials Olaparib has gained the FDA approval as a first line maintenance
treatment in the advanced ovarian cancer [22].

Trial name PARPi assessed vs. Population
other treatment agent as
maintenance
PRIMA/ Niraparib vs. Placebo Stage I1I with visible residual tumour after PDS,
ENGOT-OV26 inoperable stage III, or any stage IV ovarian cancer.
SOLO-1 Olaparib vs. Placebo BRCA1/2 mutated, CR or PR (>30% decrease
in tumour volume, or NED on imaging but
CA-125 > ULN) to platinum-based chemotherapy
(without bevacizumab)
] PAOLA-1/ Olaparib + bevacizumab vs. Newly diagnosed stage III/IV high-grade ovarian
ENGOT-OV25 placebo + bevacizumab cancer or other non-mucinous ovarian cancers with
BRCA1/2 mutation, regardless of surgical outcome
NED or CR or PR after first-line platinum + taxane +
bevacizumab
VELIA/ Veliparib + CP — veliparib Newly diagnosed stage III/IV high-grade serous
GOG-3005 vs. veliparib + CP — placebo ovarian cancer in patients undergoing PDS or IDS

avs. placebo + CP — placebo

Key PDS - Primary debulking surgery, CR - complete vesponse, PR - Partial vesponse, IDS - interval debulking
surgery, NED - no evidence of disease, C - Carboplatin, P - Paclitaxel.
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The following is a summary of the trials on PARP inhibitors and the SOLO-1 trial
being of the pivotal trials in the history of the use of PARP inhibitors [23].

13. Current UK standards for testing ovarian cancer genetics

According to current British Gynaecological Cancer Society guidelines for test-
ing ovarian cancer genetics,

Women with High grade serous ovarian cancer or G3 endometrioid ovarian adeno-
carcinoma have >10% risk of an underlying BRCA mutation should be offered clinical
genetics counselling and testing. (GRADE C) Recently it has been shown that ~18%
(much higher in certain groups such as Ashkenazi Jews) of the population of women
presenting with high grade serous or G3 endometrioid ovarian adenocarcinoma carry a
germline BRCA mutation, 44% of whom have no positive family history. Every patient
with a current or past histological diagnosis of HGSC or G3 endometrioid ovarian
carcinoma therefore qualifies for BRCA counselling and testing, as advised by National
institute for Health and Care Excellence, which should be discussed and offered.

The above guidelines and standards are supported by the evidence from the
GTEOC (Genetic Testing in Epithelial Ovarian Cancer) [24] study in which the
primary objective of the study was to determine the feasibility, acceptability and
cost-effectiveness of screening all newly diagnosed women with EOC for BRCA1/
BRCA2 mutations by determining the mutation prevalence, calculating the cost
for each gene mutation detected and assessing the psychological impact based on
questionnaire responses and qualitative interviews.

This study has shown the mutation yield in unselected women diagnosed
with EOC from a heterogeneous population with no founder mutations was 8% in
all ages and 12% in women under 70 [25]. Unselected genetic testing in women with
EOC was acceptable to patients and is potentially less resource intensive.

14. Challenges in development of universal process on screening genetic
mutations in ovarian cancers

In Our Opinion, all the patients diagnosed with invasive, epithelial ovarian cancer
should be offered germline genetic testing, regardless of histologic subtype, because
Ovarian cancers with a BRCA1Z/BRCA2 mutation are most likely to be of high-grade
serous histology, although these mutations have been found in endometrioid and clear
cell histologic subtypes as well. Endometrioid and clear cell ovarian cancers are also
frequently associated with Lynch syndrome (germline mutations in MLHI, MSH2,
MSH6, PMS2, and EPCAM). Additionally, nonepithelial ovarian cancers - Sertoli-
Leydig cell tumours can be associated with other genetic disorders such as Peutz-
Jeghers syndrome and DICER1-associated disorders and small cell carcinoma of the
ovary, hypercalcaemic type has been linked to germline mutations in SMARCA4.

All these mutations have got clinical relevance in the management of these
patients and yet to discover the treatment options and preventing the development
of the other cancer types associated with the above syndromes in the future genera-
tions with genetic predisposition.

There are several identified limitations in screening these mutations including cost of
testing, lack of patient and provider education regarding the importance of genetic infor-
mation, and limited availability of genetic counsellors and access to genetic testing [26].

In the era of unforeseen issues with Covid-19 there are other issues with genetic
testing including social distancing making the genetic counselling, consenting
difficult necessitating these steps to be delivered audio-visually.
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15. In summary

There are numerous types of genetic mutations causing sporadic and hereditary
ovarian cancers and more to be discovered yet. These mutations cause genomic
instability in turn leading to cancer causation. Having a certain type of mutation
will gives rise to clinically specific type of ovarian cancer, with different response to
treatment, prognosis and predictability in behaviour.

Early identification of these mutations, genetic counselling will optimise the
patient outcome, prevention of the ovarian and other genetically predisposed
cancers in next generations.

Developing a universal testing pathway which is cost effective, is still challeng-
ing due to various factors.

The arrival of personalising treatment with Molecular typing of Ovarian
Cancer has revolutionised maintenance therapy in Ovarian Cancer that has never
seen before. Not only we are routinely screening for germline and somatic BRCA
mutation upfront in all newly diagnosed Ovarian Cancer, we increasingly modify
our treatment paradigm by providing PARPi in DNA mismatch repair deficiency
detected patients. This extends from just BRCA mutation to the other Homologous
recombinant deficiency genes as delineated in Figure 1. In 2020, FDA approved of
MEK-inhibitor, Trametinib for Low grade Ovarian Cancer. And soon to be NICE
guidelines for routine screening for Microsatellite instability genes, MMR MSI in all
Endometrial Cancer, in search for 40% incidence of MSI MMR deficiency.

In 2021 November, with the sentinel FDA approval for liquid biopsy testing in
solid cancers, which was predominantly based on detection of BRCA genes and
most HRD genes, this has solid foundation in one test for defective molecular mark-
ers in blood, hopefully well before development of Cancer, for our exciting future
to come.
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Chapter 3

Ovarian Cancer Tumour Biology:
Genesis

Jdn Varga

Abstract

Ovarian cancer (OC) is the fifth leading cause of cancer deaths among women,
thus early diagnosis is of paramount importance to survival. A clear OC etiopatho-
genesis is not yet fully understood. Large histopathological variability predicts more
initial tissue for carcinogenesis. Many connections of biologically different tissue
as locus minoris vesistentiae for carcinogenesis have been confirmed. Expansion of
knowledge about OC etiopathogenesis may help to construct an algorithm for early
diagnosis. Ovarian surface epithelium, ectopic Miillerian epithelium, and fallopian
tubes, along with endometriosis, are significant in the process of OC development.
An oxidative microenvironment caused by recurrent ovulation or arising due to
a degradative process in ectopic endometrium, mainly endometriomas, play a
prominent role in the development of OC.

Keywords: ovarian cancer, etiopathogenesis, ovarian surface epithelium, cortical
inclusion cyst, fallopian tube, endometriosis, endosalpingiosis, ovulation,
tubo-ovarian junction, ovarian carcinogenesis

1. Introduction

Although ovarian cancer (OC) is not the most common cancer, it is the fifth
leading cause of cancer deaths among women [1] and accounts for 3-4% of all
female cancers. Improvement of therapeutic options in OC patients has improved
disease-free survival but has had no significant effect on overall survival. There
is still the need for genetic profiling to identify patients who will benefit from
anti-angiogenic treatment [2, 3]. Due to the typical disease characteristics, such
as initially asymptomatic growth and delayed symptoms, most OC patients are
diagnosed at an advanced stage. Early diagnosis at the asymptomatic stage is of
paramount importance for survival. Understanding OC development pathways
can help with early diagnosis and thus increase the potential of curability as well as
screening programs.

2. Ovarian cancer - background
2.1 Classification

Histo-anatomy and tumour biology are main determining factors in OC
classification.
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Up to 90% of all OC is derived from the epithelium. The remaining 10%
represents non-epithelial cancers with sex-cord stromal tumours and germ cell
tumours. Epithelial OC is either mucinous (3%) or non-mucinous (97%). The
most represented group, non-mucinous, includes serous OC, endometrioid ovar-
ian cancer (EOC), clear cell ovarian cancer (CCOC), transitional cell carcinoma,
and others.

The model of two different tumour types in epithelial OC is widely supported
and was officially accepted by the World Health Organisation (WHO) in 2004 [4].
Type 1 OC is defined from precursor through borderline variants. These cancers
usually have an indolent course and good prognosis. Type 2 OC, such as high-grade
serous ovarian cancer (HGSOC), reports fast progression, aggressiveness, and
poor prognosis (Figure 1). Ninety percent of all deaths from OC are caused by this
type [5].

The most common secondary cancers are metastatic lesions in the gastrointestinal
tract or breasts [6].

2.2 Carcinogenesis: basic orientation

The cells of origin for OC are well studied, although some OC may not originate
in the ovaries. OC in extra-ovarian tissue can also occur. For example, mucinous OC
can resemble other endocervical glands and gastro-intestinal epithelium.

EOC and CCOC often show the presence of endometriosis in their histology.
Histopathological criteria can clearly define a couple of types of endometriosis with
different biological potential. While benign endometriosis faces the onset of the
endometriosis overthrow, atypical endometriosis is already an ongoing process. The
range as well as the time interval of oxidative load significantly affect which deposit
of benign endometriosis progresses. The degradation processes typically seen in
ectopic endometrium are the source of oxidative stress, and close contact with the

[ OVARIAN CANCER J
[NON-EPITHELIAL /10%/ ] [ EPITHELIAL /90%/ ]

SEX CORD STROMAL TUMOURS / \
GERM CELL TUMOURS

MUCINOUS /3%/ }

—\

NON-MUCINOUS /97%/ ]

[y SEROUS

possible source: possible source: HlGH GRADE
cervical glands
gastrointestinal epithelium OSE, FTE, STIG, PTH

type1
- possible source:
[% endometrium

LOW GRADE

type 1

OTHERS

Figure 1.

Ovarian cancer classification due to histo-anatomy and tumour biology with possible initial source.
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ovary potentiates this process. This explains why ovarian endometriomas have the
greatest potential for progression and why there is less risk of progression in deep
infiltrating endometriosis.

Serous OC can originate in the ovary as well as extra-ovarian tissue. The close
relationship was observed with fallopian tube, mainly its fimbriated end. Fallopian
tube epithelium (FTE) plays an important role in the development of ovarian
malignancy. The precursor originating from the FTE can locally progress or, more
often, adhere to the more favourable environment of the ovary. Local progression
of the precursor derived from the FTE is rare. The reason for this is the inhibitory
effect of the fallopian tube microenvironment on carcinogenesis when compared
to the ovarian microenvironment. Oxidative stress resulting from incessant ovula-
tion leads to accumulation of DNA changes in the FTE with subsequent exfoliation
of precursors to the ovarian surface epithelium. Even more tissues for ovarian
carcinogenesis with different biological potential have been recognised in the FTE.
Type 1 OC, although containing oncogene alterations of RAS-PMK or PI3K-AKT, is
genomically stable, for example, as in wild-type p53. Type 2 OC reports p53 muta-
tions and pronounced genomic instability [5].

Generally, the initial tissue for OC development can be located in the ovary,
ectopic Miillerian epithelium, fallopian tube, or endometrium (Figure1).

Age older than 64 years is a risk factor for OC mortality and risk of disease
increases significantly with advancing age. Within a genetic predisposition only
limited clinically relevant mutations are currently known. Knowledge about
tumour suppressor genes, BRCA mutations, and Lynch syndrome help to construct
a preventive surgery programme for patients. An oxidative microenvironment due
to incessant ovulation in the tubo-ovarian junction or degradative processes in
endometriomas are considerable risk factors for DNA alterations. Thus, decreased
ovulation may act as a protective factor against OC, although not every situation

Group of factors Factor + — +/—
Age Age o
Genetic Family history .
BRCA mutation *
Lynch syndrome .
Reproduction Incessant ovulation .
Menarche .
Menopause °
Parity .
Lactation o
Hormonal Hormonal contraceptives .
Hormone replacement therapy o
Gynaecological Endometriosis .
Pelvic inflammatory disease .
Fallopian tube occlusion .
Others Obesity o
Alcohol/cigarettes/caffeine .
Table 1.

The share of individual factors in protection (+), predisposition (—) or controversial position (+/—) in relation
to the OC development.
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confirms this fact (Table 1). The main factors influencing risk-reduction strategies
are genetic predispositions, ageing, and parity.

3. Ovarian cancer: etiopathogenesis
3.10vary

The infiltration of the ovaries by cancer cells even in the early stages of OC has
been confirmed. Due to this fact, the initial concept was that the origin of OC is in
the ovary. The ovarian surface epithelium (OSE) covers the ovary and during ovula-
tion invagination of the OSE may occur, leading to the formation of small cystic
lesions located in the ovarian cortex called cortical inclusion cysts (CICs).

The engagement of ovulation in carcinogenesis has been known for about
50 years. The oxidative stress accompanying ovulation alters the cells of the OSE.
The accumulation of DNA damages arising due to the pro-inflammatory and pro-
oxidative microenvironment and subsequent inability to repair them leads to the
formation of pathological clone cells (Figure 2). In addition, women with a BRCA
mutation and decreased ability of DNA repair are more prone to this process [7].

Incorporated CICs containing DNA-altered cells, as well as ambient pluripotent
stem cells, are exposed to cyclic inflammatory activity. It has already been described
that stem cell activity is silenced in cancerous OSE [8]. Thus, dysregulated pluripo-
tency of stem cells may contribute to growth promotion and differentiation, finally
leading to cancer formation [7]. Inadequate host tissue stem cell activity as the
factor potentiating growth and malignant transformation in other cancers such as
colorectal carcinoma has also been described [9].

The histology of certain HGSOC shows similarity to tissue developmentally
derived from Miillerian ducts (Figure 3). One possible reason for this is that the
relatively unstable, undifferentiated nature of OSE may mould the tissue of a
Miillerian phenotype through the process of metaplasia [10]. Metaplastic OSE with
different phenotype create after its incorporation into CIC Miillerian type of corti-
cal inclusion cyst (mCIC), finally progressing into OC. This represents a theory of
OC development from Miillerian epithelium but initially arising from metaplastic
OSE. Another theory is the transport of Miillerian epithelium into the OSE from
extra-ovarian localisation (e.g., ectopic Miillerian epithelium, endosalpingiosis, or
fallopian tubes).

3.2 Ectopic Miillerian epithelium

As early as 1999, the theory that all epithelial OC originated initially from the
ovary was challenged. As a primary source was indicated extra-ovarian miillerian
epithelium (Figure 3). It was observed that Miillerian epithelium has more similar
patterns to HGSOC than to OSE. The theory was supported by proof of the absence
of ovarian tissues in primary peritoneal cancers without ovarian invasion but
that were clinically and histopathologically consistent with HGSOC. Secondary
Miillerian tissue as the residue of ectopic Miillerian epithelium (outside of the
cervix, endometrium, or fallopian tubes) as the source of cells for carcinogenesis
has been confirmed [11].

3.2.1 Endosalpingiosis

Endosalpingiosis (ES) represents an ectopic presence of FTE. When compared
to endometriosis, ES shows ciliary epithelium and absence of inflammatory
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antral follicle

I cortical inclusion cyst |

Figure 2.
Cortical inclusion cyst formation from ovarian surface epithelium under the effect of oxidative stress resulting
from ovulation.
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Figure 3.
The development of female genitals and role of Miillerian ducts.

reaction. In addition, there is a difference in incidence related to age among these
two conditions. The discovery of fallopian tube importance in the process of ovar-
ian carcinogenesis and subsequent implementation of sectioning and extensively
examining the fimbriated end protocol (SEE-FIM) led to increased ES rates. In
women aged 31-50 years, ES incidence is 37%. In menopausal women, incidence
increases to 66% [12]. Endometriosis incidence rapidly decreases after menopause,
whereas an opposite effect is seen in ES. This is caused by the different biology of
the diseases, although both entities probably arise from dissemination of physi-
ologically localised tissue. While endometriosis represents a hormone-dependent
disease, ES probably arises from tissue detachment of FTE. Due to the hormonal
attenuation after menopause, endometriosis regresses; however, increasing age
increases the probability of exfoliation of FTE from fallopian tubes. Different
biological potential can also be present. In ES tissues degradative processes are miss-
ing, which means less oxidative load. Thus also malignant potential of ES should be
present when compare to endometriosis.

The theories of ES development discuss two possibilities. One envisages a meta-
plasia of pluripotent coelomic peritoneal epithelium to FTE tissue. More likely it is a
process of primary dissemination of FTE. This second theory explains the presence
of ES in women only and that the most common localization of ES is in the ovaries.
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Relevant clinical data about ES are scarce, although recent studies show its asso-
ciation with gynaecological malignancies [13]. A significant relationship between
ES and borderline ovarian carcinoma (BOC) has been observed. One third of serous
BOC patients present with ES in their histology and incidence of ES increases to
70% in recurrent serous BOC [14]. The connection with slowly progressing cancers
is likely due to low biological activity of ES.

3.3 Fallopian tube

In 2001, small dysplastic lesions similar to HGSOC containing BRCA mutations
were discovered in a patient’s fallopian tubes [15]. Serous tubal intraepithelial
carcinoma (STIC) is characterised by enlarged epithelial cells with atypia of
nucleoli. The distal part of the fallopian tube is the main region where STIC is seen.
This is most probably due to the close connection with the ovary where ovula-
tion with chronic inflammatory and oxidative microenvironment takes place.
Immunohistochemical study of STIC showed positivity of p53 as well as yH2AX,
which is a marker of double-stranded DNA breaks [16].

The presence of STIC and HGSOC at the same time was confirmed in 11-61%.
The incidence of STIC in asymptomatic risky patients after prophylactic adnex-
ectomy was reported to be 0.4%-8.5%. The incidence in risk-free patients was
0.8%-3.1% [17]. Relatively wide incidence of STIC in HGSOC patients is due to
non-identical diagnostic criteria of STIC. The criteria for STIC diagnosis are:

* morphological abnormalities including change of nucleus/cytoplasm ratio,
enlarged nucleus with prominent nucleoli, ciliary cells reduction, and absence
of basement membrane penetration

* p53 overexpression (> 60%) or absence of expression
* increased proliferative index Ki67 (> 10% positive cells in lesion)

The knowledge of early tubal precursors increased a request for precise fallopian
tubes assessment. On the other hand implementation of detailed investigation pro-
tocol uncovered more microscopic lesions with not known tasks. Apart from STIC,
three other lesions need to be taken into consideration: p53 signature, secretory cell
outgrowth (SCOUT), and serous intraepithelial lesion (STIL).

p53 signature represents a cluster of FTE reporting p53 positivity with
Ki67 < 10%. Morphological changes are not present and therefore a diagnostic
process is focused on immunohistochemical examination. It can be a bilateral
and multifocal lesion; the role is not fully clarified. It can be an initial step with
subsequent progression or the lesion can persist.

SCOUT is defined as a proliferation of at least 30 secretory fallopian tube cells
with Bcl2 positivity as well as P53 negativity. Another feature is loss of PAX2,
which is seen in STIC as well as in HGSOC. This predicts PAX2 inactivity as part
of carcinogenesis and SCOUT can be a step of this process. The amount of SCOUT
increases with age and most likely represents a precursor of p53 lesions [18].
However, they are not reported in clinical findings due to their unclear clinical
importance.

STIL contains atypia but does not reach STIC. It represents a morphological
intermediate stage between p53 and STIC [18].

The process of ovarian carcinogenesis starting in the FTE under the effect of
ovulation takes more than 30 years. Development of p53 signature from secretory
epithelial cells of the fallopian tubes lasts approximately 10 years, and it takes
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another 15 years for the development of STIC, and then 5 more years for the devel-
opment of HGSOC from STIC (Figure 4) [19].

The knowledge of FTE hypothesis as the source of OC potentiates an idea of
reduction of preventive surgery range in high-risk patients. Due to the lack of
information about the role of fallopian tubes on general OC incidence, the risk
reduction of OC occurrence after prophylactic salpingectomy cannot be established.
The omission of oophorectomy in premenopausal women prevents menopausal side
effects but certain risk of OC remains.

3.3.1 STIC transport to ovaries

Although the STIC as a precursor of HGSOC is clearly defined, infiltration
of the fallopian tubes was not observed in a large proportion of patients with
HGSOC [20]. The reason for this is the theory of transportation of early genomi-
cally altered secretory epithelial cells from the distal part of fallopian tubes into
the OSE. Implantation of tissue in the CIC of OSE leads to formation of mCIC
(Figure 5) where the ovarian microenvironment creates better conditions for
cancer progression [21].

The question of whether OC originates in the ovary or the fallopian tube is not
fully answered. The microenvironment plays a crucial role. Whereas the ovary
accelerates the process of cancer initiation, progression, and growth, the fallopian
tubes more likely have an inhibitory effect [21]. This may explain why the precur-
sor in case of cancer originating from the ovary cannot be detected. The process
in these cancers is so rapid that precancerous lesions are often not detected.
Inversely, in the fallopian tubes there is a longer time window for detecting early
lesions, and after their transportation into the ovary the acceleration of the cancer
is seen.

Although the conditions for progression are apparently better in the ovaries,
local progression of STIC in the fallopian tubes and formation of primary fallopian
tube carcinoma can occur.

[SECRETORY CELLS OF TUBAL EPITHELIUM’
. l 10 YEARS
oss of P‘AX2 SCOUT }
expressions
TP53 mutations p53 LESION
atypia STIL ‘ 15 YEARS
morphology,
Ki67, p53
5+ YEARS
Figure 4.

The biological course of ovarian carcinogenesis starting in fallopian tube epithelium.
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The process of incorporation of fallopian tube cells into ovarian surface epithelium.

3.3.2 Papillary tubal hyperplasia

The fallopian tubes play a role in some type 1 cancers. Papillary tubal hyperpla-
sia (PTH) represents a cluster of epithelial cells and small papillae with or without
psammomatous bodies in the lumen of the fallopian tube (Figure 6). They float
freely in tubal lumen or protrude from the epithelium into the lumen. Thisis a
crucial difference from tubal hyperplasia. It was suggested that PTH represents
the most advanced stage of tubal hyperplasia and has a significant association with
some ovarian and extra-ovarian low-grade tumours. Earlier stages of tubal hyper-
plasia do not show such a prominent association [22].

PTH arises as the consequence of chronic inflammatory processes and can be
diffuse or focal. Anatomically the most common place of appearance is the tubal
ampoule. After its transport into the ovary, PTH can progress and form serous BOC
and subsequently low-grade serous ovarian cancer (LGSOC). Many morphologi-
cal similarities of PTH and LGSOC have been confirmed. Both contain ciliary
and secretory cells as well as intraepithelial lymphocytes. Psammomatous bodies
commonly present in PTH as well as LGSOC. After its transportation on peritoneal
surfaces, PTH represents a precursor of ES or non-invasive implants.

Chronic inflammatory changes (i.e., chronic salpingitis or other forms of pelvic
inflammatory disease) leading to architectural reconstruction of the fallopian
tube induce FTE proliferation resulting in PTH. Mutation of KRAS or BRAF
genes represent the main trigger of carcinogenesis. After its transportation into
the ovary, the final structure is usually mCIC. Not all studies have confirmed this
algorithm and significant association of PTH with LGSOC or serous BOC was not
seen [23, 24]. More studies in this area are still needed.

3.3.3 Primary fallopian tube carcinoma

Primary fallopian tube carcinoma (PFTC) represents a rare entity accounting
for 0.14%-1.8% of all female genital tract cancers. Nevertheless, the incidence in
the last several years has increased due to the change in fallopian tube assessment.
Wide implementation of the SEE-FIM protocol into clinical practice increased
detection of different precursors from FTE as well as the incidence of PFTC.
Unfortunately, they represent mainly asymptomatic lesions or, like in some PFTC
cases, are indicated for surgery due to adnexal mass. At present, PFTC is considered
to be the presence of STIC or invasion of the carcinoma into the fallopian tube
mucosa or if the fallopian tube is incorporated into the tumour mass [25].

The precursor in HGSOC or high-grade serous extra-ovarian cancer is STIC
with a typical p53 mutation. In case of HGSOC or extra-ovarian cancer, STIC is
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Figure 6.
Papillary tubal hyperplasia. Numerous small papillae/thin arrows/psamomatous bodies/gross arrows/.

detached from the FTE and implanted on surfaces without invasion of tissue under
the basement membrane of the FTE. However, in case of PFTC a local progression
of STIC with invasion into deeper structures is seen. Localisation of PFTC in the
tubal lumen leads to its distension with earlier clinical symptoms. Therefore, PFTC
diagnosis is done earlier than that for HGSOC. In addition, the partially closed
space of tubal lumen can delay spread of disease in the abdominal cavity.

3.4 Endometriosis

Endometriosis is a clinically complex syndrome with chronic hormone-dependent
inflammation and notable proliferative potential. Although endometriosis incidence
is around 10%, it accounts for less than 1% of malignancies [26].

The common features of endometriosis and cancer cells have been clearly
described. These include angiogenic potential of stem cells as well as their ability
to evade apoptosis. Haemolysis, the process typical for endometriosis, is highly
associated with oxidation. An oxidative microenvironment results in accumulation
of DNA mutations and leads to, under the supervision of the immune system, either
cell death or formation of pathogenic clone cells.

The similar effect like in FTE, which is for better conditions of malignization
transported into ovary is also in endometriosis seen. Inflamed stroma with mutated
epithelium can progress to cancer when located on the ovary. This explains why
malignant overthrow is uncommon in the case of deep infiltrating endometriosis
even when containing similar DNA mutations [26]. The microenvironment plays an
important role in these situations as well.

Endometriosis-associated ovarian cancer (EAOC) includes mainly endometri-
oid ovarian cancer (EOC), clear cell ovarian cancer (CCOC), and sero-mucinous
borderline ovarian cancer. Nevertheless, not every case of EAOC presents with
endometriosis. EAOCs are characterised as well-differentiated tumours occurring at
a younger age and initially diagnosed at an earlier stage when compared to endome-
triosis-free EAOC. The question which endometriotic lesion tend to progress into
carcinoma remains still not completely answered.
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Benign and atypical (premalignant) endometriosis can be defined using his-
topathological criteria. There is a significant association of atypical endometriosis
(AE) with EAOC. While benign endometriosis (BE) does not contain atypia and has
greater incidence, AE is less frequently seen and the atypia can be defined in two
grades [27]. Cellular atypia, also called cytological atypia, defines epithelial layer
changes such as hyperchromasia and pleomorphism. However, structural atypia,
also called hyperplasia, deputises hyperplastic changes similar to ectopic endome-
trium, which includes simple or complex hyperplasia with or without cellular atypia
[28]. Although plenty of studies refer to AE as tissue with cytological and structural
atypia, cytological atypia are seen in cancer-free patients, whereas structural atypia
are typically present in OC patients (Figure 7) [27].

The different potential of both types of atypia have been confirmed by studies
of COX-2, Ki-67, and BAF250a. In the case of BE, immunohistochemical COX-2
positivity is significantly higher compared to that in AE. In both types of atypia
in AE, rapidly higher COX-2 positivity in cytological atypia has been observed.

This predicts BE as well as cytological atypia of AE into reactive changes. In Ki-67
examinations lower values in BE and cytological atypia of AE were detected. Thus,
the structural atypia of AE can be concluded as the tissue with greater proliferative
potential. The decrease in BAF250a was confirmed in both OC and AE patients.
Comparing both types of atypia in AE, we can see lower BAF250a expressions in
structural atypia patients [27].

EAOC tissue can be present with or without endometriosis. If endometriosis is
confirmed, both types can be seen (BE as well as AE). In some cases even gradual
transition from BE to AE and BOC can be detected. Approximately one of 10
women suffers from endometriosis and only less than 1% (0.3%-0.8%) of endome-
triosis patients will progress to cancer. When checked for AE incidence in endome-
triosis patients, 8% show atypia in their histology. The incidence of AE increases
in patients with OC, whereas one-third of EAOC patients present with AE [27].
Detailed analysis of AE patients showed those with long-term history of disease,
advanced stage, and older age when compared to BE patients. Current accepted
criteria for AE include eosinophilic cytoplasm, large hyperchromatin or pale nuclei
with moderate-to-marked pleomorphism, increased nucleus-to-cytoplasm ratio,
and cell aggregation.

The endometriosis was solidly confirmed as the precursor of some OC, pref-
erentially of certain portion of EAOC. Due to the low incidence of endometriosis

mainly endometrioma ‘ ENDOMETRIOSIS
chronic inflammatory BENIGN

microenvironment ENDOMETRIOSIS

EPITHELIAL METAPLASIA ’

epithelial layer changes ( i
hyperchromasia, ‘ CELLULAR (CYTOLOGICAL) ATYPIA | ATYPICAL

pleomorphi ! / ENDOMETRIOSIS
eosinophilic cytoplasm,
hyperchromatin/pale nuclei
with pleomorphism,
Figure 7.

The development of changes in ectopic endometrium.
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Initial structure Biological process Final structure
OSE Mutation + incorporation into small cyst CIC

OSE Metaplasia + incorporation into small cyst mCIC

Ectopic Miillerian Local progression transport to the ovary Primary peritoneal cancer
epithelium mCIC

ES Transport to the ovary Serous BOC
FTE Transport to the ovary mCIC

STIC Local progression PFTC

STIC Transport to the ovary HGSOC

PTH Transport to the ovary BOC/LGSOC
Endometriosis Retrograde reflux/transport to tubo- EOC, CCOC

ovarian junction

Table 2.
Simplified process of ovarian carcinogenesis.

overthrow, predictive factors are not fully clarified. There is significantly greater
association of endometriomas with malignancy when compared to deep infiltrating
endometriosis. In those cases, the ovarian microenvironment plays a crucial role.
Thus, even in endometriosis overthrow a tubo-ovarian junction is inevitably needed
to ensure endometrial reflux to the ovary and then cellular progression in the
endometrioma. From the clinical characteristics of OC, patients with long-term his-
tory of disease as well as large endometriomas (> 9 cm) may be defined as high-risk
patients for progression and thus require more precise observation (Table 2) [29].

4, Conclusion

Incidence of OC is relatively low when compared to other onco-gynaecological
diseases. Nevertheless, OC is the fifth leading cause of cancer deaths among women
with 95% of deaths occurring in women older than 45 years.

Disease localisation in the abdominal cavity allows asymptomatic growth at
the early stages. The diagnostic timing of symptomatic disease does not affect the
parameters of survival. To increase survival rate, it is important to detect the disease
at the early asymptomatic stage. Knowledge of disease etiopathogenesis increases
the probability of detecting precancerous lesions or early-stage cancers.

The source of OC can be OSE through CIC or mCIC. Local progression is seen
less frequently, whereas transport of the precursor to the ovarian surface is more
common. Retrograde menstruation may be a cause of some EAOCs, mainly EOC
and CCOC.
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Chapter 4

Epigenetic Events in Ovarian
Cancer

Yanisa Rattanapan and Takol Chareonsivisuthigul

Abstract

Epigenetic aberrations are now well established in the development and
progression of ovarian cancer, including DNA methylation, histone modifications,
and microRNA dysregulation, and their progressive accumulation is correlated with
the progression of the stage grade of disease. Epigenetic aberrations are relatively
stable, linked to various subtypes of the disease, and present in circulating serum,
representing promising diagnostic, prognostic, and pharmacodynamic biomark-
ers. Unlike DNA mutations and deletions, aberrant gene-repressive epigenetic
changes, including DNA methylation inhibitors or histone-modifying enzymes,
are theoretically reversible by epigenetic therapies. While no action against solid
tumors, including ovarian cancer, has been shown in epigenetic monotherapies,
preclinical studies indicate that they may be successful when used in conjunction
with one another or with conventional chemotherapy, and combinatorial epigenetic
therapy regiments are being investigated in cancer clinical trials. Improved inter-
ventions against this debilitating malignancy will provide a greater understanding
of epigenetics’ role in ovarian cancer.

Keywords: ovarian cancer, epigenetic, miRNA, DNA methylation,
histone modification

1. Introduction

Among gynecological malignancies, ovarian cancer, a molecularly heterogeneous
condition associated with poorest prognosis. The highest mortality rates are associ-
ated with ovarian cancer, reflecting the third most prevalent cancer in female carci-
nomas of the gynecologic system. While it accounts for just 3% of all female cancers,
the worldwide annual prevalence of ovarian cancer is 220,000, with 21,750 reported
new cases and 13,940 estimated deaths annually [1]. Specific diagnosis in more than
70% of OC cases is a potent factor for high fatality rates at an advanced disease stage
and carries a poor prognosis with current therapies. In ovarian cancer, the median
age of disease diagnosis is 60 years and its lifetime incidence is one in seventy with
estimated lifetime mortality of one in ninety-five [2, 3]. Epithelial ovarian cancer
(EOC) accounts for 90% of all types of OC cases distinguished at histopathological,
clinical, and molecular levels by heterogeneity. The precise cause of the malignancy
of the ovaries is still unclear. Significant risk factors associated with OC have been
identified as a strong family history of either ovarian or breast cancer. More than
one-fifth (approximately 23%) of ovarian carcinomas have inherited susceptibility
and have BRCA1 and BRCA2 tumor suppressor gene mutations [4].
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Rapid growth, unspecific clinical symptoms at the early stage of the disease, and
the absence of earlier diagnosis methods make it challenging to diagnose promptly
due to lack of effective screening. As a result, when the tumor has spread beyond
the pelvis and is unlikely to be entirely removed by surgery, EOC is usually diag-
nosed at an advanced stage (FIGO III/IV). Long-term survival rates are poor (10-30
percent for women with disseminated malignancies. However, an ovarian cancer
diagnosis at the localized level is considerable curable (over 95 percent five-year
survival rate; [5]). Therefore, it is needed to explore cost effective and sensitive
screening program for early detections and biomarkers to predict disease behaviors
and responses to therapies. In identifying promising biomarkers of clinical util-
ity for early diagnosis of OC, a better understanding of the EOC genome portrait
would benefit.

Altered epigenetic states are closely associated with tumorigenesis of the ovaries.
Epigenetics is characterized as a heritable alteration in gene expression without the
DNA sequence itself being altered and involves DNA methylation, histone modifi-
cation, nucleosome repositioning, and micro-RNAs (miRNAs) posttranscriptional
gene regulation [6, 7]. Cancer vulnerability is inherited, but most of this inherit-
ability remains unknown. Epigenetic changes in the parental germ line that do
not require transmission of genetic variants from parent to offspring may mediate
such missing heritability. DNA methylation, the addition of a methyl moiety to
the cytosine-5 location within the sense of a CpG dinucleotide, mediated by DNA
methyltransferases (DNMTs), is the most studied epigenetic shift [6]. While most
CpG sites are methylated in the human genome, CpG-dense regions known as CpG
islands (often gene-associated) are usually unmethylated in normal tissue. Also,
histone proteins associated with DNA are subject to extensive modifications that
mediate the assembly of chromatin that is transcriptionally permissive or restric-
tive (i.e., open or closed). DNA methylation and histone modifications are now
recognized to be closely related [6]. The complete epigenetic state corresponding
to a particular cell phenotype (e.g., DNA methylation, histone modification, and
miRNA expression) is now referred to as the epigenome [8]. Though repressive epi-
genetic changes (including DNA methylation) control genes in normal tissues (e.g.,
imprinted genes and inactivation of female X-chromosomes), they are dramatically
altered in cancer [6, 9]. Global DNA hypomethylation and localized hypermethyl-
ation of promoter-associated CpG islands occur primarily in cancer cells, with the
latter acting as a replacement for point mutations or deletions to induce transcrip-
tional silencing of tumor suppressor genes [6].

2. DNA methylation in ovarian cancer

The substantial shortcomings of the therapies examined above in the treatment
of ovarian cancer have set the stage for the use, either alone or in combination
with other therapies, of novel epigenetic therapies to treat this disease. By adding a
methyl group to stimulate regions of DNA to silence gene expression, the epigenetic
alteration of DNA methylation controls gene expression. This mechanism is critical
during sensitive cellular processes, such as embryonic development, inactivation
of X-chromosomes, and genomic imprinting. The organ’s normal development and
maturation are determined by a precise balance of active and silenced genes [10]. On
the other hand, cancer promotes global hypermethylation of CpG islands associated
with promoters, which are typically unmethylated in normal tissue, silencing genes
essential for cellular homeostases, such as genes suppress tumors. To promote tumori-
genesis, aberrant DNA methylation and structural chromatin changes will alter gene
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expression [11]. A repressive and tightly woven chromatin structure is caused by
DNA methylation, which can minimize gene expression in DNA repair, apoptosis,
differentiation, drug resistance, angiogenesis, and metastasis. In cancer, gene pro-
moters’ hypermethylation causes the genes involved in cell cycle control, including
BRCA1, CDKN2A, RASSF1A, LOTI, DAPK, ICAM-1, PALB2, RAD51C, and BRIP1 to
be downregulated. Therefore, substantial loss of CpG hypermethylation in ovarian
cancer is correlated with cancer cell growth inhibition [12].

In ovarian cancers, hypermethylation of particular gene promoters has been
established. Compared to non-neoplastic tissues, promoter hypermethylation
of tumor suppressors BRCA1 and RASSF1A were significantly higher in ovarian
cancers [13]. This hypermethylation silences expression to suppress BRCA1 activ-
ity, driving genomic instability in ovarian cancers, analogous to the mutations in
BRCAI1 discussed earlier. RASSF1A encodes a protein controlling the cell cycle;
silencing this gene promotes cell-cycle progression and unregulated cell develop-
ment. Compared to benign cases, tissues from patients with serous and non-serous
EOC display significantly higher RASSF1A promoter methylation. [14]. In clear-cell
ovarian cancer, hypermethylation is also observed. 22 separate CpG loci associated
with nine genes (VWA1, FOXP1, FGFRL1, LINC00340, KCNH2, ANK1, ATXN2,
NDRG21 and SLC16A11) were hypermethylated. Inversely associated with tumor
gene expression, multiple loci methylation, most notably KCNH22 (HERG, a
potassium channel). Loss of KCNH2 (HERG) expression by methylation may be a
good prognostic marker, provided that overexpression of the Eag family members
of the potassium channel promotes increased proliferation and results in poor
prognosis [15]. However, superficial cell carcinomas also suppress methylation of
the gene encoding the HNF1B transcription factor, while this gene is methylated
in high-grade serous ovarian cancers [16]. In invasive carcinomas, Makarla et al.
found hypermethylation of eight cancer-related genes (p16, RAR, E-cadherin,
H-cadherin, APC, GSTP1, MGMT, and RASSF1A) was significantly higher com-
pared to non-invasive cancers and benign cystadenomas [17].

3. Histone modification in ovarian cancer

Chromatin modifying enzymes are altered in ovarian cancers beyond DNA
methylation. High levels of H3K9 methyltransferase G9a, which adds histone
methyl groups (H3K9) to promote the compact structure of chromatin and silence
genes, have been associated with late-stage high-grade and serous ovarian cancer,
as well as shorter survival in patients with ovarian cancer [18]. Genes marked by
the chromatin modifications of activating H3K4me3 and silencing H3K27me3 are
identified as “poised” or bivalent; these are not transcribed into embryonic stem
cells but resolved as differentiated stem cells into active and transcribed (H3K4me3)
or silenced and not transcribed (H3K27me3). In 499 high-grade serous ovarian
cancers, compared to eight normal fallopian tube samples, these bivalent chromatin
loci were silenced and included genes in the PI3K and TGF-beta signaling pathways.
Stem-like cells of ovarian cancer and chemo-resistant cells of ovarian cancer have
demonstrated increased silencing of these genes [19]. As previously mentioned,
the gene encoding the ARID1A chromatin remodeler is mutated in over 50 percent
of ovarian clear cell carcinomas. In a mouse model of ovarian cancer, Bitler et al.
showed inhibiting EZH2 methyltransferase, which adds the H3K27me3 mark to
silence gene expression, induced regression of ARID1A-mutated tumors. This
occurred via PIK3IPI upregulation, an ARID1A and EZH2 target increased by EZH2
inhibition and inhibits PI3K/Akt oncogenic signaling [20].
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4. MicroRNA dysregulation in ovarian cancer

The most recently discovered epigenetic miRNAs represent ovarian tumors have
recently become a phenomenon, and it was found to substantially up-regulate miR-
199a, miR-200a, miR-200a, miR-214, and down-regulate miR-100 and, precisely,
miR-100 and miR-214 to target the tumor suppressor, miR-214 was shown to PTEN
and is associated with resistance to platinum [21, 22]. Let-7 miRNA family as one of
the regulator of the MYCN pathway that linking to the platinum-resistant trait. It
was recently discovered that miRNA let-7i was a tumor substantially down-regulated
suppressor in platinum-resistant ovarian tumors, and restored let-7i gain-of-function
chemoresistant ovarian cancer drug sensitivity cells, thus representing a biomarker
and therapeutic candidate goal [23]. MiR-429, miR-200a, and miR-200b, respectively
a single primary transcript was found to be clustered on epithelial-to-mesenchymal
transition-regulated (EMT, a metastatic phenotype) ZEB1/SIP1 repressor, with
negative regulation of miR-200a and miR-200b ZEB1/SIP1 and the development of
aloop of double-negative feedback [24]. In another study, 27 miRNAs were substan-
tially correlated with chemotherapy response, indicating a chemotherapy response
miRNA (similar to DNA methylation) represent potential biomarkers for ovarian
prognosis and diagnosis [25]. Regarding the regulation of miRNA genes, a group of
six chromosomes, 19 miRNAs clustered on chromosome 19, and seven clusters were
up-regulated on chromosome 14, DNMT-inhibitor decitabine inhibitor, showing that
miRNAs can be controlled by DNA methylation [26]. What’s more, an overall, col-
lective tumor—MIiRNAs’ suppressive effect has been suggested by Drosha and Dicer
down-regulation, involving two enzymes in the processing of miRNA, being signifi-
cantly connected with an early stage of ovarian cancer and poor prognosis [27, 28].

5. Epigenetic biomarkers for ovarian cancer

As mentioned above, the development of ovarian cancer is well characterized
by a range of combinatorial epigenetic aberrations distinct from this malignancy,
including but not limited to RASSF1A, DAPK, H-Sulf-1, BRCA1, and HOXA10 DNA
methylation. As a result, these methylated DNA sequences represent potential diag-
nostic, staging, prognostic, and therapy response monitoring (predictive biomark-
ers) biomarkers [29]. DNA methylation biomarkers have several advantages over
other types of biomarkers, such as proteins, gene expression, and DNA mutations,
including their stability, ability to amplify (thus greatly enhancing detection sensi-
tivity), relatively low cost of the assessment, and restriction to small DNA regions
(CpG islands) [30]. It also acts as a biomarker to predict response to platinum-based
chemotherapy regimen and the poly-ADP ribose polymerase inhibitor (PARPi). In
the future, DNA methylation tests of resected ovarian tumors are highly likely to
be used to customize care individually, similar to the recently discovered predictive
markers of non-small cell lung cancer in stage I [31]. While single-gene methylation
evaluation lacks adequate specificity for ovarian cancer diagnosis, it is believed that
multiple methylation biomarker panels will achieve the precision needed for wide-
spread population screening [30, 32]. To that end, a panel of 112 methylated DNA
markers was found to correlate progression-free survival with ovarian cancer [33].

6. Clinical trials of epigenetic therapeutic in ovarian cancer

DNA methylation inhibitor and HDAC inhibitor are cancer therapeutics, begins
primarily as a treatment for hematological disorders in the early 2000s. The FDA
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approved 5-Azacytidine (AZA) and 5-aza-2’-deoxycytidine (decitabine) for
myelodysplastic syndrome (MDS) in 2004 and 2006, while the HDAC suberoylani-
lide hydroxamic acid (SAHA) inhibitor was approved in 2006 for the treatment of
persistent or cutaneous T cell lymphoma [34]. Epigenetic therapy was initially per-
formed in a clinical trial. It was setting either alone or with the standard in combi-
nation care to resensitize either the tumor to anticancer treatment or avoid therapy
resistance production. Ultimately, these medications have been tested against
resilient OC tumors, like both SAHA and AZA clinical trials, ovarian cancer, which
is platinum-resistant. Although there are no antitumors, the behavior was detected
after SAHA treatment, and AZA demonstrated the partial reaction. Still, it was
correlated with significant adverse effects such as tiredness and myelosuppression
[35]. The HDAC inhibitor, in a related analysis Belinostat, was given to platinum-
resistant patients with ovarian tumors. Still, they have similarly caused significant
adverse reaction events such as thrombocytopenia, neutropenia, and vomiting,
leading to the end of the analysis with no clinical advantage over conventional
therapy [34]. Similarly, in a phase I study, the vorinostat pan-HDACi carboplatin or
gemcitabine was administered despite the extreme hematological toxicities caused
and caused observed partial response, leading to the termination of the study [36].

7. Future prospects

Exponential advancement in DNA methylation-based biomarker growth has
been observed over the last decade. A variety of cfDNA and tissue-dependent
screening assays have paved their way into clinics due to the consistency of DNA
and methylation patterns. Several tests for early detection of colon, lung, and pros-
tate cancer are commercial success based on DNA methylation biomarkers. New
technologies that enable the rapid identification of methylation signatures directly
from the blood can promote sample-to-respond solutions, allowing molecular
diagnostics for the next-generation point of care. Besides, ongoing work on liquid
biopsies together with the latest advanced technologies such as digital PCR, bisulfite
sequencing, methyl immune precipitation coupled with next-generation sequenc-
ing, and methylation arrays together with advanced statistical data analysis will
mitigate the complicated problems of non-invasive system creation by overcoming
the existing challenges to precision medicine.

8. Conclusion

Ovarian cancer causes substantial morbidity and mortality. Owing to unspecific
signs at the early stage of the disease, their appearance at an advanced stage, and
poor survival, the difficulty of promptly diagnosing ovarian cancer at its early stage
remains difficult. Improved methods of detection are, therefore, urgently needed.
This chapter identifies the possible clinical usefulness of epigenetic signatures such
as DNA methylation, modifications of histones, and microRNA dysregulation,
which play an essential role in ovarian carcinogenesis and its use in the development
of diagnosis, prognosis, and biomarkers for prediction. New treatment options
separate from conventional treatment options chemotherapy that benefits from
developments in the understanding of ovarian cancer pathophysiology to enhance
performance, they are required. Recent work has shown that mutations in epigen-
etic regulator-encoding genes are mutated in ovarian cancer, driving tumorigenesis
and drug resistance. Several of these modifiers of epigenetics for ovarian cancer
treatment have emerged as promising drug targets.
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Abstract

Ovarian sex cord-stromal tumors (SCST) are uncommon tumors accounting
for approximately 8% of all ovarian malignancies. By far, the most common are
granulosa cell tumors (GCT) which represent approximately 90% of SCST. SCST
are also found in the hereditary syndromes: Peutz-Jeghers syndrome, Ollier disease
and Maffucci syndrome, and DICER1 syndrome. Key genomic and genetic events
contributing to their pathogenesis have been the focus of recent studies. Most of the
genomic studies have been limited to GCT which have identified a number of recur-
ring chromosomal abnormalities (monosomy and trisomy), although their contri-
bution to pathogenesis remains unclear. Recurrent DICER1 mutations are reported
in non-hereditary cases of Sertoli cell and Sertoli-Leydig cell tumors (SLCT), while
recurrent somatic mutations in both the juvenile (jGCT) and adult forms of GCT
(aGCT) have also been reported. Approximately 30% of jGCT contain a somatic
mutation in the gsp oncogene, while a further 60% have activating mutations or
duplications in the AKT gene. For aGCT, a well characterized mutation in the
FOXL2 transcription factor (FOXL2 C134W) is found in the majority of tumors
(primary and recurrent), arguably defining the disease. A further mutation in the
human telomerase promoter appears to be an important driver for recurrent disease
in aGCT. However, despite several studies involving next generation sequencing,
the molecular events that determine the stage, behavior and prognosis of aGCT still
remain to be determined. Further, there is a need for these studies to be expanded to
other SCST in order to identify potential targets for personalized medicine.

Keywords: ovarian cancer, ovary, sex cord stromal tumor, Granulosa cell tumor,
FOXL2 C134W, TERT, Sertoli-Leydig cell tumor, DICER1 mutation, transcriptomics,
Whole Exome Sequencing

1. Introduction

Ovarian sex cord-stromal tumors (SCST) are a clinically significant group of
uncommon neoplasms that represent approximately 8% of ovarian cancers. They
are thought to arise primarily from the gonadal sex-cord (granulosa and Sertoli
cells) and/or gonadal stromal cells (theca cells) [1]. Malignant ovarian tumors
are a group of morphologically, genetically and functionally distinct diseases,
but associated with the same organ, the ovary. Epithelial ovarian cancers (EOC)
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A. Granulosa-stromal cell tumors
1. Granulosa cell tumor
a. Adult granulosa cell tumor
b. Juvenile granulosa cell tumor
2. Tumors in the thecoma-fibroma group
a. Thecoma
i. typical
ii. luteinized
b. Fibroma
c. Unclassified
B. Sertoli-Leydig cell tumors
1. Well-differentiated
a. Sertoli cell tumor
b. Sertoli cell tumor with lipid storage
c. Sertoli-Leydig cell tumor (tubular adenoma with Leydig cells)
2. Moderately differentiated
3. Poorly differentiated (sarcomatoid)
4. Retiform with heterologous elements
C. Gynandroblastoma
D. Unclassified

“Adapted from Scully [1] and the 2014 WHO classification [3].

Table 1.
Histological classification of ovarian sex covd-stromal tumors”.

represent the majority of ovarian cancers (accounting for 85-90%), the other two
primary classifications are the SCST and the rarer germ cell tumors [2]. Ovarian
SCST are primarily classified histologically as granulosa cell tumors (GCT), Sertoli
stromal tumors and SCST of mixed or unclassified cell type, theca-fibroma. In the
most recent World Health Organization (WHO) classification of female reproduc-
tive tract tumors, SCSTs are separated into pure stromal, pure sex cord and mixed
SCST [3] with the sub-classifications of these groups as shown in Table 1. GCT are
the most common accounting for approximately 90% of all malignant SCST. The
clinical and molecular features of GCT has been extensively reviewed by Jamieson
and Fuller [2]. Although recurrent and advanced stage GCT are associated with a
very high mortality [2], they remain a relatively neglected subset of tumors. The
high mortality rate of advanced disease has not been helped by the tendency to
group these ovarian cancers with EOC, and apply treatment regimens that are based
on therapeutic approaches for EOC, rather than tailoring treatment to the specific
SCST [2]. Thus, understanding the genetics and hence the biology of these distinct
tumors has an immediacy beyond just understanding tumor biology, with targeted
therapeutics urgently needed for women with SCST. In this review we will provide
an overview of studies that explore insights into the genetics and genomics of these
tumors, with the aim to seek to identify key unanswered questions.

2. Ovarian SCST: clinical, histology and functional aspects
2.1 Granulosa cell tumors

Granulosa cell tumors (GCT) of the ovary are the most common type of SCST,
accounting for approximately 5% of all ovarian cancers [4]. GCT are subdivided
into two types: the more common adult (aGCT') and the rarer juvenile (jGCT)
form. The jGCT subtype represents approximately 5% of all GCT. The two subtypes
have different etiologies, and classification for either are not based on age alone as
either tumor type can occur at any age. GCT arise from the granulosa cells (GC) of
the ovarian follicle, and exhibit many features of normal GC, including expression
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of the follicle stimulating hormone (FSH) receptor gene, estrogen synthesis, ER}
expression, inhibin subunit expression with synthesis of biologically active inhibin,
and anti-Miillerian hormone (AMH) expression [2]. Their presentation may include
endocrine manifestations such as features of estrogen excess in prepubertal girls and
postmenopausal women. The gonadal peptides inhibin and anti- Miillerian hormone
(AMH) can be used in diagnosis and more specifically as tumor markers [2]. Studies
from our laboratory as well as those of others have examined gene expression and
signaling pathways involved in GC development, and have provided compelling
support that not only are GC the cell type of origin for GCT, but that GCT also have
consistent features with proliferating GC of the early antral follicle [5].

GCT are classified as low-grade malignancies, that are commonly detected at
an early stage, providing a relatively favorable prognosis due to their overt clinical
symptoms and indolent course. However, GCT have an unusual propensity for fatal
late relapse, ~80% of women with aggressive or recurrent tumors will succumb to
the disease [6]. At present, there are no standard methods for predicting relapse, no
efficacious targeted therapies (aside from surgery) and no comprehensive under-
standing of the exact etiology of this disease.

2.2 Fibromas

Ovarian fibromas are the most common benign solid ovarian tumors, they repre-
sent 4% of all ovarian tumors. They are well-circumscribed masses that encompass
spindle-shaped fibroblastic cells and abundant collagen bundles [1]. Ovarian fibro-
mas can occur at any age but usually after menopause and rarely before 30 years old.
The most common recommended treatment is surgery [7, 8]. However, preoperative
diagnosis is often difficult due to their solid nature and the lack of specific clinical
signs which can result in misdiagnosis as uterine myoma [8, 9]. Ovarian fibromas
can also be associated with hydrothorax and ascites causing Meigs’ syndrome, a rare
condition which is usually misdiagnosed as a malignant myoma [9, 10].

2.3 Thecomas

Ovarian thecoma was first described by Loeffer and Priesel in 1932 who observed
that these tumors resembled thecal cells, lutein cells and fibroblasts [11]. Thecoma
accounts for 0.5% - 1% of all ovarian cancers. It occurs in mostly postmenopausal
women with a mean age of 59 years with only 10% of patients younger than 30 years
[12]. Thecomas can be divided into two main types; typical or luteinized, which are
thecomas that contain steroid-type cells resembling luteinized theca and stromal
cells [12]. The most common symptom experienced by patients is postmenopausal
bleeding [13]. The tumors range in size from small to solid masses larger than 15cm
[12]. Burnandt et al., found that thecoma tumors were all unilateral; the tumors are
well circumscribed and rarely encapsulated, and are often described as yellow-tan,
yellow-white or grayish white with no evidence of hemorrhage or necrosis [13].

2.4 Sertoli-Leydig cell tumors

Sertoli-Leydig cell tumors (SLCT) also called androblastomas and arrhenoblasto-
mas, exhibit cellular and molecular markers consistent with a dysgenesis of the ovar-
ian stromal cells, reminiscent of disorders of gonadal dysgenesis [14]. They are rare,
accounting for less than 0.5% of all ovarian cancers [3] and can occur in women of
all age groups, but they are more often encountered in women under 40 years of age
[15]. Patients usually present with symptoms related to androgen excess but can also
present with estrogenic manifestations or have an asymptomatic clinical profile. SLCT
are typically unilateral tumors and over 97% are diagnosed at Stage 1 [3, 15]. The
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prognosis is correlated with the degree of differentiation and stage of the tumor with
the five year survival rate of well differentiated SLCT being ~100% [3]. In contrast
to GCT, patients with SLCT relapse early, approximately two to three years following
initial diagnosis [16]. Many SLCT are associated with somatic or germline mutations
in a gene encoding an RNase III endoribonuclease, DICER1, which is involved in the
generation of microRNAs (miRNAs) that modulate gene expression at the post-
transcriptional level [17-20]. Some studies have reported that 60% of SLCT harbor

a DICER1 mutation [21], whereas others have reported that up to 97% of SLCT are
DICERT1 related [22]. It has been suggested that up to 100% of moderately and poorly
differentiated SLCT have DICER1 mutations [17]. A whole exome sequencing study
of 17 Chinese patients found somatic mutations in CDC27 (52.6%), DICER1 (21.1%)
and MUC22 (21.1%) [23]. Germline and somatic mutations of DICER1 were higher in
patients who were younger than 18 years than those in older patients [23].

Taking into consideration that the majority of patients presenting with SLCT are
premenopausal with well differentiated tumors at an early stage, fertility sparing
surgery with the removal of the affected ovary is recommended [21]. More aggres-
sive surgery and chemotherapy is considered in patients with advanced stage or
stage 1 patients with the presence of risk factors such as intermediate and poorly
differentiated tumors, heterologous elements, increased mitotic rate, rupture or
spillage of the tumor or presence of metastatic tumor [16].

2.5 Gynandroblastomas

The term gynandroblastoma was coined in 1930 by Robert Meyer, who deemed
them as an extremely rare variant of SCST comprising of both ovarian (granulosa
cell) and testicular (Sertoli cell) histological features [24]. These low-grade hormon-
ally active tumors may also exhibit morphological evidence of stromal theca cells
and luteinized cells resembling Leydig cells [24]. Since their first description, only a
further 29 cases have been documented [25]. Based on the exceedingly low prevalence
of gynandroblastomas, it appears they have a relatively benign disease course [26].

Currently, molecular insights into the histogenesis and pathogenesis of gynan-
droblastomas are lacking, but it has been postulated that they originate from a single
progenitor cell that undergoes differentiation into both female and male elements [27].
This tumor type also shares many clinicopathologic features with other SCST including
GCT and SLCT, as previously reported by Jang et al. [26]. Patients typically present
with hormonal dysfunction with either estrogenic or androgenic symptoms [28].

The diagnostic criteria for this tumor type stipulate that either Sertoli-Leydig or
granulosa cells should comprise at least 10% of the entire tumor mass [29]. There are
several sex cord-stromal cell related immunohistochemical markers that exists to facili-
tate differential diagnoses including inhibin, calretinin, SF1 and CD56, however these
are not specific to gynandroblastomas [29]. Other useful diagnostic markers include
MART-1/melan-A [30] (specific to Sertoli-Leydig cell and steroid cell tumors), and
the cell regulatory protein 14-3-3 sigma [28] (specific to GCT and steroid cell tumors).
Further characterization of the molecular pathways mediating the development of gyn-
androblastomas as well as comprehensive histologic and genetic studies are required.

3. Hereditary syndromes associated with ovarian SCST
3.1 Peutz-Jeghers syndrome

Peutz-Jeghers syndrome (P]S) is associated with ovarian SCST that have histo-
logical appearance that is intermediate between GCT and SLCT [31]. The majority
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of cases are caused by autosomal dominant germ line mutations in the STK11/LKB1
(serine/threonine kinase 11/liver kinase B1) gene on chromosome 19p13.3 [32, 33].
It carries a lifetime risk of 21% [32].

LKB1 activates AMP kinase (and its 13 superfamily members), regulating
multiple biological processes such as cell polarity, cell cycle arrest, embryo develop-
ment, apoptosis, and bioenergetics metabolism. LKB1 has become recognized as
a critical tumor-suppressor gene that is frequently mutated in a broad spectrum
of human cancers. As a tumor suppressor, a number of studies have shown the
contributions of the genetic loss of LKB1 to tumorigenesis. The role of LKB1 in
controlling cell metabolism through AMPK signaling has been widely documented.
The LKB1-AMPK axis controls lipid and glucose metabolism, and acts as a negative
regulator of the Warburg effect with the consequence of suppressing tumor growth
[34]. Patients with PJS present with gastrointestinal hamartomata, polyposis and
both benign and malignant tumors of various organs together with pigmentation
of the lips, buccal mucosa and digits [35]. Neither loss of heterozygosity (LOH) at
chromosome 19p13.3 nor mutations in the LKB1 gene have been observed in spo-
radic ovarian SCST [36, 37].

3.2 Ollier disease and Maffucci syndrome

Ollier disease (OD) and Maffucci syndrome (MS) are both subtypes of enchon-
dromatosis and are considered rare nonhereditary skeletal disorders [38—-44], with
an estimated prevalence of 1in 100,000 individuals [45]. They are characterized
by multiple enchondromas (benign cartilaginous tumors) and when accompanied
with additional subcutaneous soft tissue hemangioma, the condition is referred to
as MS [45, 46]. Both disorders can lead to swollen extremities, joint deformities,
limitations in joint mobility, scoliosis, and other bone anomalies [47].

OD and MS have been linked to ovarian jGCT, the first reported case of this
association dates to 1972 [48], and since that time, a further 16 additional cases have
been documented [49, 50]. In 2011 Amary et al. demonstrated that >90% tumor
patient samples with OD/MS harbored somatic missense mutations in the isocitrate
dehydrogenase (IDH) 1 and 2 genes, 65% of which encodes a R132C amino acid
substitution on exon 4 [51, 52]. The mutant IDH gene produces the potential ‘onco-
metabolite’ 2-hydroxyglutarate (2-HG) which induces histone hypermethylation
[45, 51, 53]. The role of either the mutant IDH variant or 2-HG in the pathogenesis
of OD/MS needs to be further explored, however they may represent an early post-
zygotic event which has implications in tumorigenesis [51, 54].

4. Genomic changes in ovarian SCST

As previously mentioned, studies of changes at a genomic level in ovarian SCST
have largely been restricted to aGCT. In contrast to EOC, GCT have a relatively
stable karyotype [55]. Cytogenetic analysis [56] and comparative genomic hybrid-
ization (CGH) [57] studies have revealed trisomy of chromosomes 12 and 14 in
approximately one third of aGCT cases and a similar percentage of monosomy of
chromosome 22 [56, 57]. Between 5% and 20% of aGCT are aneuploid, however,
neither the karyotype nor ploidy provides prognostic information [56, 58-60].
Mutations of lesser frequency have been observed at other loci, again providing no
prognostic significance.

In a study by Caburet et al., who applied CGH to a panel of aGCT, as well as
collating data from a total of 94 aGCT from previous studies [61], they observed
that a total of 64 tumors had large-scale chromosomal changes. Supernumerary
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chromosomes 8, 9, 12 and 14 were reported, with the latter being very common

(25 of 64). Partial or complete loss of chromosomes 1p, 13p, 16, 11 and 22, with
monosomy 22 were also very common (36 of 64). There was co-occurrence of
chromosomal alterations although there was only a statistically significant non-
random association for +14 with —22 and + 7 with —16q. Further, Caburet ez al.
combined transcriptomic data from a previous study [62], seeking to identify gene
copy number changes that may reflect putative driver changes in the pathogenesis
of aGCT [61]. Twenty genes were identified from the regions of chromosomal
imbalance with a plausible, pathological role across nine chromosomes (1, 5, 11, 12,
14-17, 22) including the AKT1 gene being the most frequently amplified (6 of 10
tumors) and the nuclear receptor, rev-erbAa being the second most frequent (5 of
10 GCT). The latter is consistent with the findings of our previous study examining
gene expression of all 48 nuclear receptors in aGCT [63]. Caburet et al. also sought
to identify recurrent ‘broken’ genes (the presence of a mapping breakpoint within
the genes in two or more tumors). They observed that five genes fitted this criterion
on 5 different chromosomes. The authors [61] speculated on the potential of these
genes in driving the pathogenesis of GCT, while recognizing the limitation of the
study where the correlation set comprised of only ten aGCT, nine of which were
stage one disease [61].

For other SCSTs, reports of cytogenetic analyses are extremely scarce. A recent
clinical case report describes three patients, from two unrelated families, with
14932 deletions encompassing the DICER1 locus. Two of these patients have a
history of DICER1-related tumors, including a 15-year-old female with a SLCT
[64]. For thecoma-fibromas, a report by Streblow et al. found that trisomy 12 is a
non-random chromosomal abnormality, while gain of chromosome 9 and loss of
chromosome 4 and/or 9 were features of fibromas [65]. Loss of chromosome 9 copy
number in a subset of the fibromas analyzed is noteworthy because of the associa-
tion of ovarian fibromas and Gorlin-Goltz syndrome or nevoid basal cell carcinoma
[66]. Gorlin-Goltz syndrome is an autosomal dominant disorder featuring distinc-
tive congenital malformations and a predisposition to a variety of benign and
malignant neoplasms, including ovarian fibroma [67]. The gene for Gorlin-Goltz
syndrome, PTCH1, has been localized to 9922.3 and is characterized as a tumor sup-
pressor gene encoding for a transmembrane protein that functions as a receptor for
sonic hedgehog [68]. LOH of one chromosome 9 homolog in three non-syndromic
ovarian fibromas suggests a somatic role of the PTCHI tumor suppressor gene in
these neoplasms. Additional studies of sporadic and syndromic ovarian tumors
of the thecoma-fibroma group using other approaches may expose an even higher
frequency of PTCH1 loss or mutation.

4.1 Somatic genetics of jGCT

Juvenile GCT (JGCT), as with aGCT, exhibit macroscopically a mixture of solid
and cystic components with hemorrhagic areas. Thus, it is difficult to differentiate
jGCT and aGCT by radiologic and morphologic findings. However, their histol-
ogy differs from aGCT with a follicular or diffuse pattern of larger luteinized cells
[69]. JGCT follicles have various sizes and shapes containing basophilic secre-
tions. The cells have rich eosinophilic and/or vacuolated cytoplasm (indicating
luteinization) and indistinct cell borders. They contain round, hyperchromatic or
markedly bizarre nuclei which lack the nuclear grooving characteristic of aGCT [2,
69]. Unlike aGCT, Call- Exner bodies are not a feature of jGCT. The mitotic rate is
high with marked nuclear atypia [2, 26]. Although the histologic appearances are
therefore more ‘aggressive’ than for aGCT, the prognosis is generally better. The
distinction between aGCT vs jGCT is therefore primarily based on the histology.
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This by itself can create diagnostic dilemmas, however, these are increasingly being
resolved by the use of the molecular markers, which are discussed below [70-72].

The gene expression profile of GCT are similar to an FSH-primed proliferat-
ing preovulatory GC [5]. FSH stimulation of GC growth is mediated by the FSH
receptor, a G-protein-coupled, seven-transmembrane domain receptor. We and
others have hypothesized that activation of these pathways, perhaps through
activating mutations in these signaling molecules of the FSH signaling pathway,
may play a role in the pathogenesis of GCT as is common in other endocrine tumors
[2]. Despite extensive investigations, this does not appear to be the case for aGCT.
However, mutations were found in the gsp oncogene in approximately 30% of jGCT
[73]. The activating mutations at position 201 of the stimulatory alpha-subunit
of the heterotrimeric G-protein (Gag), which couples with seven-transmembrane
domain receptors such as the FSH receptor, have been reported as somatic muta-
tions in pituitary, thyroid and adrenal tumors as well as being the inherited muta-
tion in the McCune-Albright syndrome [74]. In jGCT, the mutation is either R201C
or R201H, and reported to be associated with a poorer prognosis [73].

In addition, it has been postulated that as the FSH receptor signals through the
oncoprotein AKT, that mutations in this signaling pathway may contribute to the
pathogenesis of jGCT [75]. Indeed, in one study, >60% of jGCT had an in-frame
duplication of the plekstrin-homology domain leading to activation of AKT1. Other
AKT1 point mutations of uncertain significance were also observed in jGCT. It was
speculated that the resulting mutated AKT1 proteins are hyperactive with increased
membrane association of AKT1, resulting in constitutive FOXO3 repression [75].

A subsequent study using transcriptomic analyses found that the changes in gene
expression in these tumors may reflect a limited set of transcription factors altered
by AKT1 activation [76].

4.2 Somatic genetics of aGCT

Many cancers develop from somatic mutations in driver genes that occur
sporadically during replication or as a result of environmental factors and are
not inherited. It is therefore important for the development of new therapeutic
techniques to identify and consider how somatic mutations accumulate in caner
genomes. In 2009, Shah et al. described a somatic missense mutation in the FOXL2
gene that was found in >97% of aGCT examined [55]. Their approach utilized
whole transcriptome paired-end RNA-sequencing (RNA-Seq) to analyze four
aGCT. They identified a somatic missense mutation in codon 134 (402C — G) that
results in the substitution of a highly conserved cysteine residue by tryptophan.
Numerous studies, including our own (reviewed in Ref. [2]), have confirmed this
finding [55]. Both heterozygosity and hemi-homozygosity of this mutation are also
reported [2, 55]. The mutation is unique to aGCT and has not been observed in
jGCT [2]. The rare exceptions to this rule appear either to be mixed tumors in which
elements are in fact of GC origin or the occasional tumor which truly is ‘the excep-
tion to the rule’ [70].

The presence of the FOXL2 C134W mutation provides a clear distinction
between jGCT and aGCT. In jGCT, FOXL2 expression is low or absent [70, 77],
whereas in aGCT expression levels in tumors bearing the mutation are generally
consistent with levels seen in the normal ovary [70]. FOXL2 expression in hetero-
zygous tumors appears equivalent for the wild-type and mutant FOXL2 alleles. In
jGCT, low or absent expression of FOXL2 is associated with aggressive disease and
carries a poor prognosis. The presence of the FOXL2 C134W mutation provides a
molecular diagnosis of aGCT which has proven helpful in resolving the diagnosis of
aGCT in histologically ambiguous or problematic cases [70-72].
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FOXL2 plays a fundamental and essential role in ovarian development; its
biology has been extensively studied [78-80]. It is a member of the forkhead box
(FOX) family of evolutionarily conserved transcription factors. The C134W muta-
tion is predicted to lie close to, but not in the DNA-binding domain [55]. Despite
an extensive understanding of the biology of FOXL2 [78-80], the mechanisms of
the tumorigenesis mediated by this somatic mutation in aGCT remain to be clearly
established. In vitro evidence indicates that it impacts both steroidogenesis and
apoptosis in GC [79]. In addition, post-translational modifications (sumoylation,
phosphorylation, acetylation and ubiquitinylation) may also play a critical role
in the modulation of FOXL2 function [78, 79]. Kim et al. (45) reported increased
phosphorylation of FOXL2 as a result of the C134W mutation, subsequently leading
its ubiquitinylation and degradation. The mutation would likely impact on critical
protein-protein interactions of FOXL2, but these remain to be clearly elucidated.
Caburet et al. argues that FOXL2 is a tumor suppressor gene with loss-of-function
being associated with malignancy, as is seen in jGCT, and therefore the C134W
mutation compromises function rather than being associated with activation or
gain of function [78]. Conversely, others have argued that FOXL2 may actas a
tumor suppressor gene in jGCT but the FOXL2 C134W mutation may be oncogenic
in aGCT [80]. It’s role is likely to be more complex than a simple loss-of-function,
as one would speculate that other inactivating mutations in the FOXL2 gene would
have been identified in aGCT [2]. It may be reminiscent of the DICER1 mutation in
SLCT where one facet of DICER function is selectively lost [81]. It is also curious
that aGCT express the wild-type FOXL2 allele at equivalent levels to the mutant
allele, a scenario which arguably affirms that the mutant FOXL2 must be ‘dominant
negative’ if there is suppression of function.

Although the majority of aGCT are stage 1 tumors and cured by surgical resec-
tion, those who have advanced stage disease or recurrent disease carry a poor
prognosis [2]. As the FOXL2 C134W mutation is present in the vast majority of all
aGCT, it does not explain differences in stage or behavior. It may be, as with certain
inherited mutations, e.g., the ret. proto-oncogene in medullary thyroid cancer [82],
that the transition from ‘hyperplasia’ induced by the somatic mutation to frank
malignancy requires a second independent hit. Evidence to date indicates that this
second event may be less specific than the first. In the case of aGCT, the genomic
changes described above may for instance reflect the ‘second hit’ that results in
aggressive clonal expansion. The subsequent somatic mutations that presumably
drive tumorigenesis, recurrence, aggressive behavior, transcoelomic spread and
metastatic disease still remain to be fully elucidated.

4.3 The GCT transcriptome

Evidence provided by recent transcriptomic studies have elucidated the genes
whose expression has been modified, in some instances, may reflect genomic
rearrangements. Gene expression microarray was used by Benayoun ez al. compar-
ing 10 aGCT with two GC samples acquired during iz vitro fertilization (IVF) egg
retrieval [62]. In principle, IVF provides a ready source of ‘normal’ tissue to be used
as a control, however, the limitation of this control is that the GC are collected after
IVF cycles involving a hyperstimulation regimen with gonadotropin, and hence
the GC being partially luteinized at the time of collection [5]. Thus, these controls
do not reflect GCs from the proliferative phase [5]. The authors identified genes
involved in cell proliferation and a decrease in expression of genes that promote
apoptosis [62]. Interestingly, the group showed modulation of genes that are known
to be FOXL2 targets. Genes typically down-regulated by FOXL2 but increased in
this context, were those associated with tumorigenicity. Conversely, genes usually
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upregulated by FOXL2 and associated with apoptosis were down-regulated. Hence,
it was suggested that the FOXL2 C134W mutation causes a partial loss-of-function
suggesting it is a tumor suppressor gene. This notion is consistent with jGCT also
lacking FOXL2 expression as previously mentioned [78].

Our laboratory has generated transcriptomic profiles between a cohort of six
stage 1 and six stage 3 aGCT patients using a gene microarray approach to reveal
significant differential gene expression between early and advanced stages. All of
the aGCT samples were sequenced and also found to be heterozygous for the FOXL2
C134W mutation [83]. A total of 16 genes were reported as highly abundant in
the advanced aGCT, with a further 8 genes found to be more highly expressed in
the stage 1aGCT (p value <0.05, >2fold-change). Curiously, two genes associated
with malignancy were found to be highly expressed in the advanced stage aGCT, a
member of the cytokine family called CXCL14 (chemokine C-X-C-motif ligand 14),
and a multifunctional secretion protein called MFAPS (microfibrillar-associated
protein 5 transcript variant 1), which were 40- and 26-fold higher, respectively.

Of the genes whose expression was high in the stage 1 aGCT, INSL3 (insulin-like

3 transcript variant 2) gene expression was 75-fold higher in stage 1aGCT and
provided robust discrimination of the two groups [83]. Whether INSL3 inhibits
tumorigenesis or whether the diminished expression in advanced stage disease

is simply a marker of de-differentiation of the tumor remains to be determined.
Applying Gene Set Enrichment Analysis (GSEA) to these data sets [83] showed
increased expression of genes on chromosome 7p15 in the stage 3 aGCT, which is
consistent with the report of Lin et al. [57] found using CGH, gain of chromosome
region 7p15-p21 in some aGCT samples.

4.4 The genomic landscape of GCT

Aside from the identification of the FOXL2 C134W mutation in GCT, there
have been several studies that have aimed to identify genomic alterations through
sequencing candidate genes and known oncogenes [2]. Genes commonly mutated
in other malignancies such as p53, PI3K, RAS and BRAF, are not a feature in GCT,
and thus, putative ‘second-hit’ mutations still remain to be identified. But specific.
The approach taken by The Cancer Genome Atlas project (TCGA) where a defined
cohort of tumors are subjected to a full suite of genomic analyses [84] has yet to be
applied to aGCT or indeed to other ovarian SCST.

The critical challenge to be addressed as a precursor to both improved prognos-
tication (predicting recurrence) and identification of GCT-specific therapeutic tar-
gets (to address the high mortality of advanced disease) is to identify the molecular
drivers of GCT pathogenesis beyond the aetiologic FOXL2 mutation.

In our own whole exome sequencing (WES) study, DNA from 22 fresh frozen,
FOXL2 C134W mutation-positive GCT (14 stage 1 and 8 stage 3) was sequenced
[85]. The analysis identified on average 64 coding and essential splice-site variants
in each tumor, however recurrent mutations were not identified in individual genes
or in related genes. The genes that were identified to contain truncating (stop,
gain or frameshift) mutations, essential splice site mutations, non-synonymous
mutations and stop/loss mutations in the stage I (970 variants) and recurrent (434
variants) tumors, were subject to variant effect pathway analysis. The canonical
pathways identified were linked to DNA replication and/or repair as might be
expected in malignancy; and to signaling through the epidermal growth factor
receptor (EGFR) family. We also identified a high frequency of a TERT promoter
mutation (see below).

Hillman et al. [ 86] reported a comparable outcome for adult GCT subjected to
WES [86], in a study that focused on truncating mutations of the histone lysine

71



Ovarian Cancer - Updates in Tumour Biology and Therapeutics

methyltransferase gene KMT2D (also known as MLL2) as a recurrent somatic

event. They reported these mono-allelic KMT2D-truncating variants to be more
frequent in recurrent (23%) compared with primary (3%) GCT when an expanded
GCT cohort was examined. KMT2D is a tumor suppressor gene that is the target of
frequent inactivating mutations in several tumor types, including medulloblastoma
and lymphoma. Interestingly, these mutations did not correlate with loss of protein
as determined by immunohistochemistry (IHC). We found heterozygous KMT2D
frameshift variants in only three (2x stage 3) of 22 GCT in our cohort [85] and Zehir
et al. (see below) reported two frameshift variants in 11 GCT [87]. Hillman et al.
[86] did not determine the TERT promoter mutation status of their GCT cohort.

Zehir and colleagues determined the mutational landscape in tumors from
10,000 patients using their targeted MSK-IMPACT panel of 341 cancer associated
genes; within this study, there were 11 FOXL2 mutation—positive GCT (two pri-
mary and nine “metastasis”) [87]. They identified mutations in 17 (5%) of the 341
cancer-associated genes on the array in these GCT samples; in only four of these
genes was the mutation also found in our WES study [85].

In a recent study by Pilsworth ez al., the authors used a combination of whole
genome sequencing and targeted sequencing [88], and reported a similar frequency
of KMT2D inactivating mutations as that of the Hillman et al. study [86] (10.8%
compared to 13.9%). The difference between the two studies however was that in
this study, there was no association of the KMT2D mutation with recurrence [88].
This is consistent with another published study [89] which also showed no associa-
tion of this gene mutation with recurrent disease. The low frequency of this muta-
tion in these studies as well as our own, suggests that they may be pathogenic driver
mutation in only a subset of aGCT. Additional inactivating mutations were also
identified in low frequency, including the candidate tumor suppressor gene WNK2
and a newly discovered protein called NLRC5, which has been linked to the regula-
tion of cancer immune evasion [88].

In another study, TP53 mutations were identified in 9.1% of patients, with
higher tumor mutational burden and mitotic activity [90]. These findings suggest
that tumors harboring TP53 mutations may be a high-grade subgroup of aGCT. It
is noteworthy however, that other studies have not observed mutations in TP53 at
similar frequencies [2, 88].

Indeed, the lack of overlap in the mutational variants identified in these various
studies is curious. Also, somewhat surprising is the very limited number of recur-
rent mutations in specific genes, given that, by many criteria [83, 91], including the
pathognomonic mutation in the FOXL2 gene [70], GCT are remarkably homog-
enous. It is conceivable that the lack of clear driver mutations may indicate that the
key drivers are: 1) as in other cancers, including endocrine cancers, gene fusion
events (splice-variants and translocations) which contribute the “second hit”; or
that in ~40% of GCT, TERT mutations are an important tumorigenic event with
perhaps loss of KMT2D in a small subset.

4.5 TERT promoter mutation

Our WES study [85] confirmed the report, from Pilsworth et al., of a telomerase
gene (TERT) promoter mutation [92]. The TERT gene encodes the catalytic subunit
of telomerase; TERT transcriptional regulation is the limiting step in telomerase
activity. Elongation and/or preservation of telomere length is regarded as a hall-
mark of cancer. Two hot-spot mutations in the telomerase promoter, -124C > T and
-146C > T are commonly found in specific cancers: melanoma, glioblastoma, blad-
der cancer and thyroid cancer, but not in common epithelial cancers, such as breast
and prostate [87]. Our analysis using targeted PCR identified 11 of 26 (i.e., 42%)
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of the GCT in our analysis to be heterozygous for the -124C > T TERT promoter
mutation - a frequency that matches the above cancers [87]. 29% of the stage 1 GCT
were heterozygous for the mutation, while 67% of the stage 3 GCT contained the
mutation [85]. The -124C > T mutation is also present in the aGCT-derived KGN cell
line [85]. There are in vitro data that the two promoter mutations are not equivalent
[93], suggesting that in GCT there is a tumorigenic advantage only for the -124C > T
promoter mutation.

Increased telomerase activity appears also to be associated with cell proliferation
independent of telomere lengthening [94]. TERT has been reported to interact with
major oncogenic signaling pathways including c-MYC, NFxB, and Wnt/f-catenin.
Of these, activation of NFkB signaling has been reported in the KGN cell line [91,
95] and p65 nuclear localization has been reported in GCT [96], although previous
studies [85, 86, 88, 90] have not identified mutations in these pathways.

It has been noted that melanoma, glioma, and papillary thyroid and bladder
carcinomas, all of which have a high frequency of TERT promoter mutations, are
characterized by activation through BRAF or EGFR mutation of the MAPK signal-
ing pathway [97]. This association is intriguing given this high frequency of the
TERT promoter mutation in GCT and the suggestion from pathway analysis of the
WES study linking one of the canonical pathways to signaling through the EGFR
family [85]. The high incidence of the TERT promoter mutation in GCT, together
with the correlation of the presence of this mutation with stage, suggests that the
presence of the TERT promoter mutation, as in other tumors, may be of prognostic
and/or pathogenic significance, and acquired during tumor progression after the
initial FOXL2 driver mutation.

4.6 DICER1 syndrome

DICER1 syndrome is a rare inherited disorder that increases the risk of a variety
of cancerous and non-cancerous tumors that occur in the lungs, kidneys, ovaries
and thyroid. DICER1 syndrome results from germ-line mutations in the DICER1
gene, located on chromosome 14, position q32.13, encodes an RNase III endoribo-
nuclease which plays a critical role in processing micro(mi)RNA to their mature
forms. DICER1 contains two highly conserved RNase III domains (RNasellla and
RNaselllb) which forms a catalytic dimer, creating a single processing center for
dsRNA cleavage, with each RNase III domain cleaving one strand of the dsRNA
resulting in miRNA named by their prime end origin (3p/5p miRNA) [98]. Germ
line and somatic mutations in the DICERI gene have been described in ovarian
SCST, predominantly for SLCT. DICER1 mutations were initially reported to
cause familial pleuro-pulmonary blastoma, but have been subsequently found in a
variety of tumors, including ovarian SLCT and in association with benign thyroid
pathologies [20]. The mutations occur in approximately 60% of ovarian SLCT of
which 80% are the p.E1705K mutation [19, 20]. DICER1 mutations are also seen in
gynandroblastomas. They have not been associated with GCT or, testicular stromal
tumors [19, 20, 72]. The functional consequence of DICER1 mutations is there
is a bias caused by the mutated DICER toward processing of the RNaslIIIa strand
of the miRNA duplex [19, 81]. Thus, there is a selective reduction in RNaselIlb
activity and retention of RNasellla activity, resulting in an excess of 3p-miRNA
and a depletion of 5p-miRNA [19, 81, 98]. One copy of the altered gene is suf-
ficient to cause an increased risk of developing tumors. Although a mutation in the
DICERI1 gene can infer an increased chance of developing SLCT, many individuals
who carry a mutation in the DICER1gene do not necessarily develop tumors [99].
The therapeutic or diagnostic value of these mutations for SLCT warrants further
investigations.
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5.The ‘miRNA-ome’ and other non-coding RNAs

A pathogenic role for miRNA in SCST can be indicated by the identification of
aberrant miRNA processing in SLCT and gynandroblastomas. However, studies of
the ‘miRNA-ome’ have been limited. Rosario et al. profiled miRNA expression and
regulation in the KGN and COV434 cell lines [100]. They observed that COV434
cells preferentially expressed miR-17 family members whereas the KGN cells
preferentially expressed members of the let-7 miRNA gene family [100]. There
has not however, been any systematic studies in GCT or, to our knowledge, for
other SCST.

Long non-coding (Inc) RNA’s have also been implicated in oncogenesis [101].
Evidence indicates that IncRNA can produce short peptides from small open read-
ing frames (smORFs) which can regulate biological processes [102]. The status of
both IncRNA, and indeed, smORFs remains to be investigated in SCST.

6. GCT-derived cell lines

The human KGN and COV434 cell lines, have been thought to be derived from
GCT, and are extensively used in studies of GCT as well as to model normal GC
function. Both cell lines exhibit some features that are reminiscent of normal pro-
liferating GC, including a functional FSH receptor and aromatase activity. Jamieson
et al. analyzed the FOXL2 status of both cell lines [70], concluding the COV434 cells
lack FOXL2 expression and indeed the C134W mutation, lending to the assumption
that they are derived from a jGCT [70]. In contrast, the KGN cell line (established
from a metastatic aGCT), expresses FOXL2 and is heterozygous for the FOXL2
mutation, which is consistent with it being derived from an aGCT [70]. Both cell
lines were established from patients with advanced aggressive disease.

Both KGN and COV434 cell lines are notable for constitutive activity of the
NF«B and Braf/ERK signaling pathways [91, 95, 103]. A molecular study using a
transcriptomic approach conducted by Rosario et al. was used to identify potential
targets of FOXL2 in KGN and COV434 cells [104]. They observed that many of the
genes regulated by wild-type FOXL2 were also regulated by the mutant FOXL2,
notably genes involved in the transforming growth factor-beta (TGF-p) signaling
pathway. Their analysis also highlighted the significant differences between the
COV434 and the KGN gene-expression profiles [104]. In our transcriptomic analysis
of aGCT [83], we observed over 3000 entities that differed greater than twofold
(p value of <0.05) when 12 aGCT were compared with the KGN cells. This was in
stark contrast to only 24 differentially expressed genes observed when comparing
the stages 1 and 3 aGCT. Thus, although the two cell lines are valuable tools in the
analysis of signaling pathways in the context of both GCT and indeed GC, they do
not assist in the genomic and/or genetic analysis of aGCT.

The classification of COV434 as a GCT-derived cell line has been questioned.
Recent studies show that this cell line was likely derived from a small-cell carcinoma
of the ovary hypercalcemic-type (SCCOHT) [105-107]. The cell of origin of these
tumors is unknown, with reports postulating they are likely derived from the germ
cells [108]. Recent advances in molecular genetics have indicated that SCCOHT
can be regarded as an ovarian malignant teratoid/rhabdoid tumor (MRT) [109].
SCCOHT are characterized by the loss of both SMARCA2 and SMARCA4, which are
also not expressed in COV434 cells [105, 107]. Moreover, the lack of expression of
RUNX2 and high expression of RUNX3 in COV434 suggests that these cells do not
represent primary jGCT [106]. Noticeably, the study of Karnezis et al. indicates that
COVA434 cell line has all morphological, immunohistochemical, genetic and clinical
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characteristics of SCCOHT [107]. They also noted that the level of serum calcium in
mice increases when transplanting with COV434 [107].

7. Animal models of ovarian SCST

A number of mouse models in which GCT arise have been reported, however
none truly recapitulate the human disease [2, 110]. Liu et al. have described the
development of GCT in mice with conditional inactivation of FOX01/3 in GC
[110]. The development of these tumors was accelerated with perturbation of the
multi-functional tumor suppressor gene PTEN. An examination of PTEN and
FOXO01/3 expression in five primary human aGCT samples found low expression
for each [110], leading them to conclude that this mouse model, in contrast to
others, shares some characteristics with aGCT. Arguably however, involvement of
PTEN in the model, is more consistent with activation of PI3K/AKT which is more
of a feature of jGCT. It should be noted that neither mutation, over-expression
of PIK3CA or PIK3R1, nor loss of expression of PTEN, has been reported in
aGCT [111]. Work from Lague et al. has provided evidence in mouse models for
a synergistic effect of the Wnt/p-catenin and PI3K/AKT pathways in the forma-
tion of GCT, which is of interest given the potential role for AKT1 mutations in
jGCT [112]. Wnt/p-catenin signaling pathway has well established roles in ovarian
development and in GC function [2]. Although dysregulation of Wnt/f-catenin
signaling has been identified in many human cancers, there is no evidence for
activation of this pathway in human GCT [113, 114], which contrasts to equine
GCT where there is clear evidence of Wnt/f-catenin signaling activation [113].
Increased ovarian R-spondin1 signaling, which modulates Wnt signaling is associ-
ated with GC-like tumors [115]. Gao et al. targeted expression of a constitutively
activated TGF-f receptor to GC and found GCT that were associated with elevated
inhibin and estrogen levels [116] as is seen in human GCT which perhaps more
closely recapitulates the clinical situation than earlier models in which inhibin gene
deletion resulted in GCT (see below) [117]. One of the downstream consequences
of this activation is again, increased AKT signaling. The knockout of the inhibin
subunit (shared by both inhibin A and B) causes the development of SCST in mice
of both sexes as early as four weeks [117-119]. In these inhibin o null mice, FSH
levels has increased by two to three fold which correspond to inhibin’s physiologi-
cal function to suppress FSH [118]. However, a double knockout of inhibin a and
FSH unexpectedly showed development of gonadal tumors in the mice; the tumors
developed after 12 weeks of age [117-121]. The inhibin a knockout led to increas-
ing levels of activin which induce the activation of SMAD2/3 signaling pathway in
GC [117, 121]. The study of Madh3 (SMAD3-null) and inhibin a double knockout
mice demonstrated slow progression of tumor growth; SMAD 3 is thus important
for tumor progression [121-123].

8. Treatment strategies for SCST

The uncommon nature of SCST limits the ability to develop targeted therapies
and evaluate them in well-powered clinical trials. A recent search of clinicaltrials.
gov showed only 11 trials that are either active of recruiting involving SCSTs, with
only five completed results described. The application of new sequencing technolo-
gies may lead to the discovery of novel driver genes that lead to these rare ovarian
cancers. However, as discussed above, these have so far been elusive from the
limited studies performed to date.
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8.1 Treatment of GCT

Surgical treatment is the mainstay for peri-and postmenopausal women diag-
nosed with aGCT, with total abdominal hysterectomy (TAH), bilateral salpingo-
oophorectomy (BSO) and full staging surgery thought to be the most appropriate
initial treatment [124]. Randomized trials of adjuvant chemotherapy are not
available, and for patients with poor prognosis, adjuvant platinum-based chemo-
therapy is generally considered either alone or in combination with doxorubicin
and cyclophosphamide (CAP) [125, 126], vinblastine and bleomycin (PVB) [127],
etoposide or etoposide and bleomycin (BEP) [128, 129]. The use of these treatment
regimens is often based on those employed for epithelial ovarian cancer and in the
main have proven to be of limited benefit [130].

Hormone treatment has shown promise in the treatment of advanced GCT
based on their frequent estrogen dependence [2, 131, 132]. A systematic review of
hormonal therapy for GCT revealed a pooled response rate of 71% and aromatase
inhibitors (AI) were identified by far the most effective agents [131]. In a more
recent study, the use of Al in 25 cases with known outcomes, the response rate to
Als was 48% (12/25) and the clinical benefit rate was 76% (19/25) [132]. Although
these numbers are limited, they indicate the use of Als as a potential alternative
to chemotherapy, although the mechanisms involved in GCT sensitivity to Als
remains undefined. Other forms of hormone therapy have also previously shown
promise with reports of prolonged remission (1442 months) documented in
patients with extensive disease treated with high doses of medroxyprogestroneac-
etate [133, 134].

The expression of vascular endothelial growth factor (VEGF) appears per-
sistent with most GCT, with almost all tumors (93%) showing positive VEGF
immunostaining in one study [135, 136]. The use of the anti-VEGF-A monoclonal
antibody, bevacizumab, was shown to cause apoptosis in GCT-derived cells iz vitro
[136]. Extending this to a small retrospective study showed promising activity
with bevacizumab in 8 women with recurrent GCT [137]. There was one complete
response in an overall response rate of 38%, with the clinical benefit rate being 63%.
Bevacizumab is also effective in treating ascites in recurrent GCT, reflecting the
role of tumor-derived VEGF in the formation of cancer-related ascites [138]. This
led to a prospective phase II clinical trial of bevacizumab in relapsed aGCT which
reported a 16.7% response rate and median progression free survival of 9.3 months
(95% CI 4.1-15 months) in the 36 patients recruited [139].

Tyrosine kinases are well recognized as being fundamental to many growth fac-
tor signaling pathways in both normal and malignant cells. The advent of specific
inhibitors of tyrosine kinases (TKI) has focused attention on the potential of TK as
therapeutic targets. In view of the evidence of activation of cell signaling in GCT
and a case report of a recurrent GCT responding to the TKI, imatinib (Gleevec),
our group demonstrated that the GCT-derived cell lines were inhibited by imatinib
and indeed by the newer more potent analog, nilotinib, but at concentrations higher
than those required for the targeted receptor kinases [140]. The AP-1 signaling
pathway is also constitutively activated in GCT [95]. We tested a TKI, sorafenib
(Nexavar, Bayer), which has high affinity for Raf-1 and Braf, in addition to the
above-mentioned TK, and found that this TKI elicits a dose dependent inhibi-
tion of both cellular proliferation and viability in both cell lines at concentrations
equivalent to that seen in other systems [141]. A commercially available Raf-1
kinase inhibitor was also examined and found to have no effect on cell proliferation
and viability in both cell lines, thus implicating Braf in the activated AP-1 signaling
[141]. Based on these data, clinical investigation of sorafenib or possibly a more
potent BRAF inhibitor, such as vemurafenib or dabrafenib, may be warranted.
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Little is known about the immune response in SCST. Expression of the immune
checkpoint protein, programmed death-ligand 1 (PD-L1) has been reported only
in abstract form, and present in ~75% of SCSTs [142], however, immunotherapy
has not been reported in a clinical trial for these tumors. A more recent study by
Pierini et al., suggests that tumor infiltrating lymphocytes (TILS) are the main
immune population in GCT [143], and that after ex vivo expansion of TILS isolated
from 11 GCT patients, showed they vigorously reacted against autologous tumors
(100% patients) and against FOXL2 peptides (57.1% of patients). This suggests that
FOXL2 immune targeting can produce substantial long-term clinical benefits and
lay a foundation for future trials testing immunotherapeutic approaches toward
GCT [143].

Based on several studies, there is also the potential for more targeted therapies
that arise from identifying the molecular mechanisms that contribute to the
pathogenesis of GCT. The NFkB signaling pathway is often involved in cancer
development; activated NFkB increases the expression of genes involved in cell
proliferation, metastasis, angiogenesis and anti-apoptosis [144]. Apoptosis is
directed by activated caspases. The Inhibitors of Apoptosis (IAP) proteins sup-
press apoptosis through the inhibition of the caspases. The cellular IAP1 (cIAP1
or BIRC2), cellular IAP2 (cIAP2 or BIRC3) and X chromosome-linked IAP (XIAP
or BIRC4) are the main IAPs with known roles in apoptosis and cancer [145-147].
XIAP is the best characterized and also the most potent caspase inhibitor, blocking
both intrinsic and extrinsic apoptotic signals by directly inhibiting caspases-3, =7
and — 923. cIAP1 and cIAP2 have less potent roles in opposing these pathways as
they do not directly bind caspases, however they can indirectly cause caspase cleav-
age [145-147]. Inhibition of cIAPs and XIAP causes cells to become more receptive
to both intra- and extracellular apoptotic signals [148]. XIAP is predominantly
regulated by an endogenous mitochondrial protein called second mitochondria-
derived activator of caspases (Smac), which is released during apoptosis, and
interacts with XIAP through conserved amino acid residues in the BIR3 domain of
XIAP to antagonize XIAP-mediated caspase inhibition [149].

Due to its elevated expression and prominent ability to inhibit cell death, XIAP
is an attractive therapeutic target for anti-cancer treatment [145-147]. Smac-
mimetics (SM) bind directly to XIAP with high affinity to prevent caspase binding,
thus neutralizing XIAPs pro-oncogenic function. A number of Smac-mimetics
have demonstrated good anti-cancer activity in preclinical studies, and several
have already passed primary phase clinical trials, suggesting that these compounds
are well tolerated [146]. Though XIAP, IAP or pan-IAP inhibitors have shown
some efficacy as single agents, the majority of studies have shown more promise
when used in a rational drug combination strategy [146]. We have shown ix vitro
and using GCT explants in culture, that targeting XIAP as a combination therapy
with activation of the peroxisome proliferator-activated receptor-gamma protein
(PPARY) provides a novel and specific therapeutic strategy for GCT [150, 151]. It
remains to be determined the effectiveness of this combination approach in in vivo
studies.

9. Conclusions

Recent genetic discoveries have provided profound insights into the molecular
pathogenesis of ovarian SCST. As with other uncommon tumor types, insight from
research of SCST will potentially be prismatic; that is, it will help clarify molecular
mechanisms involved in oncogenesis. In SLCT, the discovery of DICER1 mutations
highlight both the complexity and asymmetry of miRNA processing, while also
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supporting the potential for ‘non-coding’ RNA in playing a critical role in malignant
cancers. In the case of jGCT, the presence of the recurring mutations in the gsp
oncogene and in AKT1, highlights the critical role of the cyclic AMP/protein kinase
A and PI3kinase/AKT signaling pathways in hormone-mediated cell prolifera-

tion, as well as when constitutively activated, in malignancy. We and others have
demonstrated that the FOXL2 C134W mutation found in aGCT would appear to

be pathognomonic, however, the precise mechanism of this mutation still remains
some-what controversial, despite being discovered over a decade ago. For other
SCST, gene alterations and mutations appear restricted to their syndromic context.
The above findings have provided insights into the biology of the respective genes
involved in the pathogenesis, and to the role they play in sex-cord stromal cell
development. The prognostic significance and therapeutic potential of these find-
ings are of critical interest to those women afflicted with these malignancies. What
is also very clear is that these tumors are uniquely different to the EOC, which in the
context of the age of ‘precision’ medicine, each tumor type must be treated with a
tumor-, and/or a mutation-specific approach. As an example, for the more common
aGCT tumor type, advanced stage disease carries a poor prognosis, and yet, options
beyond the FOXL2 mutation are still to be identified. Targeting the FOXL2 mutation
is likely to be difficult. Hence further targets are potentially needed in order to treat
this disease with a more targeted approach. It is clear that other genetic or genomic
changes must determine late recurrence or an advanced stage. With a multi-omics
approach involving the application of whole genome sequencing, whole-exome
sequencing, RNA-seq as well as interrogation of the miRNA-ome, critical driver
mutations for GCT or the other SCST will likely be identified, with the hope that
these are ‘actionable’ mutations, and thus leading to more precision targeted

therapy.
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Abstract

The ovarian cancer, also known as “silent killer”, has remained the most
lethal gynaecological malignancy. The single independent risk factor linked with
improved survival is maximum cytoreductive effort resulting in no macroscopic
residual disease. This could be gained through ultra-radical surgery which demands
tackling significant tumour burden in pelvis, lower and upper abdomen which
usually constitutes bowel resection, liver mobilisation, ancillary cholecystectomy,
extensive peritonectomy, diaphragmatic resection, splenectomy, resection of
enlarged pelvic, paraaortic, and rarely cardio-phrenic lymph nodes in order to
achieve optimal debulking. The above can be achieved through a holistic approach
to patient’s care, meticulous patient selection, and full engagement of the family.
The decision needs to be carefully balanced after obtaining an informed consent,
and an appreciation of the impact of such surgery on the quality of life against the
survival benefit. This chapter will describe the complexity and surgical challenges
in the management of advanced ovarian cancer.

Keywords: ovarian cancer, stage III and IV, cytoreductive surgery,
ultraradical surgery, residual disease, holistic approach, quality of life

1. Introduction

The most common gynaecological cancer treated in women is uterine cancer,
however the number of women who die from ovarian cancer is much higher [1].
Ovarian cancer has remained the most lethal cancer treated by gynaecological
oncological surgeons and is often referred to as the “silent killer”.

Ovarian cancer is the 7th most common cancer, and 8th most common cause of
death from cancer in women in the world [2]. World Ovarian Cancer Coalition 2018
estimated that by 2035, the incidence of ovarian cancer will increase to 371, 000 per
year. It is currently around 239, 000 cases annually [2]. The crude incidence is 23
to 30 in 100 000 women and most women present with advanced disease and little
prospect of cure; the five-year survival rate for all stages of ovarian cancer is just
over 40% and has remained quite low [3].

The treatment for patients with ovarian cancer is debulking surgery and platinum-
based chemotherapy. The amount of residual disease after surgery is the most
important prognostic factor for survival [4-11] and a recent phase III clinical trial [9]
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confirmed this finding. Debulking surgery is a multi-visceral operation involving the
pelvis, lower and upper abdomen, aiming at a complete resection (CR) of all visible
disease to a microscopic cellular level [8-11]. This is also called cytoreductive surgery.

We present the latest surgical developments in ultra-radical surgery for the
management of advanced ovarian cancer.

2. Evolution of gynaecological oncology surgery

Gynaecological oncological surgery has a rather interesting evolution. This is
evident in the management of uterine and vulval cancers, where there has been
transition to less aggressive surgery. In vulval cancer the utilisation of sentinel node
biopsy plays a major role to reduce the morbidity associated with lymphadenectomy,
whilst the application of minimal access surgery in the management of uterine
cancer, has ensured faster surgical recovery and significantly shortened length of
hospital stay. In contrast, the surgical approach to ovarian cancer has gone through
an inverse transition in the last twenty years and despite all efforts to optimise

Carcinoma of the Ovary

Stage I: Tumour confined to ovaries

IA. Tumour limited to 1 ovary, capsule intact, no tumour on surface, negative washings

IB. Tumour involves both ovaries otherwise like IA

IC. Tumour limited to 1 or both ovaries

IC1. Surgical spill

IC2. Capsule rupture before surgery or tumour on ovarian surface

IC3. Malignant cells in the ascites or peritoneal washings

Stage II: Tumour involves 1 or both ovaries with pelvic extension (below the pelvic brim) or primary
peritoneal cancer

IIA. Extension and/or implant on uterus and/or fallopian tubes

IIB. Extension to other pelvic intraperitoneal tissues

Stage I1I: Tumour involves 1 or both ovaries, confirmed spread to extra-pelvic peritoneum and/or metastasis
to the retroperitoneal lymph nodes

IIIA. Positive retroperitoneal lymph nodes and/or microscopic metastasis beyond the pelvis

IIIA1. Positive retroperitoneal lymph nodes only

IIIA1(i). Metastasis <10 mm

II1A1(ii). Metastasis >10 mm

IIIA2. Microscopic, extra-pelvic (above the brim) peritoneal involvement + positive retroperitoneal lymph
nodes

IIIB. Macroscopic, extra-pelvic, peritoneal metastasis <2 cm * positive retroperitoneal lymph nodes. Includes
extension to capsule of liver/spleen.

IIIC. Macroscopic, extra-pelvic, peritoneal metastasis >2 cm + positive retroperitoneal lymph nodes. Includes
extension to capsule of liver/spleen.

Stage IV: Distant metastasis excluding peritoneal metastasis

IVA. Pleural effusion with positive cytology

IVB. Hepatic and/or splenic parenchymal metastasis, metastasis to extra-abdominal organs (including
inguinal lymph nodes and lymph nodes outside of the abdominal cavity)

Table 1.
Ovarian cancer staging (Society of Gynaecologic Oncology).
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medical management throughout the introduction of targeted therapies, surgery has
remained the mainstay of treatment and has progressively more radical [12].

In ovarian cancer, a midline laparotomy is usually performed to fully access
anatomical structures in the pelvis and intra-abdominal cavity. With a midline
laparotomy the patient will have a longer hospital stay, as opposed to laparoscopy,
or robotic surgery.

Minimally invasive surgery can be performed when the disease is confined to
the primary site (stage I ovarian cancer). In widespread disease, total hysterectomy
with bilateral salpingo-oophorectomy, infracolic omentectomy and systematic pel-
vic/para-aortic lymphadenectomy are required in order to determine the need for
adjuvant treatment and complete full surgical staging. However, the latter does not
regularly apply to ovarian cancer since 80% of patients with ovarian cancer present
with advanced disease (stages III and IV) Advanced disease implies a short time for
management and treatment; as usually the cancer has spread to the upper abdomen,
mandating multi-visceral resection.

Before effective treatment can be offered for ovarian cancer, the disease needs
to be correctly staged. This can be achieved by means of radiological modalities
or exploratory laparoscopy, or a combination of both. Ovarian cancer staging is
presented in Table 1 [13].

3. Ovarian cancer treatment
3.1 Background

Historically the treatment of ovarian cancer was primary debulking surgery
followed by chemotherapy, whenever it was deemed to be feasible.

When to perform the debulking surgery in advanced ovarian cancer (AOC) has
been the cause of debate and controversy for almost a decade [14]. The supporters
of primary debulking surgery (PDS) advocate significantly better overall survival
(OS) and progression-free survival (PFS) rates, whilst the opponents argue higher
surgical morbidity and often fatal disease [14-17]. It is well recognised that for
each 10% increase in maximal cytoreduction, there is an associated 5.5% increase
in median survival [14, 18, 19]. However, in the vast majority of cases, complete
debulking is associated with multivisceral resection which requires extensive surgi-
cal expertise, training and infrastructural support.

Neoadjuvant chemotherapy (NACT) and interval debulking surgery (IDS) have
been considered as means to reduce surgical morbidity.

In 2010, Vergote et al. conducted a phase III randomised control trial (EORTC)
[9] where neoadjuvant chemotherapy followed by interval debulking surgery (IDS)
was compared with upfront primary debulking surgery (PDS) followed by adjuvant
chemotherapy. This trial demonstrated that survival in both arms was similar (29
and 30 months, respectively), however there was less morbidity in patients who had
chemotherapy first, mainly in those cases deemed difficult to operate [9]. The same
findings were corroborated by the CHORUS phase III randomised controlled trial
[20] that was used as a benchmark to justify the role of neoadjuvant chemotherapy
in patients who were not candidates for upfront surgery. The survival remained 22
and 24 months, respectively. There have been many debates since the publication of
these two RCTs, with regards to survival outcome and the need for a more radical
surgical approach, in order to achieve complete cytoreduction.

The Trial on Radical Upfront Surgery in Advanced Ovarian Cancer (TRUST)
will hopefully enlighten the adequate management of patients with AOC and will
also establish predictive and prognostic biomarkers of operability and survival,
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as well as identify valid fragility scores for vulnerable patients, with the aim of
obtaining a more individualised surgical approach [14, 21].

Radical procedures to resect advanced ovarian cancer have been reported since
1965 [22]. In the late 70’s the “peritoneal compartment” concept was developed,
with the introduction of en-bloc resection of pelvic organs and the surrounding
peritoneum [23]. The logic of en-bloc resection is based on the notion of ovar-
ian cancer as a peritoneal disease, where the peritoneum acts as a dissemination
conduit but also limiting the spread. In fact, it is less frequent to see dissemina-
tion to the retroperitoneal organs. The en-bloc resection aims at seeking dissec-
tion planes within healthy tissue, minimising tumour manipulation and avoiding
cutting through cancer tissue. Rapid tumour growth is usually supported by
significant angiogenesis, primarily at the tumour periphery. As a result, there
is a distortion of normal anatomy and findings of aberrant vascularisation.
Therefore, a surgical technique that finds cleavage planes beyond the tumour
growth is likely to reduce blood loss.

Visceral-Peritoneal Debulking (VPD) is offered to patients with stage III-IV
ovarian cancer [24]. VPD applies the concept of en-bloc resection to all abdominal
quadrants.

Maximal cytoreductive surgery aims at total macroscopic tumour clearance
combined with platinum-based chemotherapy, these being the cornerstone of
modern primary epithelial ovarian cancer (EOC) management [25]. Numerous
prospective and retrospective series have demonstrated a strong positive association
between total macroscopic tumour clearance rates and survival [25, 26]. A study
comparing a surgical population, with a population who received chemotherapy
alone (in 2 different cancer centres) showed that 43.8% of patients who had surgery
died versus 86% of patients in the chemotherapy group [25].

Cytoreductive surgery is a standard part of national and international guidelines
[25, 27, 28], hence surgical management with maximal therapeutic effort is the aim
of treatment, even for patients with a higher tumour load, as survival of the patients
has been clearly demonstrated [25].

3.2 Patient selection

The mainstay of treatment is a holistic approach to the patient’ care. The patient
needs to fully understand the benefits, risks and alternatives to surgery. Consent for
this procedure needs to be carefully considered and fully informed.

3.3 Clinical assessment

The patient needs to be assessed with regards to their ability to walk and carry
out ordinary activities independently, which includes climbing a flight of stairs. The
advice of the anaesthetist is valuable, and cardiopulmonary exercise testing (CPET)
may also be required to determine the anaerobic threshold of the patient prior to
major surgery [24].

Demographic characteristics which have to be considered when selecting
patients are age, previous abdominal surgery, ASA score, presence of ascites, preop-
erative Cal25, preoperative level of haemoglobin, albumin, FIGO stage, histological
cancer type [29].

The triage process of patients for debulking includes:

a.a suitable WHO Performance Status (PS) at the preoperative assessment.

b.absence of lung or multiple parenchymal liver metastases on the CT scan.
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c.exploratory laparoscopy did not demonstrate small bowel serosal disease or
porta hepatis encasement [30].

Liu et al. [31, 32] reported that more than a quarter of women with advanced
ovarian cancer treated with neoadjuvant chemotherapy (NACT) do not ever
undergo cytoreductive surgery. Significant risk factors contributing to the inability
to undergo surgery were advanced age, low albumin levels, frailty scores and exten-
sive disease of predominantly high-grade serous histology. The main reasons identi-
fied were extent of disease not amenable to surgery or lack of response to NACT,
patient co-morbidities preventing surgery and extent of disease. The patients who
did not have debulking surgery, had an over 3-fold increase in mortality of any
cause, compared to those who had surgery at some point [31, 32].

In patients with advanced disease, there is a strong rationale to personalise the
surgical treatment and implement predictive and prognostic scores [31]. The aim
is to allocate the right treatment to the right patient, in order to avoid unnecessary
iatrogenic damage [31].

Appreciation of potential impact on the quality of life (QoL) has to be thor-
oughly assessed and balanced against survival benefit.

3.4 Investigations

A pre-operative CT scan for the thorax, abdomen and pelvis with contrast is
essential. The patients with disease progression with lung metastasis or three or more
liver segments involvement should be triaged for neo-adjuvant chemotherapy strategy
[24]. Tozzi et al. has shown that exploratory laparoscopy added to the CT scan could
potentially identify porta hepatis peritoneal disease [33] as well as small bowel serosal
involvement. Several advantages of the exploratory laparoscopy have been reported,
amongst which a correct diagnosis based on the histology of the tissue biopsy, accurate
evaluation of the spread of the disease, including the spread of small military disease,
a better selection of the patients for ultra-radical surgery and a better planning of
resources in view of the surgery [34]. The authors concluded that this combination of
investigations is of a high reliability, and encouraged surgical outcomes [33, 34].

3.5 Diagnostic laparoscopy

Following confirmation of suitability for surgery based on the CT scan, it is rec-
ommended to consider an exploratory laparoscopy to rule out diffuse small bowel
serosa deposits and porta hepatis encasement [24]. There are controversies around
this approach, however it has been demonstrated [24] that the use of Palmer’s point
and Hasson’s technique to enter the abdomen is an easy and safe technique. This is a
short procedure, very informative, allowing a thorough assessment of the intraab-
dominal cavity, and helps in avoiding a laparotomy if the chances of no residual
disease are unlikely.

3.6 Systematic abdominal exploration

A systematic approach is required, and this is performed by assessing in system-
atic manner.

a.In the upper abdomen the diaphragm, liver, with its Glisson’s capsule, falciform
ligament, ligamentum teres, Morison’s pouch, the stomach, lesser omentum
also known as gastro-hepatic ligament, spleen, tail of pancreas, porta hepatis
also known as hepato-dudenal ligament, foramen of Winslow, and the coeliac
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trunk needs to be assessed. The latter two can be examined by palpation at
laparotomy only, and this represents a limiting factor.

b.In the mid abdomen the omentum is fully assessed, the ileocaecal junction
is identified and small bowel is run u to the point of DJ junction (duodeno-
jeoujenal junction), as well as the root of the small bowel mesentery and the
small bowel serosa. If the small bowel serosa is extensively affected requiring
removal of a large part of the small bowel in order to achieve RO (leaving a
small bowel of less than 150 cm), a debulking procedure should be abandoned.

c. The lower abdomen (pelvis) - a thorough assessment looks at the extent of the
disease in the pelvis starting with spread to the uterine body, fallopian tubes,
round ligaments and sigmoid, with further assessment of the pouch of Douglas
and the bladder peritoneum.

After all these assessments the conclusion can be withdrawn as whether the
surgery will be beneficial and results in no residual disease. This often requires an
intra-operative multi-disciplinary consultation between two senior gynaecological
oncologist.

4. Surgical procedure
4.1 Preoperatively

A close collaboration and clear communication with the anaesthetist and
the other members of the team are hugely important, as the preparation of
the patient is paramount. The patient is positioned in Lloyd Davis with atten-
tion to avoiding common peroneal nerve injury/femoral nerve neuropraxia or
lower limb compartment syndrome. The use of the correct retractor (i.e. Greys,
Bookwalter) will also help in gaining an optimal access to the pelvis, but also to
the right and left upper quadrants.

4.2 Intraoperatively

A midline laparotomy is always required in order to allow a good access to all
the pelvic and intraabdominal areas mentioned above. An understanding about
the radicality of the procedure is further required, and this is highlighted in
Table 2 [35].

The majority of ovarian cancers present in advanced stages and are treated by
debulking surgery and platinum-based chemotherapy. The disease starts in the
pelvis, involving the ovaries, tubes, the uterus, and the bowel and then spreads to
the upper abdomen. Once established that an RO is feasible the procedure starts in
the pelvis.

In the case all pelvic organs are matted, a technique is needed to remove the
tumour with cancer free margins. To achieve the least residual disease, multivisceral
pelvic and upper abdominal surgery is often necessary [36-39].

Ten steps of the en-bloc resection of the pelvis (Figure 2) are described below [24]:

1. Access to the retroperitoneal space: isolation of the ureter, ligation of the
infundibulo-pelvic ligament.

2. Resection of sigmoid.
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Classification Groups Criteria

NICE Standard Total abdominal hysterectomy, bilateral salpingo-oophorectomy,
omentectomy (Figure 1), pelvic and/or para-aortic lymphadenectomy,
bowel surgery outside the definition of ‘ultra-radical’ (localised colonic
resection, non-multiple bowel resection)

Ultraradical Diaphragmatic stripping, extensive peritoneal stripping, multiple
resections of the bowel (excluding localised colonic resection), liver
resection, partial gastrectomy, cholecystectomy, splenectomy

Pomel Standard Hysterectomy, bilateral salpingo-oophorectomy, pelvic peritonectomy,
total omentectomy, appendicectomy, pelvic and/or para-aortic
lymphadenectomy

Radical Recto-sigmoid resection
Supra-radical Diaphragmatic stripping, liver resection, cholecystectomy,

splenectomy, any digestive resection excluding recto-sigmoid resection

Table 2.
Description of surgical radicality.

Omentum

Spleen (visible diseasc on the surface)

Figure 1.
Total omentectomy.

3. Mobilisation of the sigmoid from the sacrum by coagulation and resection of
the meso-sigmoid

4. Access to the pre-sacral space.
5.Mobilisation of the bladder peritoneum with access to the vesico-vaginal space.
6. Colpotomy of the anterior vaginal wall.

7.Retrograde resection of the parametria.
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Cervix with bladder

Rectosigmoid

Figure 2.
En-bloc modified posterior pelvic exenteration-including bladder, pelvic, peri-ureteric peritoneum, uterus,
cervix, tubes, ovaries and rectosigmoid.

8. Colpotomy of the posterior vaginal wall, access to the recto-vaginal septum.
9. Dissection, coagulation and division of the meso-rectum.
10. Resection of rectum * anastomosis.

A particular attention needs to be given to bowel resection. Recto-sigmoid resec-
tion (RSR) is the most commonly non-gynaecologic procedure performed. It can
be associated with early postoperative complications, most severe being the break-
down of the anastomosis or anastomotic leak [36, 40, 41].

The literature reports 0.8% - 6.8% risk of anastomotic leak in patients who
underwent bowel resection during debulking surgery for ovarian cancer [36].
Therefore, sigmoid rectum resection is sometimes accompanied by a diverting loop
ileostomy (DLI) with the aim to reduce the anastomotic leak. This is not without
complications, and although it is typically intended to be reversible, the non-rever-
sal rate of ileostomy is 9.5-35% in the colorectal literature [36, 42-46].

RSR is the resection of any large bowel segment from the pelvic brim to the anal
canal. The decision to undertake RSR is made at the time of surgery and was usually
part of an en-bloc resection of the pelvis [36, 47].

DLI is a loop of small bowel, 10-15 cm proximal to the ileocaecal junction, used
to divert the faecal stream and protect the colorectal anastomosis. The indications
for DLI are [29, 33]:

* multiple bowel resections.

* RSR < 6 cm from anal verge.

* non-tension free anastomosis.

* poor tissue quality.

* air spillage through the anastomosis at trans-anal air test.

DLI reversal was planned at the end of the chemotherapy and if the patient has
three months disease-free interval verified on CT scan. The morbidity of DLI is
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very challenging, and more for patients who are metabolically deranged, older age,
low albumin level, fluid imbalance. DLI morbidity can delay chemotherapy due to
dehydration. The optimal timing for reversal remains unclear, usually 6-8 weeks
postoperatively [36]. End-colostomy is easier to manage than an end-ileostomy
[36, 48], hence for the patients presenting with risk factors for non-reversal, a
careful consideration should be given to the type of bowel diversion performed
during debulking surgery [36, 47].

According to a study performed by Tozzi et al. [47] patients in IDS had a slightly
higher rate of bowel diversion compared to patients in PDS group (46% vs. 26.5%).
Also, patients in IDS were more likely to receive bowel diversion due to impaired
tissue quality (44.8% vs. none) while patients in PDS were more likely to receive a
bowel diversion when receiving multiple bowel resections (92.3% vs. 34.5%) [47].

Bowel resection has to be limited to what is required, as multiple bowel resec-
tions will increase the morbidity [29], as already mentioned above. The tumour
must be excised whilst the blood supply is avoided. In order to safely do this, a
technique is to dim the theatre light, assess the blood supply and identify the right
colic, middle colic, left colic. Once the bowel resection is performed, further assess-
ment for potential ischaemic changes is required.

It is possible to perform small bowel mesenteric peritonectomy or excision of the
mesocolon without the need to perform full bowel resection.

After the disease in the pelvis has been tackled the procedure continues in the
upper abdomen. To achieve complete resection, extensive upper abdominal pro-
cedures are warranted. Strong evidence suggests that upper abdominal procedures
improve the survival rates regardless of the time of the debulking [33, 49-55].

The upper abdomen is divided in right and left quadrant and a systematic
approach is required. The assessment starts with the mobilisation of the liver
(Figures 3-5), dividing the falciform ligament, the coronary ligaments in order to
assess the posterior aspect of the liver.

Diaphragmatic peritonectomy (Figures 6 and 7) with or without pleurectomy,
partial liver resection, cholecystectomy, splenectomy with or without distal pancre-
atectomy and resection of the tumour at the porta hepatis (PH) may be required in
order to achieve complete resection [33].

Diaphragmatic assessment for cancer invasion is paramount. One of the key
dilemmas is to decide which patient would benefit from full diaphragmatic resec-
tion, as opposed to peritonectomy only [56, 57]. Tozzi et al. performed a study on

Bookwalter retractor
Right diaphragmatic peritancum

Roberts forceps applied on the peritoncum

Liver
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Figure 3.
Mobilisation of the liver. Large xiphopubic incision required.
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Right adrenal gland

Right kidney

wc

“The accessory retrohepatic
vein going into the IVC

Bare area of the liver
Morison's pouch

Liver

Figure 4.
Type 111 liver mobilisation exposing retrohepatic space.

Liver being mobilised

Inferior vena cava

Hepato-caval ligament

Figures.
Liver mobilisation.

170 patients who underwent diaphragmatic surgery and described a meticulous
classification to reduce the morbidity but also achieve maximum cytoreductive
effort in the upper abdomen. Soleymani majd et al. reported that in patients with
diaphragmatic metastasis, 28% had disease spread to the muscle, and 20% of
patients had full thickness disease involving the pleura [57-59]. Hence diaphrag-
matic peritonectomy alone would have left disease in the muscle and the pleura,
and complete cytoreduction would not have been possible. The decision about full
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Anterior abdominal wall

Diaphragm

Peritoneum

Figure 6.
Diaphragmatic peritonectomy.

Figure7.
Peritoneum after diaphragmatic peritonectomy (removal in one piece).

thickness diaphragmatic resection versus diaphragmatic peritonectomy requires
prospective studies balancing morbidity against survival benefits [56].

The porta hepatis (PH) shall always be assessed prior to laparotomy, as encasement
of the vessels is an absolute contraindication to proceed with radical debulking surgery.
Inspection and palpation of the portal vein, hepatic artery, and bile duct are required,
along with assessment of the hepato-coeliac lymph nodes. The pringle manoeuvre
should be performed prior to liver mobilisation to maximise surgical safety.

Resection of ovarian disease at the PH was feasible in 90.3% of patients in the
Tozzi et al. study [33]. No intra- or postoperative complications were associated with
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tumour resection at the PH, moreover the resection of PH disease was effective,
significantly contributing to a 90% rate of achieving R0O. Raspagliese et al. [33, 60],
along with this study [33] highlight the importance of routinely exploring the PH
area, if aiming for complete cytoreduction.

The excision of lymph nodes beyond abdomen and pelvis is controversial, how-
ever leaving an enlarged/bulky lymph node despite all other maximal cytoreductive
efforts, may mean that no residual disease status was not achieved. Removal of the
cardio-phrenic lymph nodes has to be assessed on individual circumstances and
localization of the lymph nodes. In the circumstance, that an enlarged pericardiac
lymph node is noted, and the gynaecological oncologist is not trained or confident
in removing it, then cardiothoracic expertise would be required in order to achieve
complete cytoreduction. The Lion study intraoperatively randomly assigned 647
patients with newly diagnosed advanced ovarian cancer (Stage IIB to IV) who had
undergone macroscopically complete resection and had normal lymph nodes (both
before and during surgery) to either undergo or not undergo lymphadenectomy. In
total, 323 had lymphadenectomy whilst 324 did not. The median overall survival
was 69.2 months in the non-lymphadenectomy group and 65.5 months in the
lymphadenectomy group. The median progression-free survival was 25.5 months
in both groups. Postoperative complications were more prevalent in the lymphad-
enectomy group. Therefore, the Lion study concluded that systematic pelvic and
para-aortic lymphadenectomy in patients with advanced ovarian cancer, was not
associated with longer overall or progression-free survival but was associated with
a higher incidence of postoperative complications, when compared with those who
had no lymphadenectomy [61].

Figure 8 illustrates the opening of the right pelvic side wall.

Surgical debulking in ovarian cancer (especially for advanced disease) has tra-
ditionally been performed via an open abdominal route. Laparoscopy in advanced
ovarian cancer has mostly been used to explore the feasibility of a complete surgi-
cal resection [30]. However, there are a few recent studies in the literature, which
report complete response to chemotherapy and no gross residual disease after a
laparoscopic approach. In the past, concern about the use of laparoscopy included
inadequate radicality, the risk of vaginal and/or port site metastasis secondary to

Psoas muscle

Obturator nerve

External iliac artery

External iliac vein

Figure 8.
Right pelvic side wall- exposure of lumbosacral and obturator fossae.
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tumour contamination and the use of CO2. In the recent reports, complete resection
was achieved at laparoscopy, making it a potentially feasible alternative, warrant-
ing consideration [30]. Safe laparoscopy in advanced ovarian cancer consists of
thorough preoperative preparation and study of the CT scan images, matching it
with the laparoscopic findings, and exploring all peritoneal surfaces. Particular care
needs to be taken in avoiding tumour contamination, seeking for cleavage planes in
healthy tissue and minimising tumour manipulation. Endobags should be used to
extract all specimens, which should be removed intact. Tumour extraction through
the vagina is ill advised, if compliance is not adequate [30].

There are a number of well-known benefits of a laparoscopic approach, includ-
ing: reduced blood loss, decreased pain, earlier discontinuation of analgesia, shorter
hospital stay, lower rate of complication and infection. Some researchers report that
a short postoperative period is very important in the prognosis of cancer patients
and affects survival [30, 62-66]. Surgery has been associated with an increased
risk of metastasis and tumour recurrence. The main responsible mechanisms are
tumour cell dissemination, shedding, enhanced adhesion, increased tumour growth
secondary to reduced apoptosis, increased release of growth factors and angiogen-
esis, transient but profound suppression of cell-mediated immunity (CMI). The
latter controls the minimal residual disease which is present at a cytological level
in patients with ovarian cancer. The degree of surgical trauma is noted to correlate
with immune depression and with tumour growth [30, 62-66]. Laparoscopy, how-
ever, causes reduced trauma and as a consequence a lower inflammatory response,
an increased TH1 cytokine production, faster return to normal lymphocyte count
and an absence of tumour growth factors in the serum [30, 65]. These effects
contribute to a reduced recurrence rate [30, 66], as well as a faster recovery of the
immune system in patients with ovarian cancer during their chemotherapy, as they
are more prone to anaemia and infections [30, 66].

The data reported so far is for the use of laparoscopy in interval debulking
surgery, there is no data on its use in primary debulking surgery [30].

5. Quality of Life

The Quality of Life (QoL) needs to be assessed after such a major and long
surgery, which sometimes lasts up to ten hours. QoL questionnaires were sent out
to the patients in the Lion study [61]. At the time of discharge, most patients had a
poor quality of life, but this improved at follow up (at the end of chemotherapy).

An ultra-radical surgery with the aim of leaving no residual disease (RO) is not
successful if the approach to the patient is not holistic; an assessment of whether the
patient’s quality of life could be improved has to be performed. This surgery should
be offered to suitable patients only. Du Bois et al. demonstrated in their study that
the benefit was exclusively seen in patients with complete resection (R0) indicating
the importance of both the optimal selection of the patients, and of centres with
expertise and a high chance of achieving RO [26, 67, 68].

In ovarian cancer surgery, a multidisciplinary approach is required for successful
cytoreductive surgery, keeping the patient at the centre of care.
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Chapter7

Cytoreductive Procedures and
HIPEC in the Treatment of
Advanced Ovarian Cancer

Bogdan Moldovan, Silviu-Tiberiu Makkai-Popa, Costel Rad,
Radu Pisica, Vlad Untaru and Doly Stoica

Abstract

This chapter is dedicated to cytoreductive procedures and hyperthermic
intraperitoneal chemotherapy (HIPEC) in the treatment of advanced ovarian
cancer. Cytoreductive procedures and HIPEC constitute nowadays an important
weapon in the surgical armamentarium used to treat ovarian cancer. Our service led
by Dr. Moldovan Bogdan has an experience of 235 patients that underwent a HIPEC
procedure, with an average of 33,5 cases/year which places us among some of the
most experienced teams worldwide. We propose a chapter describing the indica-
tions and contraindications of such procedures, the surgical approach, followed by
a description of our experience, including a review of our indications, the type of
chemotherapeutic agents and a case example.

Keywords: cytoreductive surgery, HIPEC, carcinomatosis, hyperthermic
intraperitoneal chemotherapy, cisplatin, doxorubicin

1. Introduction

Ovarian cancer ranks as the seventh most common cancer in women worldwide,
as shown by a metanalysis of 125 articles published between 1925 and 2018 [1].
This frequency also comes with a non-neglectable mortality which in the same
meta-analysis is estimated at 4,4% of all the cancer cases, in 2018. The mortality
index is mostly due to the fact that the diagnosis is made when the disease is already
advanced with two thirds of the mortality being attributed to advanced forms of
serous carcinoma. Even with the current care recommendations which involve
standard cytoreductive surgery and multiple lines of chemotherapy the confounded
long-term survival for all disease stages is only 20-30% and is mostly due to peri-
toneal carcinomatosis [1-6]. As such we find that completing the cytoreductive
surgery with hyperthermic intraperitoneal chemotherapy is the best way to ensure
the best possible outcomes for ovarian cancer patients. A review of the current
literature shows that it improves the 5-year survival to 24-60% compared to an
average life expectancy of 12 to 25 months with standard chemotherapy [4, 7].

The aim of this chapter is to bring insight into our current surgical practice of
performing extensive cytoreductive surgery and hyperthermic intraperitoneal
chemotherapy.
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2. Historic perspective and rationale for HIPEC

Over time our view of peritoneal carcinomatosis evolved from considering it a
terminal disease to considering it a form of locally advanced disease amenable to
surgery which is sometimes with curative intent. The first to introduce the concept
of cytoreductive surgery was Griffiths in 1975. His work shows a direct link between
the radicality of the surgery and the survival of the patients [8, 9]. Five years later
Spratt et al. show that hyperthermic intraperitoneal chemotherapy is feasible in
peritoneal carcinomatosis [10, 11] and finally, in 1995 Sugarbaker et al. describe the
technique of complete peritonectomy with an extraperitoneal approach, which in
our opinion is the most suitable technique for most of the cases. He also described
the combination of his technique with HIPEC [10].

If we look at the literature, we find articles clearly showing that the peritoneum
in general and regions where scars exist — port sites for example are more prone
to metastasis compared to solid organs and systemic chemotherapy is effective in
about one third of the cases, with a complete response in only 15% of the cases [11].
Hence cytoreduction is extremely important to reduce tumor burden and HIPEC
augments its efficacy by the lavage itself which, performed in a recent postopera-
tive setting helps flush the cells resulted from manipulating bulky lesions such as is
often the case. It also helps by activating heat shock proteins due to the temperature
which is around 42 degrees and gives the chemotherapeutic agent a chance to act
locally by putting it in direct contact with the peritoneum.

3. HIPEC indications

The established concept of cytoreduction and HIPEC in peritoneal carcinomato-
sis is that they are to be performed in advanced stages of the disease, however more
and more articles, starting with Sugarbaker and continuing with other high-volume
surgical centers propose using HIPEC as a prophylactic measure not only in ovarian
cancer but also in advanced appendiceal, colonic or gastric malignancies [11-19].
Keeping this in mind, it is our opinion that in the surgical management of ovarian
cancer we will soon be able to classify HIPEC procedures into prophylactic - in
stages up to II B and conventional - in stages III and IV. Because of the aggressive-
ness of the procedure, in each and every case we operate we struggle to achieve a
complete cytoreduction, otherwise known as CCO and in order to preoperatively
assess in which patients this might be achieved we use staging scores such as the
Fagotti score.

Initially, the Fagotti score [20] was described as a laparoscopic means of assess-
ing the feasibility of a HIPEC procedure, but because all surgical manipulation of
the peritoneum decreases the chances to perform a radical surgery, we substitute the
laparoscopic Fagotti score with an imaging score based on a good quality abdominal
and pelvic contrasted, diffusion weighed magnetic resonance imaging (MRI). Besides
avoiding unnecessary manipulation of the peritoneum, we consider it superior to
laparoscopy because it allows us to assess the areas of the abdomen and pelvis which
are difficult to evaluate surgically, especially in a patient that has had previous
abdominal surgery. Similar to it is also the Bristow CT score, but in our opinion the
Fagotti score based on a good quality MRI examination is better [21].

The Fagotti score contains 5 variables — omental cake, diaphragmatic carci-
nomatosis, mesenteric retraction, bowel/stomach infiltration and spleen/liver
metastasis. If present, each variable receives 2 points. If the Fagotti score obtained
on the MRI is less than 8 we go ahead and prepare the patient for HIPEC, while if
the score is higher than 8 we prefer to perform a Pressurized Intraperitoneal Aerosol
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Chemotherapy (PIPAC) session, continue chemotherapy and reassess the patient by
the same MRI score 4-6 weeks after. We can perform 2-3 such PIPAC sessions in the
hopes of achieving operability.

Besides the Fagotti score which in our opinion is the best tool for staging ovar-
ian peritoneal carcinomatosis and the Bristow score, there are several other scores
which we only mention but not describe in detail as they are not used in case of
ovarian cancer carcinomatosis — the Peritoneal Cancer Index (PCI) proposed in
1996 by Sugarbaker and Jaquet [15, 16], the Gilly staging [15, 17] and the simplified
PCI system proposed by Zoetmulder [18].

In conclusion to this subsection on staging scores we would like to talk about our
standard preoperative workup in cases which are referred to our center as candi-
dates for cytoreductive surgery and HIPEC. This includes an MRI of the abdomen
and pelvis with contrast and diffusion weighted imaging and a chest CT.

We prefer MRI because in our experience it correlates best with what we would
find on an exploratory laparoscopy allowing us to obtain a more accurate Fagotti
score. The chest CT allows us to define the intrathoracic involvement and plan for
an eventual diaphragmatic resection. We place bilateral chest tubes at the end of
the procedure and if needed the chest drain can also be connected to the HIPEC
machine in order to have cytostatic agent circulating also in the pleural cavity.

Based on the imaging findings we can define not only the patients with better
chances for having a complete resection but also those where there is a contraindica-
tion for HIPEC. The contraindications can be classified in absolute and relative.

Absolute contraindications are:

* inoperable invasion of the liver hilum;
* diffuse, inoperable liver metastases;

* diffuse small bowel lesions in which resection would mean leaving less than
1 m of small bowel;

* unresectable retroperitoneal lymph node masses;
* inoperable distant metastasis.
Relative contraindications are:

* locally advanced multiple relapses, resistant to different chemotherapy
regimens;

* progression under neoadjuvant therapy;

* bad performance status and comorbidities.

Pleural involvement which is common, is not a contraindication for performing
HIPEC, but rather an indication to also perform hyperthermic intrathoracic chemo-
therapy (HITOC), eventually as staged procedures.

4. Timing of the cytoreductive and HIPEC procedures

Because of the variability of the moment when ovarian cancer is diagnosed
there are several moments in the natural history of an ovarian cancer case when
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cytoreductive procedures and HIPEC can be performed as can be seen in the analy-
sis performed by Helm et al. [14].

The first such moment and the one in which cytoreduction and HIPEC give the
best chances of survival is when the diagnosis is made, if complete cytoreduction
can be achieved [2]. In the moment of diagnosis, depending on the extent of the
disease we can talk about prophylactic HIPEC or conventional HIPEC in later stages
[19]. Prophylactic HIPEC in ovarian cancer refers to stages I and II in which we have
a cytology sample which is positive for tumor cells, which suggests an increased
risk for peritoneal relapse and a decision is made together with the patient and the
oncologist to perform HIPEC with a preventive thinking in mind.

Another moment for HIPEC and cytoreduction is after neoadjuvant chemo-
therapy, because most ovarian cancers respond well to chemotherapy and become
operable after a neoadjuvant treatment. The only disadvantage is that it might
downsize the peritoneal implants, rather than really downstage the tumor and
thus hide implants that otherwise would have been resected, increasing the risk for
recurrence.

HIPEC can also be performed as a consolidation therapy after neoadjuvant
chemotherapy, meaning that it is performed during a second look laparotomy when
peritoneal biopsies reveal residual disease.

Another occasion on which these procedures might become useful in ovarian
cancer is when a peritoneal relapse is diagnosed and surgery is performed usually
after a new course of neoadjuvant chemotherapy which will also determine the
chemotherapeutic agent to be used based on the response of the tumor.

Finally, the last situation in which we would perform HIPEC is as a last resort
treatment — basically a salvage procedure.

5. Description of the technique for cytoreductive surgery

In ovarian cancer most of the authors recommend a selective peritonectomy
technique and not a total peritonectomy, but in our hospital we prefer performing a
total extraperitoneal (Sugarbaker) peritonectomy because we have more experience
with it and we consider it more radical based on our results [22, 23]. An example of
extraperitoneal peritonectomy can be seen in Figures 1 and 2.

Figure 1.
Sugarbaker extraperitoneal peritonectomy.
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Figure 2.
Sugarbaker extraperitoneal peritonectomy view once the peritoneal cavity is opened.

We start by detaching the peritoneum completely without opening it by entering
a plane located between the peritoneum and the rectus sheath. We continue in this
plane laterally until reaching the peritoneum, cranially until the Glisson’s capsule and
inferiorly we resect the peritoneum covering the bladder with the uterus and the two
adnexae, with or without the rectum. As patients usually come to us after a staging
laparotomy performed elsewhere, we start by resecting the previous scars which
are the most common sites of future relapses. We usually start below the umbilicus
as this is the place where we can develop the correct plane at greater ease. Once the
round ligament is cut at the level of the deep inguinal ring we can dissect easily later-
ally until reaching the retroperitoneum and exposing the iliac vessels and the ureters.

We then develop the plane cranially. Sometimes splenectomy is necessary if
implants are seen on it or close to it, but it is not indicated as a rule in ovarian
cancer.

Once the peritoneum is detached completely cranially and laterally, we enter
the peritoneal cavity. A first resection specimen is constituted by the median
scar, the umbilicus, the round ligament of the liver which is cut at the level of
Rex’s recess, the falciform ligament and the urachal fold down to the bladder.
The remaining peritoneum will be split into four quadrants. Completing the
peritonectomy of the right upper quadrant is considered the most difficult as it
consists of:

* resecting the diaphragmatic peritoneum, sometimes with a piece of
diaphragm;

* dissection of the Glisson’s capsule, if affected, with the eventual metastases;
* cholecystectomy
¢ liver hilum lymph node dissection

* right colo-epiploic takedown with dissection of the posterior peritoneal sheath
of the omental bursa

* resection the peritoneum of the Morison space
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* selective peritonectomy of the space between the caudate lobe, the inferior
vena cava and the right diaphragmatic crux
In the left upper quadrant, the peritonectomy means:

* resecting the diaphragmatic peritoneum, sometimes with a piece of

diaphragm;
* left colo-epiploic takedown
* dissection of the greater curvature
* resection of the peritoneum with or without the spleen
* mobilization of the left colonic flexure, sometimes requiring a colectomy
In the lower abdomen the peritonectomy includes:
* dissection of the peritoneum covering the urinary bladder
* dissection and section of the ovarian vessels
* dissection of the ureters in order to expose and ligate the uterine vessels safely
* sectioning the vagina below the cervix

* dissection of the peritoneum of the Douglas pouch when it is normal macro-
scopically or with the rectum if there are visible tumor implants

* appendicectomy

* sometimes colonic resections

* pelvic and paraaortic lymphadenectomy.

* sometimes a bladder resection or vascular resections might be necessary

In the central part of the abdomen the small intestine is examined carefully on
both sides. Severely affected portions of the small bowel are resected carefully,
keeping in mind in mind the risk for short bowel and taking away as little bowel
as possible. Mesenteric implants are either resected or Argon beam coagulated.
Atypical resections of the stomach can also be performed with the use of linear
staplers.

Keeping in mind that the cytoreduction is usually followed by HIPEC we are
faced with some delicate decisions regarding the anastomoses we perform. For
small bowel we perform a 2-layer latero-lateral continuous suture without stoma.
For colorectal anastomoses we perform a mechanical anastomosis using a circular
stapler and protecting the anastomosis with a colostomy which we prefer to an
ileostomy. And finally, there are cases where we do not perform an anastomosis
but rather an end colostomy or ileostomy. These are mostly CC1 cases, posterior
pelvic exenteration cases or total colectomy cases in fragile patients, even with a
CCO resection where an anastomosis would be too risky due to the status of the
patient.
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6. Assessing the completeness of cytoreduction — the radicality score

It is considered the most important prognostic score, being estimated at the
end of the cytoreductive stage. The penetrability of intraperitoneal chemotherapy
is possible for lesions up to 2.5 mm. For most intraperitoneal neoplasms, complete
CCO cytoreduction is required, the CC1 score being considered acceptable only for
peritoneal pseudomyxoma, a neoplasm with reduced aggressiveness. The radicality
of resection classification is as follows: CCO — no residual disease, CC1 — residual
lesions smaller than 0,25 cm, CC2 - residual lesion between 0,25 and 2,5 cm and
CC3 - residual lesions larger than 2,5 cm [18].

The impossibility of a radical surgery CCO-CC1 can determine the change of the
operative strategy, either towards a palliative debulking surgery, or towards giving
up any gesture of excision. In chemotherapy “naive” tumors, the maximum cytore-
duction with HIPEC followed by adjuvant CT is to be considered.

7. Description of the HIPEC procedure

For reasons related to the safety of handling cytostatic substances, most HIPEC
teams in Europe, including our team use the “closed abdomen” technique in which
the abdomen is closed permanently or only temporarily (the skin), with 4 drains
inside, coupled to extracorporeal circulation device.

In short, the Rand Performer HT device that we use in our current activity, has
the following components: 1) a heater or heat exchanger; 2) a pump system, which
includes one or two peristaltic pumps; 3) a tank containing the infusion solution; 4)

a circuit that distributes the drugs and heated fluid to the patient’ peritoneal cavity.

In 1999 the Italian Biomedical Company (RanD Biotech SRL, Medolla, Italy) was

the first to develop a device dedicated to HIPEC, used especially for the treatment by
hyperthermic perfusion of the peritoneal cavity. The most important advantage of this
device (Performer HT) is its portability and adaptability for various purposes, as it can
also be used to infuse isolated anatomical regions or organs, such as the treatment of

an isolated limb or the separate infusion of the liver or lung. The Performer HT device
ensures a flow rate of 100-2000 ml/min and it has up to 8 temperature monitoring lines
in various areas of the peritoneal cavity, which has the ability to measure temperatures
between 28 °C and 46 °C. In our practice we use tubes with a diameter of 28 Fr, two

for inlet (1 - subdiaphragmatic and 1 - in the pelvis) and two for the outlet (1 - sub-
diaphragmatic and 1 - in the pelvis). We also use two lines for monitoring the intra-
abdominal temperature mounted in the pelvis and in the supramesocolic space. In terms
of the perfused solution, we use 4-6 liters of warm transport solution (2/3 Ringer, 1/3
Voluven). Once an optimal infusion rate (> 800 ml/min) and an optimal intraperitoneal
temperature around 42-43 °C is reached, the cytotoxic drugs are administered. We use
Cisplatin (43 mg/L solution/m2) or Doxorubicin (15 mg/L solution) for carcinomatosis
due to serous ovarian cancer. The duration of chemoperfusion is between 60 and

90 minutes. At the end of the procedure, the abdomen is rinsed with 3 liters of saline
and the drains are left in place.

As to the choice of the chemotherapeutic drug, it takes into account the sensitiv-
ity of the tumor to platinum salts, which can be seen preoperatively by the response
of the tumor to the neoadjuvant chemotherapy. Platinum-sensitive patients will fol-
low the Cisplatin protocol, Platinum-resistant patients, the Doxorubuicin protocol.

* Cisplatin (43 mg/L solution/m?2) - for Platinum CEO sensitive.
* Doxorubicin (15 mg/L solution) - for CEO resistant Platinum.

117



Ovarian Cancer - Updates in Tumour Biology and Therapeutics

Other types of protocols using Taxol, Oxaliplatin, 5 Fluorouracil or Mitomycin
C, etc. are also cited in the literature.

8. Our experience

In our experience we performed cytoreductive surgery and HIPEC on a number
of 235 cases since we started performing these procedures in our hospital on the 5th
of June 2013 which means an average of 33,5 cases/year. From a surgical point of
view, critically speaking there were 2 stages: the initial experience 2013-December
2014, dominated by surgical caution, fear of complications, selective peritonectomy
by “open” approach, after intraperitoneal exploration and the second stage, starting
from January 2015, with the introduction of the Sugarbaker-Deraco extraperitoneal
total peritonectomy technique, marked by increased aggression, the association of
multiorgan resections often with digestive anastomoses.

Of these patients there were 188 (80%) females and 47 (20%) males. The mean
age of the patients was 60,92 + 10,64 years. The mean hospital stay was 9,23 + 3,66
with a minimum of 4 days and a maximum of 32 days. In terms of overall survival,
182 out of 203 patients (89,65%) survived at 1 year and 15 out of 75 patients (20%)
survived at 5 years. The mean operating time for these cases was 7,21 + 0,7 hours
and the mean PCI was 14,5 + 0,3.

Because of the number of patients and the variety of the pathology we preferred
to give a visual representation of the type of pathology approached (Figure 3), the
type of chemotherapeutic agent we used (Figure 4) and whether or not we did a
stoma and what type of stoma we did (Figure 5). In terms of the radicality of resec-
tion you can see in Figure 6 the proportions of CC0, CC1 and CC2 resections.

Of particular importance in 2020, we had to reorganize our in-hospital protocols
in order to ensure a COVID-free surgical department which allowed us to perform
29 cytoreductive procedures followed by HIPEC since the pandemic was declared
on March 11th 2020. We were able to do this by thoroughly screening admitted
patients by aligning ourselves to the guidelines emitted by the major surgical and

Type_of_pathology

204

T T T T
Gynecological Lower_GI Other Upper_GI

Figure 3.
Types of pathologies approached by cytoreduction and HIPEC in our experience.
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Chemoterapeutic_agent_used

M Cisplatin

ECisplatin and mitomyc
ODoxorubicin

W Doxorubicin and cispl:
OMitomycin

B Mitomycin and cisplati
B Ooxaliplatin

Figure 4.
Cytostatic agents used in our experience.

Stoma

B No stoma
[ Definitive
[ Protective

Figure 5.
Use of stomas in our experience.

oncological international societies. Initially our screening consisted in PCR tests
from nasopharyngeal swab, rapid antibody test and chest CT and according to the
guidelines we started only performing PCR from nasopharyngeal swab, leaving
rapid antibody and antigen tests and chest CT scans only for patients in which we
had a strong clinical suspicion of COVID and a negative PCR test [24].
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In terms of multiorgan resections of note are cases of associations between
posterior pelvic exenteration, right hemicolectomy and resection of liver metas-
tases, resection of ureter, bladder horn and uretero-vesical reimplantation, total
colectomy with extended jejuno-ileal enterectomy, entero-enteral anastomosis and
right iliac terminal ileostomy, association of posterior exenteration with regulated
left hepatic lobectomy and radiofrequency thermoablation of liver metastasis.

Radicality_of resection

B cco
Ecc1
Occz

Figure 6.
Radicality of resection in our experience.

Figure7.
Intraoperative pictures showing multiple organ resections in a patient with recurvent ovarian carcinoma.
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As an example, we would like to present a case of ovarian carcinoma recurrence
in a 51 years-old patient previously operated and treated by chemotherapy. The
PCI was calculated to be 19 and we performed a CCO resection with a Sugarbacker
extraperitoneal approach associated with a Hartmann resection, multiple liver
resections, diaphragmatic resection with phrenic reconstruction, appendicectomy,
omentectomy, HIPEC - Doxorubicin 80 mg 60 minutes at 42 °C. Some intraopera-
tive pictures can be seen in Figure 7. The patient is still living at 3 years after the
procedure and does not show signs of recurrence, despite the fact that she was
considered untreatable by other centers before coming in our service.

9. Conclusion

Cytoreductive surgery and HIPEC now offer an alternative to ovarian cancer
patients that were once considered inoperable and in high-volume centers the
complications are minimal. This chapter provides insight into the technique
of cytoreductive surgery and HIPEC and presents our experience with these
techniques.
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Chapter 8

HIPEC for Ovarian Cancer:
A Controversial Discussion

Michael Friedrich, Dominique Friedrich, Clayton Krafft,
Walther Kuhn and Christoph Rogmans

Abstract

Peritoneal carcinomatosis is a sign of advanced disease of ovarian cancer. The
prognosis of ovarian cancer is significantly improved after cytoreductive surgery
with complete tumor debulking followed by platin based chemotherapy. If cyto-
reductive surgery results in a tumor free situation with remaining tumor less than
0.25 cm, HIPEC may further improve prognosis. Materials and methods: The
results of the Krefeld study are presented and the literature is reviewed according
to overall survival and progression free survival with or without HIPEC. In the
Krefeld study, patients with ovarian cancer and peritoneal carcinomatosis under-
went cytoreductive surgery. In patients with optimal tumor debulking, HIPEC
was performed. The peri- and postoperative course was observed. Adverse events
were recorded after the Clavien-Dindo classification. Results: 43 patients were
treated with cytoreductive surgery and HIPEC. In all patients an optimal cytore-
ductive situation with remaining tumor less than 0.25 cm was achieved. HIPEC
was performed with a cisplatin solution (50 mg/m?2) at 41°C. The median age of
the patients was 56 years (range: 32-74 years), the median peritoneal cancer index
(PCI) was 13 (range: 4-21), the median operation time was 356 minutes (range:
192-507 minutes). The median time to postoperative systemic treatment with
chemotherapy was 29 days (range 21-70). There was no postoperative surgically
associated death. No adverse events were recorded in 16 (37.2%) of 43 patients, no
grade III or IV adverse events were reported for 33 (76.7%) patients, and no grade
IV adverse events were reported for 41 (95.3%) patients. Grade III adverse events
occured in 19 (44.2%) of the 43 patients; a total of 29 grade III adverse events
were reported in these 19 patients. Grade IV adverse events occured in 3 (7.0%)
of the 43 patients; a total of 3 grade IV adverse events were reported. Two of them
resulted in return to the operating room. This was a fistula of the distal small bowel
caused by drainage and a revision of wound infection. Conclusion: In ovarian
cancer multiple surgical procedures may be necessary in order to have macroscopi-
cally eradicated tumor tissue. Combined with HIPEC, this seems to have positive
effects on the survival of patients with peritoneal carcinomatosis. Since we have
no marked additional adverse events caused by HIPEC in our case series, HIPEC
seems to be an additional treatment option of peritoneal carcinomatosis in ovarian
cancer. This statement is strengthened by the literature review in that metaanalysis
show significant improved OAS and PFS.

Keywords: Hyperthermic intraperitoneal intraoperative chemotherapy, HIPEC,
ovarian cancer
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1. Introduction

Most patients with advanced ovarian cancer will suffer from recurrence, because
the five year overall survival for stage FIGO III and IV epithelial ovarian cancer is
still very low with 20-30%. Thus, gynecologic oncologists are looking for better
treatment strategies [1].

In most patients with advanced ovarian cancer the spread to the peritoneum
is the primary site of failure. Thus, it seems reasonable to assess additional local
treatment strategies apart from maximal tumor debulking. According to prior
studies the intraperitoneal application of cisplatin is assiciated with a 20-fold higher
concentration in the intraperitoneal space compared to that measured in plasma
after intravenous administration. Furthermore it was shown that the combination
of postoperative intraperitoneal and intravenous (ip/iv) chemotherapy improves
survival in women with optimally resected stage III ovarian cancer compared with
iv chemotherapy alone. There are many aspects like treatment-related toxicities,
adhesion barriers after surgery, dysfunction of implanted i.p. catheters (Tenckhoff
catheters), the absence of a standard treatment regimen, patients" preference and
the inconvenience of an inpatientregimen that prevent the integration of ip/Iv
chemotherapy into clinical routine [2].

2. Review and discussion

HIPEC is usually applied immediately following peritonectomy procedure with
the aim of directly delivering a heated cytotoxic drug to the peritoneal surface of the
abdomen. While macroscopic disease is removed by cytoreductive surgery, micro-
scopic disease from the peritoneal surface should be eradicated by HIPEC. There are
studies showing that hyperthermia enhances penetration of the cytotoxic agent and
induces tumor cell death by multiple mechanisms including impaired DNA repair,
inhibition of angiogenesis and induction of apoptosis. The rationale of applicatio of
HIPEC is that HIPEC eradicates tumors up to a diameter of 2.5 cm. Advantages of
HIPEC in comparison to postoperative ip chemotherapy are the missing adhesion
barriers at the time of operation. Furthermore, the effectiveness of intraoperative
intraperitoneal chemotherapy is increased by the hyperthermic application [3-9].

In our own case series analysis [10] of 43 patients treated with HIPEC (cisplatin
50 mg/m2 for 60 minutes at 42°C) for advanced or recurrent ovarian cancer there
was no postoperative death. Adverse events of grade III following the Clavien Dindo
classification [11] were observed in 44.2% of the patients, which suggests that HIPEC
with cisplatin 50 mg/m?2 after CRS in ovarian cancer is a feasable treatment option.
Additionally, the time to chemotherapy (TTC) was not markedly prolonged in our
setting. The main complications are caused by surgery and not by HIPEC procedure.
The very low rate of insufficiences of anastomoses with only one case of a fistula of
the small bowel shows the immense importance of the experience of the surgical team.

Yonemura et al. [12] described in their study with CRS and HIPEC for colorectal
carcinomas one postoperative death caused by pulmonary thromboembolism.
Grade IV adverse events were observed in 9.9% of cases mainly due to insufficiences
of anastomosis. Grade III adverse events were reported by Kuijpers et al. [13] in 34%
of the 960 patients in a simliar trial with a mortality rate of 3%, while Passot et al.
[14], found an incidence of grade III and IV adverse events in 42% of 216 patients
(CRS and HIPEC) with peritoneal carcinomatosis (35% ovarian cancer).

Ovarian cancer is a leading cause of cancer related death in women and is often
only diagnosed at an advanced stage, then with diffuse peritoneal carcinomatosis
[15-34]. Peritoneal carcinomatosis represents the advanced stage in the evolution of
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EOC, which has been considered as the main cause of recurrence [23, 35, 36]. Since
ovarian cancer is mainly confined to the peritoneal cavity, even after recurrence, it is
an ideal target for locoregional therapy. IP chemotherapy is not a standard treatment
option because of concerns of excessive toxicity [37-39]. Nevertheless IP chemother-
apy is associated with improved survival of advanced EOC [6-8]. HIPEC and post-
operative IP chemotherapy are differing distinctly from eachother, because HIPEC
is a single treatment of intraoperative chemotherapy at the time of cytoreductive
surgery. Some critical aspects of ip chemotherapy may be eliminated by this fact
[21]. So far, most of the evidence for HIPEC in the treatment of advanced ovarian
cancer was based on large retrospective series [15-17], a few small non-randomized
prospective studies [18, 19] and a small randomized trial of low quality in regard to
study design [20]. These available studies are difficult to interpret and compare due
to the heterogenicity of the study groups. A clear distinction between primary and
recurrent disease, extensiveness of peritonectomy surgery, various FIGO stages and
types of histology is not made, although these aspects in themselves significantly
influence the outcome. A systemic review of published trials [21] identified 9 com-
parative studies reporting an improvement in survival following CRS and HIPEC
(+/— CHT) compared with CRS alone (+/— CHT). Morbidity following CRS and
HIPEC was reported to be between 12% and 33% [21, 22]. The majority of complica-
tions are more likely to be due to the aggressive CRS rather than HIPEC, particularly
in respect to bowel complications (anastomotic insufficiences, bowel fistula sepsis).
On the other hand the addition of HIPEC is associated with renal impairment and
haematological toxicity due to transient bone marrow suppression.

The results of the first RCT for HIPEC for primary ovarian cancer were pub-
lished in 2018 [23]. In this study, hyperthermic intraperitoneal chemotherapy with
cisplatin 100 mg/m2 was administered at 40°C over 90 min in an open technique.
Sodium thiosulfate was administered by a six-hour intravenous infusion to prevent
nephrotoxicity. The hazard ratio (HR) for disease recurrence or death was 0.66
(95% CI 0.50-0.87, P = 0.003), favouring the HIPEC group. The median PFS was
14.2 months in the CRS plus HIPEC group versus 10.7 months in the CRS group.

At 5 years, 50% of the patients in the CRS plus HIPEC group had died versus 62%
in the CRS group (HR 0.67, 95% CI 0.48-0.94, P = 0.02). The median OS was

45.7 months versus 33.9 months, showing a 11.8-month survival advantage in the
CRS plus HIPEC group. There was no significant difference in grade three or four
adverse events between the two groups (27% vs. 25%, P = 0.76, respectively). There
was a higher rate of stoma formation in the CRS plus HIPEC group (72% vs. 43%,

P = 0.04). Despite this, the overall health-related quality of life outcomes did not
differ between the two groups. To date this is the best evidence that a single admin-
istration of HIPEC given at the time of cytoreductive surgery for ovarian cancer
may achieve significant benefits in terms of survival without excess morbidity or
loss of quality of life. However, there has been critique concerning this study, in the
direction of a possible premature analysis of overall survival, the heterogeneity of
results between study centres, and the results being applicable to only a small subset
of patients with ovarian cancer [24]. The HIPEC arm also received an additional,
high dose of cisplatin compared to the non-HIPEC arm, which in itself might
explain the improved survival.

This study provided the evidence of survival benefit by HIPEC in patients with
intervall debulking surgery in advanced EOC. One hast o keep in mind that the
survival of the group without HIPEC was shorter than that in the Gynecologic
Oncology Group-172 study perhaps because of the different inclusion criteria
(intervall debuling surgery versus primary debulking surgery) [40].

In contrast to the results of Van Driehl et al., a smaller Korean RCT on HIPEC
with 184 women, including only patients with stage 3 and 4 disease, did not
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demonstrate a significant advantage in terms of five-year survival in the HIPEC arm
[25]. It is not described in how many patients the remaining tumor mass was less
than 2.5 mm. In addition, women with extraperitoneal metastatic ovarian cancer
were also included in the study. However, it is important for HIPEC therapy to have
minimal residual tumor. Therefore, the Korean study would need to be reevaluated
from these perspectives to gain valdie insights. For stage IV colorectal carcinoma,
arecently published phase III RCT HIPEC trial failed to demonstrate a survival
benefit over systemic chemotherapy after cytoreductive surgery [26].

Which drugs and in what dosage should be used for intraperitoneal chemother-
apy is still unclear. Zivanovic et al. [27] showed in the first prospectively designed
German HIPEC-ROC-I study of 12 patients with recurrence of ovarian cancer that
a dose increase from 50 mg/m?2 cisplatin to 100 mg/m?2 is safe. Although one patient
in the study experienced renal failure not requiring dialysis, a dose of 100 mg/m2
cisplatin should be used in future studies. The mean operative time was 463 min-
utes. In all cases, systemic chemotherapy was started within 6 weeks. We used the
dosage of 50 mg/m?2 cisplatin in our study, because at the beginning of the study the
results of Zivanovic et al. [27] had not been published.

Nevertheless, it is not clear at which point it is appropriate to start postoperative
systemic chemotherapy (TTC). The most important prognostic factor regarding
OS is achieving surgical RO resection. At the same time, Mahner et al. [28] demon-
strated in a systemic review of 3,326 patients from three AGO-OVAR trials [3, 5, 7]
that delayed initiation of therapy of more than 19 days in RO resected patients was
associated with significantly decreased overall survival. In contrast, patients with
macroscopic residual tumor did not benefit from an earlier start of chemotherapy.
Hofstetter et al. [29] support these findings. An analysis of the European multicenter
OVCAD trial in which the median start of chemotherapy was 28 days (range 4 to
158 days) demonstrated that patients with macroscopic R1 resection had signifi-
cantly worse overall survival, when chemotherapy was started after 28 days or later.
In contrast, Feng et al. [30] demonstrated in 625 patients with advanced ovarian
cancer that an interval of up to 6 weeks between cytoreductive surgery and start
of chemotherapy did not negatively affect overall survival. The median TTC in our
study was 29 days (range 21-70 days). The late start of therapy with a TTC of 70 days
was due to a fistula at the ileum that required multiple surgeries.

As already mentioned, surgical RO resection is the most important prognostic
factor associated with significantly improved overall survival. When evaluating the
studies described above, this must be taken into account. In Hofstetter et al. [29],
63.4% of the patients had RO resection, whereas in Feng et al. [30], this was 33.4%.

In our study, RO resection was achieved in 93% of cases, and only 7% of cases had R1
resection.

Wau et al. [41] demonstrate in their metaanalysis, that HIPEC can significantly
improve the OS and PFS of EOC. But so far HIPEC is not accepted as a standard
treatment in clinical routine [21] because of the heterogeneity of the inclusion
criteria and the study methods.

Wu et al. [41] demonstrate in their metaanalysis, that HIPEC significantly
improves the OS and PFS of EOC. But so far HIPEC is not accepted as a standard
treatment in clinical routine [21] because of the heterogeneity of the inclusion
criteria and the study methods. Subgroup analysis, which considered study design,
adjusted for heterogeneity. Nevertheless, there are only two RCTs on HIPEC in
ovarian cancer. The different lengths of follow-up made it necessary to perform
further analyses regarding to OS and PFS.

Even in this analysis there is the suggestion that HIPEC could significantly
improve survival. Consistent with previous studies [23, 42] Wu et al. [41] also
found that the administration of HIPEC is safe, with limited and less morbidity and
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mortality compared with no HIPEC group in the majority of included studies. In
primary EOC patients, Wu et al. demonstrated that HIPEC improved OS, PFS and
each year survival rate. In addition, these results are consistent with previous meta-
analysis of HIPEC [21] suggesting that the incorporation of HIPEC may result in
better prognosis of primary EOC [40]. Most previous evidence of a beneficial effect
from HIPEC in primary EOC has been limited to single-group trials or retrospective
cohorts [43-48]. Until recently, van Driel et al. [23] reported the first RCT about
primary EOC and HIPEC with the evidence of HIPEC’s survival benefit in advanced
EOC after NAC.

Lei et al. [49] perfomed a cohort study from January 2010 to May 2017 at 5
high-volume institutions in China to compare survival outcomes between PCS
with HIPEC vs. PCS alone for patients with stage III epithelial ovarian cancer. A
total of 584 patients with stage III primary epithelial ovarian cancer were treated
with either PCS alone or PCS with HIPEC. The median follow-up period was 42.2
(33.3-51.0) months.

In addition, a distinction was made how the resection grade of tumor mass
affected the 3-year overall survival rate and median survival time. In patients with
RO resection with additional HIPEC, median survival was 53.9 months (95% CI,
46.6-63.7) and 3-year overall survival was 65.9% (95% CI, 60.1%-71.2%). Patients
with residual tumor who underwent HIPEC therapy had a median survival of
29.2 months (95% CI, 22.3-45.5) and a 3-year overall survival rate of 44.3% (95%
CI, 34.6%-53.4%). In patients with complete tumor mass reduction who received
PCS only, median survival was 42.3 months (95% CI, 31.1-59.3), and 3-year overall
survival was 55.4% (95% CI, 44.7%-64.8%). Incomplete tumor mass resection
without HIPEC, exhibits the worst outcome with a median survival of 19.9 months
(95% CI, 11.6-39.1) and a 3-year overall survival rate of 36.7% (95% CI, 23.4%-
50.1%). This leads to the conclusion that PCS with HIPEC results in significantly
better overall survival, especially with RO resection of tumor mass.

In contrast, several studies in the past lead to opposing results. This could be
due to heterogeneous study designs, different treatment regimens, and different
inclusion criteria of patients. Mendivil et al. [50] performed a comparative study
in primary advanced EOC, highlighting survival rates of patients with and without
HIPEC treatment. Here, a significant PFS advantage was evident in the HIPEC
group, although overall survival was not prolonged. The reason could be the differ-
ent recruitment period of the cohorts. The control group was recruited much earlier
(2008-2014) and thus had a longer median follow-up time in contrast to the HIPEC
group, which was collected in 2012-2015. This could be the reason for the similar
median OS of both groups. Wu et al. [45] also failed to show a significant PFS
benefit in their study regarding HIPEC therapy. Interestingly, the rate of complete
tumor reduction was only 14.58% in the control group and 8.33% in the HIPEC
group. As shown above, this could have a strong impact on the data analysis.

Additional trials are still needed to determine the optimal time for HIPEC
administration and whether HIPEC is also effective after primary cytoreductive
surgery in aprospective randomized trial.

For recurrent ovarian cancer, Wu et al. showed that HIPEC therapy significantly
increased OS and PFS. These results are in accordance with similar meta-analysis of
Huo et al. on HIPEC [21]. Cascales-Campos et al. confirmed the results regarding
significant differences in 2-, 4-, and 5-year PFS with and without HIPEC therapy
[42]. It is well known that the standard treatment of relapsed EOC is systemic
chemotherapy. The median OS is less than 30 months [21]. Nevertheless, there is
evidence that even in relapsed EOS, prognosis can be improved by CRS, provided
that the tumor can be completely resected [51, 52]. Bristow et al. showed that
patients who underwent CRS had OS ranging from 41 to 60 months. The PFI was
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30.3 months [51, 52]. Again, the complete tumor mass reduction was crucial for
median overall survival (RO 45.2 vs. R119.7, HR%3.71, p < 0.001) [53]. These data
demonstrates that overall survival in relapsed EOS can be significantly increased by
CRS. Implementation of CRS in the therapy of relapsed EOC would improve overall
survival. This may be a reason, which could have led to insignificant difference for
1- and 2-year PFS for therapy with and without HIPEC. Baiocchi et al. [54] showed
that overall survival cannot be improved by combining CRS and HIPEC in relapsed
platinum-sensitive EOC. Further studies are needed for recurrent EOC, especially
considering tumor resectability.

But this result might be based on a selection bias with regard to the different
extent of disease or surgery status. It has to be taken under consideration, if the
result might be based on a selection bias with regard to the different extent of
disease or surgery status. Spiliotis et al. [20] demonstrated in their randomized trial
of 120 relapsed EOC patients that the combination of CRS and HIPEC was supe-
rior to CRS only. Surprisingly, overall survival rates were the same in the HIPEC
cohorts regardless of the presence or absence of platinum resistance. This was not
the case in the CRS group. The reason for this could be sensitization of tumor cells
by hyperthermia. It is conceivable that molecular mechanisms, such as heat shock
proteins or epigenetic changes, could be triggered to sensitize the tumor cells [55,
56]. Again, complete tumor reduction is shown to prolong median overall survival.
A limitation could be the randomization process and primary endpoints of the
study are not clearly defined [23, 57]. In conclusion, further RCS on relapsed EOC
need to be performed as the study situation is very heterogeneous regarding PFS,
median follow-up and first-line postoperative treatment [19].

There are some limitations existing in the meta-analysis by Wu et al. First, the
inclusion criteria and HIPEC drug regimens for EOC are varying with regard to the
extent of disease status and CRS, to the standardization of IPEC protocols. Second,
no standard quantitative measurement of the morbidity related to HIPEC was
established. Third, the potential publication bias of included studies was unavoid-
able due to insufficient RCTs data so far.

It is expected that additional RCS will be performed in the future to elucidate
the value of HIPEC in primary and recurrent EOC. In previous studies, the common
thread was the performance of HIPEC following CRS. Platinum and/or paclitaxel
were usually chosen as therapeutic agents. Only one study evaluated the combina-
tion of cisplatin and doxirubicin.

3. Conclusion

Taken together, Wu et al. support with their meta-analysis that HIPEC therapy
has a positive impact, both in primary and recurrent EOC on patients’ OS and PFS.
Nevertheless, no improvement in 1- and 2-year PFS was achieved in recurrent EOC.
Therefore, especially for relapsed disease, it is essential to design clearly structured
studies that support the value of HIPEC in the treatment of EOC.
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Targeting Leader Cells in Ovarian
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Abstract

Majority of ovarian cancers are diagnosed at advanced stages with
intra-peritoneal spread as the most common mode of disease metastasis. The
formation of cancer spheroids is essential for the collective migration process,
where shed tumour cells from the primary tumour form aggregates rather than
disseminating as individual cells and seed within the peritoneal cavity. These cancer
spheroids consist of leader cells (LC) and follower cells (FC), with the LC subset as
key drivers of cellular movement and invasion. LCs have stem cell-like properties
and are highly chemo-resistant with a specific survival addiction to several cell
signalling pathways, such as the PI3K/AKT/mTOR pathway. We explore in this book
chapter, the evidence supporting the role of LC in OC metastasis and the suppres-
sion of LC as an attractive therapeutic option for the treatment of advanced OC.

Keywords: Ovarian cancer, Leader Cells, KRT14, PI3K/AKT/mTOR,
Collective migration

1. Introduction

1.1 The majority of ovarian cancers disseminate passively within the
intraperitoneal space via ascitic fluid

The majority of ovarian cancers (OC), up to 70%, are diagnosed at advanced
stages (stage III-IV) with intra-peritoneal spread as the most common mode of
metastasis [1]. OC dissemination is often accompanied by the formation of ascitic
fluid within the peritoneal cavity [2-4]. Under normal conditions, a small amount
of fluid is secreted by the peritoneal capillaries into the cavity to lubricate the move-
ment of abdominal organs which is normally re-absorbed by the lymphatic chan-
nels as a result of intrathoracic pressure [5]. However, in the presence of malignant
cells, fluid can accumulate in large volumes in the peritoneum and facilitate passive
cancer cell dissemination [6]. Whilst haematogenous spread may account for some
ovarian tumour metastasis [7], it is largely the passive peritoneal dissemination of
spheroids that results in ovarian cancer spread [8].

Prior to detachment from the primary tumour, OC cells are believed to exhibit a
unique gene expression profile. This includes co-expression of both epithelial and
mesenchymal markers and the acquisition of an epithelial-mesenchymal transition
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Figure 1.

Ovarian cancer passive mode of metastasis. Ovarian cancer cells from the primary tumour ave exfoliated

into the peritoneal cavity. Exfoliated cancer cells aggregate to form compact multicellular spheroids and
disseminate within the peritoneal cavity, where single cells are subject to anoikis. Spheroids further attach to
and invade the perineal lining by displacing the mesothelial cell layer in a process mediated by ovarian cancer
leader cells.

(EMT)-like phenotype [9, 10]. The detached OC cells are then shed into the peri-
toneal cavity and simultaneously, E-cadherin expression is replaced by P-cadherin
and N-cadherin, an event known as the global cadherin switch [11]. A fluctuation
in E-cadherin levels is once again observed when detached cells form multicellular
spheroids and E-cadherin levels are elevated [12], collectively demonstrating OC
phenotypic plasticity is crucial for each step of the metastatic process [13].

1.2 OC spheroids play a key role in intra-peritoneal spread of malignant cells

Detached tumour cells from the primary tumour aggregate as spheroids in the
ascites to overcome anoikis [2]. We believe that these cancer cell spheroids “float-
ing” in the ascites are a key component in OC passive dissemination and play a
pivotal role in both invasion and metastasis [6]. Furthermore, OC spheroids exhibit
remarkable chemoresistance and progenitor-like properties [14, 15].

The mesothelial monolayer covering all of the abdominal organs is the initial point
of contact for the disseminating spheroids during the metastatic process [16]. This
layer lies on top of basement membrane, which is composed of collagen I, IV, laminin
and fibronectin and contains a milieu of macrophages and fibroblasts populating
the extracellular matrix (ECM) space [17-19]. It was observed that transcriptional
reprogramming occurred within the floating spheroids which transformed tumour
cells from a proliferative to an invasive phenotype to facilitate invasion through the
mesothelium via the ECM [6]. Studies have shown that a5p1-integrin expression by
spheroids binds fibronectin expressed by mesothelial cells and is critical for spheroid
adhesion to the mesothelial lining [20-24]. However, multiple preclinical studies
targeting individual integrin complexes failed to prevent the adhesion of spheroids
to the peritoneum, hence the role of non-integrin-based adhesion molecules, such
as CD44 and L1CAM, may be crucial to the spheroid adhesion process [25]. The
attachment of OC spheroids to the peritoneum initiates the process of infiltration and
invasion. The process of passive dissemination is illustrated in Figure 1.

2. Collective migration and leader cells
2.1 Collective migration occurs during epithelial cancer metastasis

During embryonic development, tissue homeostasis and also cancer invasion, cells
migrate as multicellular clusters with a directed and coordinated movement — this
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process is called collective migration [26]. Collective migration is characteristic of
metastatic tumours in transit, particularly cancers with epithelial origin [27, 28]
including pancreatic cancer [29], colon cancer [30], sebaceous cancer [31], melanoma
[32], breast cancer [33-35], lung cancer [36] and OC [37, 38]. There are three key
features that define the collective phenomenon; (i) the preservation of the physical
connections and cell-cell junctions to orchestrate collective movement; (ii) the shared
cytoskeletal dynamics within the cell clusters, allowing groups of cells to proceed as

a single unit and maintain multicellular polarity; and (iii) the interactions with other
cellsand ECM along the migration path [26, 39, 40]. Interestingly, not all cells within
the collective invading cell cluster are invasion competent [26] and it is now under-
stood that the complex cohesive movement of collective invasion is orchestrated by a
subset of cells called “leader cells” (LCs) [37, 41-44].

2.2 Cancer leader cells are the key drivers in cancer cell migration

The LCs have been well characterised in the context of collective migration in
normal physiological events such as wound healing [41], nephric ducts growth [45],
angiogenesis [46], and mammary branching [47]. More recently, cancer LCs have
been identified in bladder [48-50], breast [34, 35, 51], prostate [50], pancreatic
[52], small cell lung cancer (SCLC) [53], and now in metastatic OC [37]. These cells
have a distinct front-rear polarity and membrane protrusions to sense environ-
mental cues in order to direct the invading cluster [28, 54]. Studies have shown that
within a collectively migrating cancer cluster the cancer LCs will be situated at the
invasive front, followed by follower cells (FCs) in a packed morphology [28, 54, 55].
It has been shown that the removal of the LCs from an invading cluster of kidney
epithelial cells results in the loss of orientation and speed in movement of the FCs -
this highlighted the importance of LCs in the organisation of collective movement
[44]. However, the dynamic interaction between the LCs and FCs is required to
ensure the success of collective movement. Therefore, the FCs play a critical role in
LCs polarisation, gradient sensing, and chemotaxis [54, 56, 57], and thus in return
actively influence LC function.

2.3 Leader cells exhibit remarkable ability to alter their surrounding tissue
micro-environment, which is crucial in their role as cell migration drivers

Within the collective migration process, LCs are able to lose or rearrange their
baso-apical polarity during cellular elongation, while maintaining attachment to
FCs by retaining molecular plasticity through the expression of epithelial markers
such as CDH1, which encodes for E-cadherin [34, 55, 58]. LCs can mediate cyto-
skeletal organisation by displaying front-to-rear polarisation [28, 59]. Activation
of phosphoinositide 3-kinase (PI3K) [60], GTPase proteins, cell division cycle 42
(Cdc42) and Ras-related C3 botulinum toxin substrate (Rac) [54] at the front of the
spheroid induces actin polymerisation and integrin-based interactions with ECM
components [61], while the expression of matrix metalloproteinases (MMPs) by
LCs generates a track within the ECM and the basement membrane allowing for cell
invasion into these spaces [62].

In the absence of a known LC marker, earlier studies have focused on the physi-
cal positioning of LCs within a collectively invading cluster to investigate the LCs
profile. Carey et al., shed light on heterogeneous tumour subpopulations within
3D spheroids and showed different invasion and ECM remodelling capacities with
LCs driving malignant protrusions [63]. Later, Yamaguchi et al., used the same
approach and showed that by removing the LCs from a collectively invading cluster
of epithelial kidney cells, the follower population movement lost direction [44].
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This study further showed that LCs express high level of proteins involved in cell
migration and polarisation, such as Rac, integrin 1 and PI3K [44]. Konen and col-
leagues established a novel image-guided manipulation technique to isolate the LCs
from collectively invading lung cancer spheroids [64]. The spatiotemporal genomic
and cellular analysis (SaGA) technique involved labelling cells within the spheroid
with a green-to-red photoconvertible fluorescent protein. Invasive cells at the front
were tagged with a laser beam which converted the fluorescence to red allowing the
isolation of the invasive LCs by fluorescent activated cell sorting (FACS) [64, 65].
Using SaGA, transcriptomic analysis of lung cancer LCs identified 788 differentially
expressed genes comparing LCs and FCs. Among them, genes involved in VEGF
signalling, focal adhesion and RNA polymerase II transcription were significantly
over-expressed in the LCs population [64]. The authors further demonstrated that
although LC function was not dependent on VEGF signalling, it was necessary to
drive the collective movement of FCs [64]. In SCLC, a distinctive mutation profile
between LCs and FCs showed that mutations in the actin related protein-3 (ARP3)
gene enhanced LCs function [53]. Further, introducing this mutation into the non-
invasive follower population promoted invasion and collective movement [53].

2.4 Cancer LCs have stem cell-like phenotype

Cancer LCs play a critical role in early-stage invasion and tumour micrometa-
static seeding [34, 35, 42, 66, 67]. Multiple studies investigating cancer microme-
tastasis in patient-derived-xenograft (PDX) models further characterised cancer
LCs at a single cell level. A study by Lawson et al. analysing breast cancer PDX
micrometastases by single cell sequencing demonstrated a distinct basal/stem-cell
signature in early-stage metastatic cells [68]. This study demonstrated a distinctive
molecular signature for low and high- burden metastatic tumours with elevated
stem cell signatures and dormancy in low burden tumours and high proliferation
and differentiation signatures in high-burden tumours [68]. Another study with
the same approach for the analysis of breast cancer micrometastasis identified 330
differentially expressed genes. Among the genes significantly upregulated in the
micrometastatic lesions were those encoding heat shock proteins HSPB1, HSPA8
and HSPE1 as well as cytokeratins KRT14, KRT16, KRT7 and KRT17 [69]. HSPB1
is involved in protein folding, apoptosis evasion and actin remodelling [70, 71],
whereas KRT14 is a marker of invasion driving LCs in breast and ovarian cancer
[34, 37]. This study also showed that mitochondrial oxidative phosphorylation
(OXPHOS) was significantly up-regulated in metastatic cell seedings, suggesting a
potential alternative metabolic pathway is utilised by the LCs to fuel the metastatic
process [72-74].

2.5 KRT14 is a reliable dynamic cancer LC marker

KRT14 is a member of the intermediate filaments (IFs) and is generally
expressed within the basal layer of epithelium to provide structural support [75].
In cancer cells, the direction of collective migration cell cluster movement and
formation of protrusive structures are mediated via the interplay between the
keratin IFs and cadherin [76]. Elevated expression of KRT14 has been identified in
invasive LCs of breast [34], ovarian [37], bladder [49], and salivary adenoid cystic
carcinoma (SACC) [77]. In vitro studies on KRT14 expressing LCs in OC dem-
onstrated that spheroids generated from KRT14 depleted cells failed to maintain
stable attachment with the mesothelial layer and to generate invasive protrusions
[37]. RNA-sequencing revealed that the KRT14" breast cancer LCs show a signifi-
cantly higher level of DSG3, encoding a major desmosomal protein, as well as gene
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expression signatures associated with cell and matrix adhesion [34]. Desmosomes
play a critical role in maintaining cell-cell adhesion throughout the collective
movement via intracellular connection of keratin filaments in neighbouring cells
[78, 79]. However, the exact mechanisms of KRT14 involvement in driving collec-
tive invasion remains unknown. It was hypothesised that keratin IFs may regulate
focal adhesions via intertwined interactions with the AKT and integrin/focal
adhesion kinase (FAK) pathways [80-83]. More specifically, KRT14 has been shown
to stabilise hemidesmosomes by regulating the levels of integrin f4 on the surface
of keratinocytes [80]. Furthermore, KRT14 can mediate the phosphorylation of
desmosomal cell junctions via PKCax, which is important in regulating epithelial cell
adhesion [81, 82]. These results suggest that the KRT14 expression in LCs can be a
determining factor to maintain the integrity of the collective movement via cell-cell
and cell-matrix adhesion [54, 83].

Study Model LC-specific

signatures

Yamaguchi et al. [43] LCsisolated from invasive Kidney epithelial Rac

strands of a spheroid embedded cells Integrin p1
in collagen matrix using a PI3K
micromanipulator

Lawson et al. [66] FACS-based isolation of single Breast cancer Differentiation
metastatic cells followed PDX model Proliferation
by Fluidigm dynamic array Dormancy exit
experiments identified
signatures of micrometastases.

Cheung etal. [33] RNA-sequencing identified 239 Breast cancer ECM proteins
DEGs comparing KRT14" LCs cells/ PDX model Immune system
and KRT14" FCs regulators

Cell—cell and cell-
matrix adhesion
Regulators of the
metastatic niche
Konen et al. [62] SAGA identification of 788 Lung cancer VEGF signalling

DEGs in the LCs isolated from

Focal adhesion

a collectively invading spheroid molecules
model RNA polymerase II
transcription
Sonzogni et al. [50] RNA sequencing and secretome Breast cancer Pro-metastatic
analysis of KRT14* LCs and genes
KRT14™ FCs Matrix adhesion
Zoeller et al. [52] SAGA identification of genomic NSCLC collective
and transcriptomic signatures movement
for LCs via parallel mutation and Actin filament
RNA-seq analysis proteins
Mitochondrial
enzymes

Davisetal. [67]

Single-cell RNA sequencing of

Breast cancer /

Heat shock proteins

micrometastases compared to PDX model Cytokeratins

the primary tumour. OXPHOS
Mitochondrial
electron transport
Mitochondrial

ribosomal genes

Table1.
Summary of studies investigating LCs profile.
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2.6 KRT14 positive cells are linked to LC with distinct gene expression profile

Transcriptome analysis of the KRT14 expressing LCs in breast cancer by RNA
sequencing identified 239 differentially expressed signatures between the KRT14*
LCs and the KRT14™ FC population. Gene ontology (GO) analyses, revealed that the
expression of genes encoding ECM proteins, intermediate filaments, cytoskeleton
organisation, and cell adhesion were significantly elevated in LCs compared to the
FC population [34]. Interestingly, this study demonstrated that the LC subset is not
a fixed lineage, however, the mechanisms regulating the interconversion of LCs and
FCs remains unclear [34]. Recent studies suggest that the behaviour of breast cancer
LCs can be mediated by CD44 expression levels where a high level of expression
induces a shift towards an invasive LC phenotype [84]. Sonzogni et al. showed that
KRT14 expressing LCs have a significantly higher expression of genes involved
in metastasis progression including metallothionein-2 (Mz2), glycoprotein non-
metastatic B (Gpnmb), and adhesion molecule Amigo2, and secrete significantly
higher levels of the collagen VI subunit A (Col6a1) [51]. In bladder cancer, stem-like
KRT14" cells gave rise to differentiated cells and were shown to be necessary for
epithelial layer establishment following tissue damage [49]. A summary of studies
and pathways involved in LC function is provided in Table 1.

2.7 LCs are implicated in OC metastasis and invasion

We have recently identified the OC LCs [37]. A study using spheroid-meso-
thelium co-culture model was utilised to identify molecules that were specifically
expressed at the early stages of invasion via matrix-assisted laser desorption/
ionisation (MALDI) tissue imaging. Among the identified proteins, KRT14 was
shown to mark the invading cells universally across the different subtypes of EOC,
while KRT14 expression was absent from the normal ovarian and fallopian tube
tissue [37]. This study confirmed that cells lacking KRT14 proliferate at the same
rate as the WT cells, however, demonstrate significantly impaired migration and
matrix-adhesion [37]. These results suggest the explicit role of LCs in invasion and
metastasis in OC.

3. Novel OC therapeutic approach by targeting the collectively migrating
cell population

3.1 Collectively migrating cell clusters may be targeted to reduce cancer spread

Current cancer therapies are mainly evaluated by cytotoxicity and their effect
on tumour shrinkage; however, bulk tumour regression is not the only factor
in effective cancer therapies [85]. In OC, the majority of patients are diagnosed
with metastatic disease which is associated with a significantly poorer prognosis,
hence strategies to interrupt metastasis through the disruption of cell motility,
collective movement, directed cell migration and invasion have gained interest
[86]. Targeting the cytoskeletal stability through actin is one such approach that
has shown inhibitory effects on invadopodia formation and outgrowth in lung
[87, 88], melanoma [88] and prostate [89] cancers. Unfortunately, these drugs are
usually associated with significant toxicities due to the lack of discriminative drug
effects between the malignant and healthy cells [88, 89]. Targeting other processes
involved in actin polymerisation such as Rho GTPases and RhoA/Rho-associated
kinase (ROCK) signalling pathway is potentially beneficial since the cytoskeletal
dynamics play an important role during invasion and metastasis of a collectively
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invading cluster [90, 91]. However, cancer cells generally are able to establish
alternative mechanisms to bypass these targets leading to early drug resistance [92].

3.2 Targeting LCs within the collectively migrating cluster may be a better
therapeutic option for the treatment of OC

As highlighted earlier, the molecular features of LCs are cancer-specific and
this represents a challenge for developing clinically relevant therapies against LCs.
Despite this, multiple targets have emerged from LCs studies (listed in Table 1:
Summary of studies investigating LCs profile). These include targeting the LC
stimulatory pathways such as the PI3K/mTOR pathway (with tyrosine kinase inhib-
itors and Ivermectin), metabolic/energy pathways (statins, cardiac glycosides and
metformin) and inflammatory pathways (non-steroidal anti-inflammatory drugs).

3.3 Disrupting the PI3K/AKT/mTOR pathway is an attractive therapeutic
strategy to inhibit LCs

There is an enrichment of LCs observed in late-stage OC associated with the
up-regulation of the PI3K/AKT/mTOR pathway [37, 93]. Yamaguchi et al’s study
revealed the up-regulation of PI3K in kidney epithelial LCs [44] implicating this
pathway as a potential target for LC inhibition. The PI3K/AKT/mTOR signalling
pathway mediates major cellular events such as growth, motility, metabolism, and
survival [94].

PI3Ks are a group of membrane-associated kinases that form heterodimeric
structures comprised of regulatory and catalytic subunits classified based on
their structure, regulation and substrates [95]. Class I PI3Ks are hugely implicated
in cancer and are comprised of a p85 regulatory and a p110 catalytic subunit
[96]. The catalytic subunit in class IA has three variants including p110a, p1108,
and p1108 encoded by PIK3CA, PIK3CB and PIK3CD respectively, whilst the
catalytic subunit of the only class IB PI3K, p110y, is produced from PIK3CG gene
[96]. Class IA PI3Ks are activated via ligand binding to receptor tyrosine kinases
(RTKs), while activation IB PI3Ks is mediated by G-protein-coupled receptors
(GCPRs) [97]. Upon ligand binding, activated PI3Ks catalyse phosphorylation of
phosphatidylinositol (PtdIns) [4, 5] P2 (PIP2) to produce PtdIns [3-5] P3 (PIP3),
an event that is inhibited by the tumour suppressor Phosphatase and tensin homo-
logue (PTEN) in normal cells [94]. Following PIP2 to PIP3 conversion, proteins
with a PH domain are recruited to the plasma membrane to activate downstream
signalling proteins such as AKT, triggering multiple downstream pathways regu-
lating survival, growth and invasion [94, 98]. AKT, also known as protein kinase
B (PKB) is the main effector of PI3K and other than direct activation by PI3K,
can be activated indirectly by mTOR and phosphoinositide-dependent kinase-1
(PDK1) that phosphorylate AKT at Ser 473 and Tyr 308 residues, respectively
[99-101]. A schematic overview of the PI3K/AKT/mTOR pathway is demonstrated
in (Figure 2).

3.4 Dual PI3K/mTOR kinase inhibitors may be required to effectively suppress
OCleader cells

Activation of PI3K/AKT/mTOR pathway is frequently observed in oncogenic
events contributing to tumour development, metastasis and therapy resistance
[98] and irregularities in the PI3K/AKT/mTOR pathway corresponds with a poor
prognosis in OC patients [99, 102, 103]. Activating mutations and genomic ampli-
fication of PIK3CA [104] and AKT and mTOR are more prevalent in women with
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Cell growth
Proliferation
apoptosis

Figure 2.

Oferview of the PIBK/AKT/mTOR pathway. Class IA PI3Ks are activated via ligand binding of veceptor
tyrosine kinases (RTKs), while class IB PI3Ks depend on G protein-coupled receptor (GPCRs) activation.
Activated PI3K facilitates the conversion of PIP2 to PIP3 and in turn induces AKT phosphorylation. Activated
AKT mediates the phosphorylation mTOR and a signalling cascade that drives cellular proliferation and cell
death. In concert, the RAS/RAF/MEK/ERK pathway is activated by RTKs, acting as an escape mechanism
for PBK inhibition. The focal adhesion kinase (FAK) pathway also feeds into the PI3K pathway through c-Src
activated by integrin-based adhesion molecules including integrin a5p1.

clear cell ovarian carcinoma and associated with drug resistance phenotype [101].
Importantly, pharmaceutical inhibition of the PI3K/AKT/mTOR pathway was
shown to increase in vitro sensitivity of OC cell lines to multiple chemotherapy
agents [105, 106]. Moreover, PI3K inhibition via LY294002 disrupted the direc-
tional movement of kidney LCs [44], further highlighting the importance of the
PI3K pathway for LC function. Inhibition of PI3K/AKT/mTOR pathway can be
achieved via pan or isoform specific PI3K inhibitors, AKT inhibitors or dual pan
PI3K/mTOR inhibitors [107-109]. However, PI3K/AKT/mTOR inhibition as a
therapeutic option can be challenging due to the potential toxicities compounded
by the activation of compensatory pathways and enhanced insulin production
upon inhibition of PI3K [94, 98, 100, 101, 104, 110]. Currently, the PI3K inhibitor
idelalisib and the mTOR inhibitor everolimus have gained FDA approval for the
treatment of lymphoma [111] and renal cancer [112], respectively. Unfortunately,
the clinical use of single agent inhibitors has shown minimal efficacy and high
toxicities in treatment of OC [113-115].

The PI3K/AKT/mTOR pathway is interconnected with other signalling path-
ways including focal adhesion kinases [116] and RAS/RAF/MEK/ERK [117]. There
are multiple canonical and non-canonical crosslinked pathways that could bypass
single protein inhibition resulting in therapeutic failure. Therefore, targeting the
pathway cascade at multiple levels via dual PI3K/mTOR inhibitors, might circum-
vent the negative feedback loops that occur with single target inhibitors [118].
Pre-clinical data from the PI3K/mTOR dual inhibitors omipalisib (GSK2126458),
CMGO002 and BEZ235 have indicated effective inhibition of ovarian cancer
tumour growth and progression in vitro and in vivo [93, 106, 119, 120]. Currently,
there are no ongoing clinical trials investigating the efficacy of dual inhibitors in
OC patients mainly due to toxicity and off target effects of the dual inhibitors in
clinical setting [121].
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3.5 Anti-helminth, Ivermectin, may be effective in sensitising OC LCs to
chemotherapy by disrupting the AKT/mTOR pathway

Ivermectin belongs to a family of drugs widely used to treat parasites and pest
insects [122]. The anti-cancer property of ivermectin can be related to the inhibition
of the Pgp pumps and MDR protein expression [123], inhibition of AKT/mTOR
pathway [124], and targeting the yes-associated protein 1 (YAP1) [125], all of which
are involved in the OC tumorigenesis [100, 126-128]. Iz vivo, ivermectin treatment
of a xenograft mouse model of EOC showed a significant reduction in tumour
growth and a reversal in tumour growth without severe toxicity effects when the
drug was combined with cisplatin [129]. Currently there is a phase II clinical trial in
recruitment to study the long-term effect of ivermectin treatment (NCT02366884).

3.6 The mevalonate pathway in LC can be potentially targeted with HMG-CoA
inhibitors

Statins are among the most commonly prescribed medications to reduce
cholesterol and inflammation through blocking 3-hydroxy-3-methyl-glutaryl-
CoA (HMG-CoA) reductase [130]. Inhibiting the mevalonate pathway can have
a protective effect against cancer progression and reduce LC activity [131, 132].
Furthermore, the mevalonate pathway has been shown to be significantly acti-
vated in TP53 mutated cells [133]. Therapeutic effects of statins in OC are further
supported by the iz vitro studies showing anti-metastatic and anti-tumorigenic
effects through the inhibition of MAPK and mTOR pathways [134]. Lovastatin
significantly reduced the development of serous tubal intraepithelial carcinomas,
the purported precursor ovarian cancer lesions, in mice through the inhibition of
the mevalonate pathway and dysregulation of the Rho signalling pathway [135].
Currently, a phase III clinical study for evaluating the safety, tolerability and effects
on tumour progression of Atorvastatin is at the recruitment stage for ovarian and
pancreatic cancer patients (NCT 02201381).

3.7 Cardiac glycosides, such as digoxin, may be able to suppress LC population

Cardiac glycosidases (CGs) are a family of drugs used for the treatment of
congestive heart failure and cardiac arrhythmia by regulating cardiac muscle
contraction through the inhibition of the NA*-K*-ATPase pump [136]. The first
anti-proliferative effects of CGs were reported more than five decades ago in HeLa
cells [137] and since then, multiple studies have highlighted the anti-neoplastic
effects of CGs by inducing cancer cell apoptosis [138], activating autophagic cell
death through the Ras-dependent extracellular signal-regulated kinase (ERK1/2)
pathway [139], inhibiting hypoxia-inducible factor-1 alpha (HIF-1a) protein
synthesis [140] and inhibiting FA/BRCA pathway activation [141]. CGs have been
shown to have a higher cytotoxicity effect when combined with chemotherapy in
prostate, breast, non-small cell lung, colorectal, and pancreatic cell lines as well as
advanced stage melanoma patients compared to single agents [141-144]. However,
so far epidemiological studies have yielded inconsistent results. For example, while
digoxin was found to inhibit tumour growth iz vitro and was associated with a 25%
lower prostate cancer risk [145], systematic review and meta-analyses indicated an
increased prostate cancer risk in digoxin users [146]. Nevertheless, the number of
clinical trials specifically designed for cancer patients being treated with CGs is very
limited and most of these conflicting results come from re-analysing data present in
the medical databases with limited numbers of patients. So far, there are no clinical
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trials designed to investigate the relationship between CGs and OC. Despite this,
there is a recent study retrospectively analysing the Surveillance, Epidemiology, and
End Results (SEER) program, the national cancer institute (NCI), and Medicare
healthcare claim record data to assess whether digoxin use enhances chemothera-
peutic responses in OC treatment [147]. The study suggested that digoxin use
during chemotherapy did not have any survival benefits in patients with EOC,
however, the research was limited by small sample size. Furthermore, 46% of the
patients had a prior history of heart disease complicating the interpretation of sub-
ject fatality rates. More importantly, only 7% of the studied population were treated
with digoxin during chemotherapy which may describe the opposing results with
other cancer types. Since cardiac glycosidases regulate ion transport via the NA*/K"-
ATPase, they interact with a wide variety of the intracellular signalling pathways,
including those driving cellular proliferation and apoptosis [148], therefore, future
clinical trials specifically designed for OC patients is highly expected. Our labora-
tory drug screening pipeline used to identify therapies against LCs has identified
digoxin as a potent LC inhibitor, demonstrating synergistic effects when sublethal
concentrations of digoxin were combined with platinum-based chemotherapies

(result not published).

3.8 Metformin is a potential LC targeting agent by suppressing the AMPK
pathway

Metformin is an anti-diabetic drug reducing blood glucose and insulin levels
through activation of adenosine monophosphate-activated protein kinase (AMPK)
to inhibit gluconeogenesis in the liver [149]. In cancer cells, AMPK activation results
in mTOR pathway inhibition and therefore inhibition of cell proliferation [150].

So far, several epidemiological studies focusing on ovarian cancer patients with
type 2 diabetes who were taking metformin at the time of diagnosis showed that
these patients had a significantly improved 5-year survival rate compared to those
who did not take metformin [151, 152]. Currently, there are multiple clinical trials
submitted in the national institute of health (NIH) clinical trial database focusing
on non-diabetic ovarian cancer patients being treated with a combination of met-
formin and first line chemotherapy. The results from one of the completed phase II
studies (NCT01579812) showed that the tumours in women treated with metformin
had a significantly fewer ALDH1" cells representing OC stem cells [153], therefore,
supporting the use of this drug in the next phase of clinical trials. Furthermore,
investigations in our lab evaluated the effect of sitagliptin, a drug used for the
treatment of type 2 diabetes, in a murine model of ovarian cancer showing that
sitagliptin enhanced the immune response via T cell recruitment to the tumour and
inhibited several pro-tumorigenic cytokines, therefore reducing tumour burden
and improving survival [154].

3.9 Non-steroidal anti-inflammatory drugs are potent cytotoxic LC inhibitors

Non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, diclofenac
and celecoxib are mainly prescribed to reduce pain, fever and inflammation [155].
Inflammation has a key role in cancer development and progression, therefore,
NSAIDs have been shown to exhibit protective roles against this disease [156]. This
effect is mediated through the inhibition of cyclooxygenase-1 and 2 (COX-1,2)
enzymes inhibiting prostaglandin (PG) synthesis [157]. While constitutive expres-
sion of COX-1 regulates tissue homeostasis through PG synthesis, COX-2 is not
expressed in normal epithelial tissues and is only induced during inflammation.
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In addition, this marker is found to be overexpressed in epithelial tumours [158].
COX-2 inhibition eventually leads to the induction of apoptosis and the inhibition
of tumour invasion [159]. The action of NSAIDs has been further linked to PI3K
signalling pathway [160, 161] and the inhibition of NF¢B that leads to dysregula-
tion of the genes involved in cancer progression and apoptosis [162]. The benefit
of NSAIDs in cancer prevention and treatment remains controversial and tumour
type dependant [156]. Re-assessing case—control and cohort studies from 1950 to
2011, that reported associations between aspirin uptake and cancer, showed that
cancer prevention becomes significant only when the aspirin usage proceeds 5 years
[162] and in this case, the overall benefit from the long-term use of NSAIDs was
compromised by side-effects, such as gastrointestinal bleeding [163-165]. In vitro
investigation of a panel of NSAIDs in ovarian cancer, showed significant apoptosis
induction and reduced tumour growth in four cell lines treated with diclofenac
[166]. Moreover, in vivo evaluation of diclofenac in mice implanted with ovarian
cancer cells, showed significantly smaller tumours formed in diclofenac-treated
animals compared to the control group [166, 167]. In line with this data, the drug
screening platform established in our laboratory also identified diclofenac as a
potent cytotoxic LC inhibitor. However, despite the growing body of evidence
regarding the anti-neoplastic effects of diclofenac in OC, currently there are no
clinical trials evaluating the effectiveness of this drug in patients. A phase II clinical
trial to examine the effect of celecoxib treatment in combination with carboplatin
in recurrent resistant ovarian cancer patients has shown promising results with a
28% RR and PFS [168], however this study did not provide any evidence of COX-2
inhibition in patients after treatment. Likewise, a phase II investigation of celecoxib
plus carboplatin and docetaxel as a first-line treatment for ovarian cancer failed

to demonstrate COX-2 inhibition with 82% of patients expressing COX-2 and no
improvement in PFS or OS observed [169]. Furthermore, two systematic analyses
on the effect of NSAID use and OC risk on big cohorts of patients failed to show
such an association [170, 171]. However, both studies have indeed critical limita-
tions with regards to the cancer subtypes, type of NSAIDs used, drug doses and the
duration of treatments.

4, Conclusion

Despite the introduction of several novel therapeutics that include targeting
DNA repair pathways with Poly (ADP-ribose) polymerase (PARP) inhibitors
(PARPi), and vascular endothelial growth factor (VEGF) pathways with beva-
cizumab, the overall survival outcome for women with platinum-resistant OC
remains poor. Unfortunately, women with advanced metastatic OC will eventually
succumb to their disease due to the emergence of drug resistance. Understanding
the mechanisms of OC migration and metastasis is crucial for the development of
an effective therapeutic approach. Targeting the OC LC population serves as an
attractive strategy given LCs are instrumental in orchestrating OC spread within
the intra-peritoneal cavity. LCs are often highly chemo-resistant due to their stem
cell-like nature and their survival post cytotoxic chemotherapy treatment may
lead to therapy resistance and tumour recurrence. Multiple potential targets have
been identified based on the understanding of LC biology, some of which may be
targeted by re-proposing established drugs, such as dual PI3K/mTOR inhibitors,
anti-helminths, statins, NSAIDs and metformin. Suppressing and eliminating LCs
may be an effective therapeutic option for management of this lethal disease and is
worth further exploration.
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Chapter 10

The Roles of Nanoparticle in
the Treatment and Diagnosis of
Ovarian Cancer

Mohammed E. Mansur

Abstract

Ovarian cancer is the most common type of cancer worldwide among women,
and it is usually diagnosed at an advanced stage. The initial treatment for ovarian
cancer is surgical debulking, but this is only effective in the treatment of early stage
disease. Surgery alone is insufficient for treatment of advanced disease and sys-
temic therapies, in particular chemotherapies, are indicated. The main aim of this
book chapter is to review the role of nano-therapy in treatment of advance ovarian
cancer, in comparison to the use of traditional chemotherapies. Nano-therapies are
thought to have advantages in terms of improving drug stability in the human body,
chemotherapy toxicity profile, and drug delivery to the target cells thus enhancing
drug penetration into the cancer cells. This book chapter also covers the develop-
ment of nano-therapy and also the type of potential cargos. In summary, the types
of nanocarrier, and their roles ovarian cancer diagnosis and treatment will be
discussed.

Keywords: ovarian cancer, nanocarrier, Doxil, TPGS, PEG

1. Introduction

Although ovarian cancer represents only 5% of all cancer cases among women,
it is ranked fifth for cancer deaths among women [1]. It is the most common among
gynecological cancers and ranks third after uterine and cervical cancer, as it repre-
sents the highest, worst warning, and highest mortality rates [2]. Ovarian cancer, in
particularly high grade serous subtype, is often regarded as systemic disease. I think
you need to re-do this statement as up to 75% of OC is diagnosed at an advanced
stage — stage IIl and IV. It is expected that in the next twenty years, the death rate
of this type of cancer will increase significantly, the reason for the high death rate
is that the disease grows secretly and without symptoms, the appearance of symp-
toms is delayed, and the lack of appropriate examination that detects the disease at
certain stages, and this is why it is called the silent killer [3, 4].

Until recently, methods of prevention and early detection of ovarian cancer
did not achieve satisfactory results, partly due to its heterogeneous nature [5]. In
the past, ovarian cancer prevention methods were characterized by modifying
risk factors and creating protective factors. Unfortunately, these modifications did
not significantly reduce the incidence of the disease [6]. The initial treatment of
ovarian- either with upfront cytoreductive surgery or chemotherapy (neoadjuvant)
followed by interval debulking surgery, Almost the main reason behind recurring
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ovarian cancer Is due to the aggressive nature of the disease and unfortunately all
metastatic ovarian cancer will develop resistance to conventional systemic thera-
pies, and it is known that cancer cells develop resistance especially through certain
mechanisms such as reduced absorption, increasing elimination, inactivation/
detoxification of drugs, and accelerating DNA repair [7, 8].

Currently, many new approaches have been developed to improve delivery of
drug to the target cancer cells, including the use of nanotechnology, and may be
one of the solution to overcome the obstacles in treating advance ovarian cancer,
nanotechnology was found to have extensively investigated for molecular imag-
ing, drug delivery, treatment and tumor targeting [9, 10]. In addition, this type of
nano-based drug can overcome the systemic toxicity towards normal cells as well
as the toxicological effects of conventional chemotherapy, In addition, it is possible
through this technique to control the systemic toxicity of normal cells and reduce
the toxicity of chemotherapy agents. Thus the new method can be followed by
using multiple chemotherapeutic drugs with a suitable nanocarrier as a solution
for the future of cancer treatment. Of course, this can be done by passive targeting
and active targeting where both methods are used to ensure a certain and specific
targeting of cancer cells [11, 12].

2. Nanotechnology application

Nanotechnology can be defined as a practical application that results in a process
or product based on the single or multi-component nanoscale, which is a fairly
recent field, nanoscale components having at least one dimension in the size range
of 1-100 nm. This technology is referred to in the field of biology, nanobiotechnol-
ogy and in the medical field of nanomedicine, and the main principle of nanotech-
nology is to increase the effectiveness of the techniques used in the diagnosis and
treatment of cancer.

Due to the lack of early diagnosis and the vague and multiple methods in clini-
cal procedures for detecting ovarian cancer, there are many attempts that would
modify the course in this area, which is the use of nanotechnology and its platforms.

2.1 Nanocarriers

They are the same nanomaterials used in treatment and diagnosis, Nanocarriers
are a multifunctional compound that can be loaded with several types of molecules
through physical absorption and chemical conjugations reactions including drugs,
imaging agents, targeting moieties such as ligands or antibodies, and polyethylene
glycol. There are several types, including liposomes, micelles, and dendrimers
(Figure1) [13].

Micelle Dendrimer Carbon nanotube Liposome

Figure 1.
Examples of some nanocarriers employed in therapy and diagnosis.
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Nanocarriers can be used as an alternative to conventional chemotherapy for
drug delivery because they have many advantages, including the delivery of poorly
soluble drugs, as they surround them within the hydrophobic interfaces or act as
carriers for them in the blood, reduce the systemic toxicity of chemical treatments,
regulate the stability of drugs by prolonging their existence In the blood circulation
and protecting it from disruption and reducing the renal clearance, reducing drug
resistance by targeting cancer cells, where nanocarriers are taken up by the method
of endocytosis [14, 15].

2.1.1 Liposomes

Liposomes have multiple properties as they are characterized by the presence of
two parts, an inner hydrophilic part and an outer hydrophobic part, and of course
in the form of alipid bilayer, and it is also possible to modify the polar heads of
these particles. This arrangement makes it easy to include various hydrophilic and
hydrophobic drugs in the liposomes as well as to load various drugs.

They are delivery compounds that serve greatly in enhancing the efficiency
of pharmaceutical components, as these compounds can hide from the immune
system, simulate biological membranes, increase the chance of a drug remaining
for alonger period until it reaches its destination, serve to help solubilize highly
lipophilic drug molecules or, modulate the pharmacokinetics and biodistribution of
the API—thereby helping to minimize side effects and enhance the product safety
profile [16, 17].

2.1.2 Dendrimers

Dendrimers are radially symmetric molecules with a well-known structure
that are homogeneous and monodisperse structure by tree-like arms or branches,
they are hyperbranched macromolecules with a carefully tailored architecture, the
end-groups, which can be functionalized, thus modifying their physicochemical
or biological properties. Dendrimers have gained a broad range of applications in
supramolecular chemistry, particularly in host-guest reactions and self-assembly
processes. They are highly defined artificial macromolecules, which are charac-
terized by a combination of a high number of functional groups and a compact
molecular structure [18].

2.1.3 Micelles

This type of nanocomposite has gained very great importance as it has been well
studied in the diagnosis and treatment of tumors. These interesting nanostructures
comprise of spherically shaped, self-assembled amphiphilic block co-polymers
made up of a hydrophobic core and a hydrophilic corona in an aqueous medium,
with a diameter between 10 and 100 nm. The core of the micelle can accommodate
hydrophobic drugs [19].

Polymeric micelles are gaining popularity as drug delivery systems because
they not only provide increased solubility, but they also may enhance the stability
of their drug cargo, in addition to providing in vivo pharmacokinetic advantages
compared with the free drug [20].

2.1.4 Carbon nanotube

After discovering this nanotransmitter, it has enjoyed very great interest in
the medical fields due to its unique structure and properties in terms of It hasa
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large surface area, large aspect ratio, nanoscale size stability and multiple chemi-
cal functions and they are especially important as carriers for transporting drugs
and biomolecules. In this regard, this type has been used due to the functional
properties it possesses as an important transporter for the delivery of anti-cancer
drugs and many proteins and genes. Likewise, to directly kill cancer cells, it was
used as a carrier for photothermal therapy (PTT) and photodynamic therapy
(PDT) [21, 22].

3. Diagnosis and imaging

In recent times, there have been many improvements and major developments
in the field of diagnosis and imaging with the help of nanotechnology, where it has
been used the technologies of biosensors and point of care systems as well as the
updated and improved imaging technologies as well as the integration of bioinfor-
matics together with multiplexed assays. At present, there are many nanoparticle
platforms and microelectromechanical systems to strengthen and improve diagnos-
tic processes, largely as a means of diagnosing biomarkers and of course by enhanc-
ing the contrast agents used in imaging [23]. And the real mechanics of the imaging
agent used to improve visualization and accumulation within the target cells in
many imaging mechanisms on its subtype. There are different imaging methods
that use imaging agents such as Optical Imaging, X-ray Imaging, positron emission
tomography (PET), Magnetic resonance imaging (MRI) [24].

3.1 Targeted imaging agents

Targeted contrast agents are placed in a specific type of tissue or cellular recep-
tors, including certain types, such as target agents designated for imaging fibrin,
which are molecules associated with fibrin, which are molecules associated with
fibrin, and other molecules to track stem cells from super magnetic iron oxide,
and there are others for imaging angiogenesis, which are of the multimodal type
of carbon fluorinated, liposomes are used to target the sclerotic components,
and to visualize transplant rejection, microscopic bubbles were used in MRI and
ultrasound [25].

3.2 Activatable imaging agents

There are many nanoparticles that are actually designed to have better perfor-
mance and are imaging agents called operable molecular probes that can produce
a signal or some kind of change that can be recorded or detected, for example,
when enzymatic activity or a specific response to important chemical reactions,
Two imaging technologies are combined into a single activatable lifetime imaging
agent. This is applied by combining the high specificity of luminescence lifetime
imaging with the high signal-to-background ratio of activatable fluorescence
imaging [26].

3.3 Nano-liposomal imaging agents

Liposomes can encapsulate biomolecules that are hydrophilic and increase
their internalization and solubility through the lipid bilayers of the cells, Among
the drawbacks that can occur in the case of imaging by means of high elimination
agents and low systemic retention degrees, and because the rapid removal process
from the bloodstream or the body reduces the period and efficiency of imaging,
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so it is necessary to add a molecule that increases the efficiency of imaging, and
this is done by encapsulating the imaging agent with a liposome, can leverage the
enhanced permeability and retention (EPR) effect seen in tumors [27, 28].

4. Fluorescent images and guided surgery

To increase the sensitivity, efficiency and strength of the imaging techniques
used with surgery and increase their clinical efficiency, there is an actual need to
develop new material, Therefore, many fluorescent nanoparticles essential for
Image-supported surgeries were developed, tested and designed and tested in
preclinical surgery there are some examples of that:

1. CF800 liposomes: This type is used to encapsulate iohexol contrast agent and is
commercially available with clinically approved indocyanine green at ratio of
1000: 1 (iohexol to indocyanine green).

2.magnetic iron oxide nanoparticles: A HER - 2 particle that can be combined
with optical magnetic resonance imaging. It is a targeting ligands. I learned a
rare near-infrared dye called NIR-830 while magnetic iron oxide nanoparticles
provide MRI contrast.

3. Porphyrin-lipoprotein mimicking nanoparticle: This type is based on the
formation of a nanoscale in which several techniques are combined, photody-
namic therapy, fluorescence imaging, positron emission tomography, where
the size of the nanoparticle is 20 nanometers.

4.Fluorescent gold nanoparticles: This type is based on CT and fluorescent
imaging platform an iodine based contrast agent is combined with aptamer
with nucleolin specific targeting functions.

5.conjugated dendrimers: In this type activatable cell penetrating peptides are
used Dendrimeric encapsulation and marker with gadolinium and Cy5 and
sensitive in vivo to MMP-9 and MMP-2.

5. Nanoparticle therapeutics (anti-cancer)

Usually, nanoparticle treatments consist of therapeutic lines such as small-
molecule drugs as well as peptides, nucleic acids, proteins, and other components
or compounds that combine with them to form nanoparticles. As we previously
knew that nanoparticles have a direct, targeted and improved anti-cancer effect
compared to conventional treatments. This is owing to more specific targeting
to tumor tissues via improved pharmacokinetics and pharmacodynamics, and
active intracellular delivery. These properties depend on the size and surface
properties (including the presence of targeting ligands) of the nanoparticles
(Figure 2) [29].

5.1 Nanoparticle size
Naturally, the size of the anti-cancer nanoparticles should be between 10 and

100 nm. This measurement is based on the rates of glomerular sieving of the
capillary wall of the kidneys. Research has indicated on size estimates where the
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Figure 2.
Basic nanoparticles used in clinical trials. (a) Nanoparticles composed of therapeutic components. (b) the
nanoparticles that ave formed from polymer/drug. (c) Nanoparticles that arve a liposome component.

minimum is 10 nanometers as a threshold for renal excretion and where it is known
that vessels in tumor cases are subject to leak Macromolecules in a certain way, so
the nanoparticles should not be able to circulate for a long time in the bloodstream
and have a chance to reach the bloodstream through the vessels of the tumor tissue
and enter the tumor tissue where the size of the nanoparticles is greater than

6-12 nm, which is the diameter of the sieve in the blood vessels of normal tissues
and It is prevented from entering and not damaging the normal tissue, and it is
known that the diameter of the sieve in the tumor blood vessels ranges from 40 to
200 nm (Figure 3) [30].

5.2 Nanoparticle surface

Nanoparticles have a very large surface area compared to the size of the
nanoparticle and compared to normal particles, and this space provides a high
degree of interaction with the molecule and its environment, and of course it is
possible to almost determine the final fate of the nanoparticle inside the body
through determining the strength of the interaction between the nanoparticle and
its surroundings, and it depends largely on a mixture of size. And surface proper-
ties. Nanoparticles that are sterically stabilized polymers on their surface and have
surface charges that are either slightly negative or slightly positive tend to have
minimal self-self and self-non-self-interactions, Nanoparticles often have unex-
pected visible properties because they are small enough to confine their electrons
and produce quantum effects. This provides a tremendous driving force for diffu-
sion, especially at elevated temperatures [31, 32].
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Figure 3.
The idea of special targeting of cancer cells to the nanoparticles that can be filtered through the kidney. As the
nanoparticles target cancerous diseases, the residue that is not targeted is removed.

5.3 Nano-chemical therapeutics

The rare properties of nanoparticles have been exploited to present the science
of chemical therapeutics in a unique way and as we previously knew that nanopar-
ticles and the reason for their special composition can exploit the vascular infusion
and absorption mechanisms associated with tumor cells to enter and implement a
specific therapeutic effect where the particles accumulate in the tumor tissue, tak-
ing advantage of the enhanced permeability and retention effect, of course, when
comparing the usual systemic chemotherapy by systemic administration with the
science of chemotherapy coated with nanoparticles, where it can deliver the desired
dose to the tissue environment of the tumor. In almost the same way, special bonds
to cancer cells are added to nanoparticles to arrive in a uniform and targeted way to
reduce the toxicity of systemic chemotherapy, we will mention the most common
therapeutics [33].

A present example is a (PEGylated liposomal doxorubicin) formulation that
has been.

U.S. Food and Drug Administration (FDA) approved for use in recurrent and
platinum-resistant cancers (Figure 4) [34].

We previously knew that the liposomes remain less time in the circulatory
system, and this affects the drug levels that reach the tumor tissue, and this can be
bypassed by reducing the size of the carrier, but this may affect the levels of the
drug and its required quantity, so to get rid of problems, the carrier is coated with
polymers such as polyethylene glycol (PEG). As this system works to mask the
immune system and increase circulation time [35]. The proposed mechanism of
action and accumulation of DOXIL is as follows:

The liposomes coated with doxoribicin remain in circulation for 2-3 weeks after
the injection process until the end of their estimated effective life, these particles
enter the tumor tissue and settle in it through defects and gaps in the tumor vessels
and then settle near the blood vessel, The extravasated liposomes release the drug
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Figure 4.
This shape represents a Doxil liposome where doxorubicin is confined and encapsulated in the internal
compartment where drug molecules are tightly packed.

components, and drug molecules enter deeply into the tumor tissue, where they
reach and kill cancer cells. It is noted that this mechanism does not need a physical
encounter and contact between the liposome and the cell, where the drug can reach
and penetrate the barriers that intercept the particles [36].

There is another example of a nano-drug transporter (micelle) these structures
typically contain a more hydrophobic component that helps solubilize/encapsulate
therapeutic compounds, while a hydrophilic component provides stability of the
assembly in aqueous environments and offers conjugation sites for eventual target-
ing ligands. This type of nanostructure has been widely used recently, an example
being the D-a-tocopheryl polyethylene glycol (PEG) 1000 succinate (TPGS)
(Figure 5) [37].

It is an amphiphilic water-soluble derivative of natural source vitamin E and
PEG, that has been widely employed as a micelle-former biomaterial. Also, it has
been reported that TPGS can inhibit the efflux pump that mediates multidrug
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Figure 5.

A typical structure of polymeric micelle vepresenting the drug encapsulated and targeting moiety attached.
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resistance in tumor cells, known as P-glycoprotein (P-gp), In this context, TPGS has
been employed for DOX encapsulation within polymeric micelles, Single polymers
are the most acceptable type in recent times because they increase the solubility and
stability of hydrophobic drugs, increase cellular absorption capacity, and to increase
the susceptibility, two micelles were combined to obtain mixed micelles to increase
strength. as enhanced thermodynamic and kinetic stabilities, higher drug loading
(DL) capacity, more accurate size control and easier ways to modify their surface
with different moieties [38, 39].

6. Conclusion
From the foregoing that nanoparticles are more efficient in the diagnosis and
treatment of ovarian cancer as a basic alternative to chemotherapy and a highly

efficient pre and postoperative adjuvant due to their great ability to reach the target
tissue and high efficiency to stay in vivo for acceptable periods.
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Nano Technology and Gas Plasma
as Novel Therapeutic Strategies for
Ovarian Cancer Oncotherapy

Milad Rasouli, Nadia Fallah and Kostya (Ken) Ostrikov

Abstract

Ovarian cancer (OC) is associated with a high rate of resistance to most
chemotherapy drugs and thus novel therapies are crucial to overcoming these
obstacles. The technological advances in nanotechnology make it possible to adapt
these approaches for the treatment of chemo-resistant OC. In parallel, it is also
evident that this emerging technology plays crucial roles in other medical areas
including wound healing, treatment of viral infection and applications in dentistry.
With the advancement of nanotechnology, nano dependent therapies are attractive
viable alternatives to conventional therapies for various diseases, especially cancers.
Nanoparticles (NPs) are a suitable platform for cytotoxic agent delivery and aiding
early diagnosis of disease, which can lead to improving outcomes for these patients.
Gas plasma oncotherapy is an innovative modality and shows huge potentials in
cancer treatment and may emerge as the fifth cancer treatment modality together
with surgery, radiotherapy, chemotherapy, targeted therapy and immunotherapy.
The combination of nanoparticle and gas plasma therapy could lead to the discov-
ery of an alternative effective treatment approach in these resistant tumors leading
to improvement of OC prognosis. Here, we highlighted the two novel modalities
with known multiple biological targets and underlying mechanisms appropriate for
their application in OC treatment. This chapter explores the utility of combination
or multimodal of novel nanotherapeutic agents in the treatment of OC.

Keywords: ovarian cancer (OC), gas plasma, nanoparticles, chemoresistance,
reactive oxygen and nitrogen species (RONS), physical effects (UV, EM)

1. Introduction

Emerging clinical evidence indicates OC is a disease associated with poor sur-
vival and high mortality and the current situation of OC oncotherapy has created a
major problem for the health system [1, 2]. Due to the limited therapeutic results of
conventional modalities, the majority of efforts in OC treatment studies focus on
new therapeutic strategy achievement. The new perspectives for OC management
should not have been unwanted side effects such as drug resistance and toxicity
[3, 4]. Nanotechnology and gas plasma offering a promising alternative to conven-
tional OC therapies [5-7].

Nanotechnology uses nanomaterial for a wide range of various purposes includ-
ing biomedicine, energy, electronics, environment, food, and textile. Nanoparticles
(NPs) have been engineered from various materials with unique properties as drug
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Schematic illustrating of all reviewed treatment modalities for OC oncotherapy. DDS (drug delivery system),
GDS (gene delivery system), CAP (cold atmospheric plasma), PAL (plasma activated liquid), CTX
(chemotherapy).

vehicles to treat a peculiar disease [8-10]. Cancer nanomedicine creates a suitable
strategy for modern oncotherapy and has attracted a lot of attention in recent
years. The therapeutic nature of nanoparticles, drug delivery, and gene delivery are
important foundations for increased attention to this new field [10-12].

The gas plasma that generates through conducting noble gas to the paired elec-
trode at room temperature offers a new category of oncotherapy strategy in a short
time [13]. Gas plasma oncotherapy will become an option for cancer treatment
shortly, given its fast-development and multifunctional nature. This technology
has provided the link between multidisciplinary scientific areas including physics,
chemistry, biology, and medicine to address problems and offers an effective route
for various oncotherapy challenges [14-16]. Multiple physical and chemical agents
including charged particles, electric fields, ultraviolet (UV) radiation, and reactive
oxygen and nitrogen species (RONS) involved in the efficacy of gas plasma [15].

NPs and gas plasma have risen as a promising therapeutic option for the treat-
ment of ovarian malignant. These technologies exhibit comparable selectivity
against tumor cells and provide a more efficacious and safe option for OC oncother-
apy. The literature has been shown that NPs and gas plasma remarkably enhance the
delivery of anticancer drugs and improve the efficacy of treatment and minimize
the adverse effects of chemotherapeutic agents in healthy cells [16, 17].

This chapter presents the antitumor effect of gas plasma in combination with
nanoparticle-based technology, as a new and most promising multimodal cancer
therapy (Figure 1). Here, we provide a comprehensive and prospective review of
the application of novel plasma and nanotechnology for the combination or multi-
modal OC oncotherapy.

2. Ovarian cancer: conventional treatment and resistance to
chemotherapy

OC is one of the most common gynecological malignancies throughout the
world and the fifth leading cause of cancer-related deaths among women in the
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United States [18]. According to the American Cancer Society statistics, it was
estimated that there would be 22,530 women who will receive a new diagnosis of
OC and about 13,980 women will die from the disease in 2019. Carboplatin and
platinum-based chemotherapy were used as the first choice to treat this type of
cancer. Findings indicate who patients respond well to the initial treatment regime
acquired drug resistance of the tumor after a time duration [19].

The main mechanisms of carboplatin resistance include reducing drug accu-
mulation by altering the uptake/flow index, inactivating cisplatin by increasing
the level of intracellular thiols such as glutathione, metallothionein, or other
sulfur-containing molecules, increasing the repair capacity of platinum-induced
DNA damage at the total level. The genome and DNA sequence become specific
and the failure of the apoptotic response. Increasing the delivery of platinum
to the tumor, a combination of platinum drugs with targeted molecular agents,
modulators of platinum resistance, and new platinum drugs that target resistance
mechanisms are the most important strategies being pursued that after intensive
studies by many researchers are working to circumvent the resistance of cisplatin
and carboplatin [20, 21].

Mortality trends in OC show the inefficiency of current therapeutics modalities
except for PARPi and anti-VEGF. Thus, it is urgent to explore novel and efficient
therapeutic options for epithelial OC that have the most lethal world gynecologic
malignancy.

3. Nanotechnology as a therapeutic option for ovarian cancer
3.1 Nanoparticles

Nanotechnology as a science for minimizing material with particular properties
has been used in various fields and multidisciplinary sciences such as chemistry,
biology and physic. NPs in medicine application is called nanomedicine and it is
utilized for the profit of human health and well being. In the field of nanomedicine,
NPs in diagnosis, pharmacological treatment at a molecular level, molecular imag-
ing, tissue engineering and regenerative medicine are widely used [9, 12, 22].

Agents through surface interaction, encapsulation, or entrapping loaded into
NPs, and based on their properties avail for active and passive drug delivery. NPs
based on their diverse structure like branched, spherical, or shell shape offer to
become suitable for drug delivery to specific diseases such as cancer. Conventional
chemotherapy distributes in the whole body and destroys both normal and tumor
cells, as well as, after a while cancer cells become resistant to drugs [11, 23].

Controlling drug delivery and accumulation in tumor cells caused to require
lower drug concentration for improving oncotherapy and diminishing the side
effect for normal cells. Released agents from NPs are controlled by external or
internal stimuli like pH, electric or magnetic field, temperature, redox and sound,
and it ameliorates target therapy [24].

The optimal nano-size range for increase efficiency is typically 1-100 nm. There
are different types of NPs for instance polymeric NPs, quantum dots, lipid-based
NPs, mesoporous silica and dendrimers. Biodistribution, circulation time, stability,
bioavailability, size, shape and surface charge are common characteristics of NPs
that play an important role in their functioning [25].

For experimental and clinical trials, preparing an NP requires attention to some
properties for better quality. Cellular recognition by specific antibodies is necessary
for target delivery to specific cells [26]. NPs shouldn’t stimulate the immune system
to prevent degradation of them and their agents [27].
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In gen delivery NPs carrying nucleic acids containing microRNA (miRNA),
short hairpin RNA (shRNA), antisense oligonucleotides (AONS) and small inter-
fering RNA (siRNA), with the silencing or downregulation purpose of genes or
proteins which related to drug-resistant, angiogenesis or metastasis are used for
improving oncotherapy and resolve the conventional therapy limitation [28]. We
summarize nanotechnology based therapeutics in Figure 2. Here, we review the
pre-clinical application of NPs for OC oncotherapy.

3.2 Drug delivery

In this section, we gathered some experiments that used different types of
NPs for drug delivery to overcome the common problem in the treatment of OC
as a lethal gynecological cancer worldwide, which almost diagnosis in late stages
with the high rate of drug resistance for diagnosis and treatment. The advantages
encourage researchers to utilized NPs consist of: NPs are used for drug delivery that
lead to more effective in OC treatment. Also, reduce side effects due to specificity
targeted NPs to OC cells.

SKOV3 and A2780 are the most usable cells for in vitro experiments that are
treated by different kinds of drug loaded NPs. NPs are modified by several ligands
such as hyaluronic acid, folic acid and HER2-targeted ligand for enhancing target
delivery. GSH (Glutathione)-sensitive and pH-sensitive are other properties of
these NPs that improve their effectiveness. As results showed the stability and
biodistribution of these NPs that encapsulate drugs are very impressive. Increasing
cellular uptake and cytotoxicity by inducing apoptosis or necrosis for in vitro
experiments, and tumor growth and volume inhibition in the level of in vivo are the
usual results that have been obtained.

The most barrier to entrance NPs into the cells through endosomes is an
endosomal escape. Transferrin (Tf) and octaarginine (R8) play role in endosomal
scape and specific delivery respectively. IAR-CPP R8 and Tf linked to the surface
of PEGylated liposomes, which encapsulated doxorubicin (DOX) (DOXIL®) for

e

- A

P W R
H ¥

-

&

Figure 2.

Drugs or RNA interference (miRNA/siRNA/shRNA) loaded to lipid-based or polymeric nanoparticle

as common nanocarriers ave designed for delivery to OC cells in order to oncotherapy. Surface of these
nanoparticles modified by diffevent ligands such as hyaluronic acid (HA), folic acid (FA), Polyethylene glycol
(PEG) and Polyethylenimine (PEI) for enhancing efficiency.
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specific target therapy in A2780 cells. Results indicated efficiency in both entry
pathways and accumulation in tumor cells increased [29].

3.2.1 Modified NPs: HA, FA, HER?2 antibody for specific targeting

Adding a ligand to the surface of NPs enhances drug delivery effectiveness to OC
cells. Hyaluronic acid (HA) that is linked to CD44 which is a cell-surface glyco-
protein and expresses specifically in tumor cells improves target delivery [30]. In
the following, we mention an example that NPs modified by HA. Cisplatin-loaded
polyarginine-HA NPs (CIS-pARG-HA NPs) were produced in this study, to over-
come peritoneal carcinomatosis which generally diagnosis in the late stage of OC
patients. In vitro studies on SKOV-3 cells showed reduced cell viability, by coopera-
tion CD44 in cancer cells and an increase in cellular uptake. Also, the effectiveness
of CIS-pARG-HA NPs improved, when these NPs were administered by pressurized
intraperitoneal aerosol chemotherapy (PIPAC) due to the penetration into the
peritoneal tumor [31].

Folate receptor a (FRa) is another marker that overexpresses in OC cells, so
modifying NPs surface by folic acid (FA) is another mechanism in specific target
delivery. Using FA due to low immunogenic, inexpensive and stable properties, is
more welcomed. Below we gather two examples in the level of in vitro and in vivo,
to evaluating target delivery by FA ligand which binds to NPs [30].

PTX loaded PLGA NPs modified by FA for oncotherapy. For comparison, modi-
fied NPs with non-modified NPs, were used to treat SKOV3 cells. FA improved the
effect of NPs and rise up the cytotoxicity by increasing cellular uptake, and disrupt
in cell division and apoptosis process [32]. In another study, Nanoemulsion (NE) as
a delivery system was used to loaded docetaxel (DTX) and FA for treating OC. Cell
treatment by this nanocarrier enhanced cytotoxicity due to the DTX, while treat-
ment transgenic mouse model of ovarian carcinoma induced inhibition in tumor
growth and volume [33].

The overexpression of the HER2 receptor is another specific marker that
contributes to OC. CIS and trastuzumab and HER2-targeted antibody conjugated
with poly (lactic-co-glycolic) NPs target HER2 receptor. CIS via impressing on
DNA conformational and by a dose-dependent manner cause cytotoxicity and
apoptosis in SKOV3 cells. The effectiveness of this delivery system after modifying
by trastuzumab and chitosan increased in both in vitro and in vivo experiments
[34]. Cell viability in HER-2-overexpressing cell line can also decrement by treating
them with poly(butylene adipate-co-butylene terephthalate) (Ecoflex®) NPs by
adding an aptamer engineer to improving the efficacy and reducing the side effects
of DTX. For evaluating antitumor activity and biodistribution, tumor-bearing B6
athymic mice received NPs intravenously and significant results were obtained [35].

3.2.2 Control drug released from NPs: pH and GSH sensitive NPs

pH-sensitive NPs are widely utilized for drug delivery. Drugs released from NPs
are controlled by various factors like pH. A2780 as a CIS sensitive and A2780DDP
as a CIS resistant OC cells treated by pH-sensitive Fe;04 NPs encapsulating CIS
for reducing its side effect and drug resistance. NPs@CIS cause more internaliza-
tion and in the following more drug accumulation in OC cells. In both cell lines,
cytotoxicity and apoptosis increased because of the drug entry into the cell nucleus.
The existence of an external magnetic field for in vivo experiments enhanced the
antitumor efficacy and inhibition toxicity in normal tissues [36].

In another study, Tariquidar (TQR) and DOX loaded a pH-sensitive liposome
formulation (pHSL) (pHSL/TQR/DOX) was prepared to overcome multidrug
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resistance. pHSL made from CHEMS (cholesteryl hemisuccinate), DOPE (1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine) and PEGylated lipid which DOX and
TQR placed in the water and lipid phases respectively and this nano vehicle prolong
circulation. Cytotoxicity was investigated by treatment OVCARS/ADR cells with
pHSL/TQR/DOX (Figure 3) [37].

Combination of FA ligand for specific target delivery and pH-sensitive NPs
proposed phenomenal nanocarrier for ovarian oncotherapy. Magnetic NPs (MNPs)
and MTX through carboxylic acid groups and amino groups of chitosan linked to
chitosan copolymer and prepared thermos and pH-sensitive MTX-CSC@MNPs that
conjugate with erlotinib (ETB) for target delivery. Since MTX and FA are similar
structurally this nano vehicle absorbed with folate receptor on OVCAR-3 cells and
prompt cytotoxicity and apoptosis induced by ETB [38]. Moreover, pH-sensitive
Glucose/gluconic acid-coated magnetic NPs that linked to FA in the surface,
enclosed DOX. External magnetic fields improve drug release in tumor tissue. For
evaluating cell viability A2780, OVCAR3 and SKOV3 cells treated by these NPs and
results demonstrated an increase in internalization and cytotoxicity. Analyzing the
tissues of the SKOV3-Luc cell-xenografted nude mouse model showed accumulation
of the drug in tumor cells more than other parts of the body that it causes to block
the tumor growth [39].

Drug released is also controlled by intracellular GSH concentration. GSH
sensitive polymersomal DOX nano vehicle that modified by GE11 peptide (GE11-
PS-Dox) is one of these NPs produced for treatment SKOV3 cells with a high level of
epidermal growth factor receptor (EGFR). After drug delivery to tumor tissue and
cancer cells, DOX enters the cell nucleus and inhibits tumor progress and increases
cytotoxicity. The efficiency of this treatment is more than Lipo-Dox or Dox alone
(Figure 4) [40].

3.2.3 Novel approaches drug delivery platform with the integration of different
factors

In some cases, to ameliorate the level of treatment dual drug delivery suggests.
For example, for carrying quercetin and gefitinib individually and together to
PA-1 OC cells polyvinylpyrrolidone (PVP)-functionalized graphene oxide NPs
(GO-PVP-NPs) as a system delivery was used. The results indicated combination
delivery is more effective than individually in PA-1 cells [41].
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Figure 3.
Tariquidar and doxorubicin conjugated with pH sensitive liposomes to overcome multidrug vesistance of OC
cells. This figure was obtained with permission from [37] under the terms of creative commons CC BY license.
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Figure 4.
Polymersomal doxorubicin with GE11peptide designed as an alternative to Clinical Liposomal Formulation for

ovarian oncotherapy. This figure was obtained with permission from [40] under the terms of creative commons
CC BY license.

Polymeric NPs and lipid-based NPs are the most usable nanocarriers that some-
times a combination of them make NPs suitable for drug delivery with high efficacy.
In this experiment, a Pluronic F127 and a lipid-PEG stabilizer were used to gener-
ate NPs which have internal cubic phases are called cubosomes (CB) and external
sponge phase. These NPs are conjugated with PTX against HEY cells and disrupt
EGFR that overexpress in OC. Decreasing the cell viability and inhibiting the tumor
growth are the results of this study [42].

Platinum-resistant OC (PROC) isn’t possible to treat by conventional therapy
for solving this problem, PROC is treated by CIS and wortmannin (Wtmn) asa
DNA repair inhibitor conjugated with PEG-PLGA NPs. After treated A2780 cells,
YH2AX foci as a DNA double-strand breaks marker analyzed for Wtmn activity and
cytotoxicity. High solubility and stability are other properties of this dual nanocar-
rier. In vivo studies displayed the low concentration of drugs could inhibit tumor
growth [43].

Nucleic acid-based NPs is another nanovehicle for transferring drugs to OC cells.
For instance, an annexin A2 aptamer (ndo28) bind to pRNA-3W] NPs and design a
GC rich sequence in NPs for linking DOX. Treating SKOV3 cells by this NP increase
cytotoxicity, and xenograft mice models showed targeting and accumulation of this
NP in tumor tissues [44].
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NP-drug conjugates (NDCs) are more effective than antibody-drug conjugates
(ADCs) for loading monomethyl auristatin E (MMAE) in OC therapy. So, the
results were very promising in the level of in vitro and in vivo, and inhibition of
tumor growth and cytotoxicity in a patient-derived xenograft model of platinum-
resistant OC is twice as much in comparison with CIS administration [45].

Depolarization of mitochondria and augment the level of ROS that cause apop-
tosis and finally, cytotoxicity in tumor cells are other results of administration NPs
individually or in combination with chemotherapy drugs. So, Gold NPs encapsulate
theaflavin (tea-extracted polyphenols) (AuNP@TfQ) as an apoptosis inducer in
tumor cells. Anti-cancer activity of AuNP@T{Q enhanced by pristine theaflavin
oxidation to its quinone derivative on the surface of gold NPs. The entrance of
AuNP@TI{Q into the PA-1 cells takes place through endocytosis. In this study
caspase-3, Bax, Bad, BID, and BIM as pro-apoptotic markers and Bcl-2 and Bcl-was
anti-apoptotic markers were evaluated [46].

But NPs individually can lead to cytotoxicity and apoptosis in tumor cells too.
Gurunathan and colleagues proposed Ag NPs and ZnO NPs with a broad range
of application in biomedical was used to treat OC individually and synergy with
gemcitabine (GEM). Results represented a reduction in cell viability in a dose and
time dependent manner and DNA double-strand break due to the overproduction
of ROS and mitochondria dysfunction in both experiments [47, 48].

3.3 Gene delivery

Herein, we focused on some gene delivery based examples used for OC treat-
ment. NPs due to their properties are used as a vehicle for delivery of different
nucleic acids such as siRNA, miRNA and shRNA. Increasing cytotoxicity by induc-
ing apoptosis and suppressing tumor growth and volume are the common results
obtain via silencing or downregulating oncogenes. Modifying NPs with ligands for
improving delivery is also utilized in this technique.

3.3.1 NPs for siRNA delivery

Using siRNA in oncotherapy because of low toxicity, high effectiveness and
specificity is a terrific choice. To improve the efficiency and overcome the problem
such as degradation by RNase and lack of the ability to penetrate the membrane cells,
is better not to use naked siRNA. To facilitate the capability of siRNA and presence
in proper concentration for silencing or downregulating of oncogenes, gene delivery
systems play an essential role. Polymeric and lipid-based NPs are the most usable
carriers for siRNA. Polymeric NPs especially PEI, PEG and chitosan with a positive
charge easily bind to oligonucleotides with a negative charge through electrostatic
interactions. While lipid NPs such as liposomes encapsulate siRNA in its aqueous
core [30]. Polyethylenimine-graft-polycaprolactone-block-poly(ethylene glycol)
modified FA (hyPEI-g-PCL-b-PEG-FA) is one of the examples polymeric NPs was
used for transfer siRNA to SKOV-3/LUC cells with a high level of FRa [49].

Another protein targeted is TWIST that responsible for epithelial-mesenchymal
transition and is related to angiogenesis, metastasis and drug resistance. So, using
siRNA against TWIST protein conjugated with mesoporous silica nanoparticles
(MSN-HAs) (siTWIST-MSN-HA) for delivery to epithelial OC (EOC) cells. HA
help to specific target delivery to CD44 positive cells (A2780R cells). Moreover,
due to the positive charge of PEI, the surface of MSN modified that, to improved
attachment of the siRNA (negative charge) and HA to the amine groups in the PEI.
By down-regulation of TWIST protein, OC cells become sensitive to drugs such as
CIS. In vivo studies showed inhibition in tumor growth, and evaluating TWIST,
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Vimentin, N-Cadherin, and E-Cadherin tumor mRNA as EMT markers in mice
that were treated by siTWIST-MSN-HA + CIS indicated great result in combination
therapy [50].

Protein kinases are a considerable target for gene delivery for cancer treatment,
so knockdown of p70 S6 kinase (p70S6K) is necessary for a decrease in migration,
invasion and proliferation of OC stem cells (in vitro) and reduction in tumor
growth and metastasis (in vivo). In this regard, p70S6K siRNA by G6 dendriplex
NPs, that protect it from degradation, transfer to OC stem cells. Also, knockdown
of p70S6K via this NP complex can inhibit the stemness and self-renewal properties
of cancer stem cells (Figure 5) [51].

Kinesin spindle protein (KSP) is another gene, that by silencing, cell cycle arrest
in mitotic phase and apoptosis happened in cancer cells. So, for transfection of KSP
siRNA into the SKOV3 cells, PEGylated DC-Chol/DOPE lipoplexes were prepared.
These NPs are caused to enhance accumulation in tumor tissue for suppression of
tumor growth and decrease damage to kidneys and liver in SKOV3 tumor-bearing
mice [52].

Besides, growth and metastasis of tumor cells regulate by angiogenesis, so
develop an NP with anti-angiogenesis property, plays an essential role in the
treatment of OC. HA attached to chitosan NP enclose PLXDC1 siRNA for inhibi-
tion PLXDC1 as an angiogenesis gene. HUVEC and MOEC cells via expression
CD44 have the potential to absorbed these nanocarriers and induced cytotoxicity
and apoptosis. Administration HA-CH-NP/siRNA by A2780 tumor-bearing mice
demonstrated antitumor characterization that causes to suppressing tumor growth
and volume [53].

In another method for gene delivery, NPs were designed to transfer two siRNA to
cancer cells to obtain the higher output. For instance, PLGA NPs loaded MDR1 and
BCL2 siRNA were prepared. Silencing both genes simultaneously have an extraor-
dinary effect on resistant OC cell sensitivity to PTX and CIS. In vitro experiments
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Figures.
Targeting p70S6K with dendriplex nanoparticles inhibit stemness and metastatic properties of OC cells. This
figure was obtained with permission from [51] under the terms of creative commons CC BY license.
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implement on the PTX-resistant and CIS-resistant, SKOV3-TR and A2780-CP20
cells respectively. The observations indicated an increment in cellular uptake that
induces cell death by apoptosis and necrosis [54].

3.3.2 NPs for shRNA delivery

shRNA is a stem-loop RNA that in comparison with siRNA cause prolong gene
silencing and highly effective. In the following, 2 examples of this procedure have
been brought. PEG NPs with a peptide of FSH p 33-53 for specific target delivery
encapsulate shRNA for silencing growth-regulated oncogene a (gro-a) (FSH33-
G-NP). Internalization in FSHR positive cells like HEY cells is more. FSH33-G-NP
decrement cell proliferation, invasion and migration and also in vivo experiments
showed antitumor activity [55]. Also, overexpression of pinl is related to cancer
malignancy by regulating oncogenes and tumor suppressor genes, so silencing of
pinl can inhibit the tumor growth in a syngeneic mouse model and induce apoptosis
in OC cells. Proteasome-dependent degradation of Pinl happened via liposome-
based NPs that were modified by cyclodextrins for shRNA delivery (Figure 6) [56].

3.3.3 NPs for miRs delivery

Micro RNAs (miRs) are short and non-coding RNAs that modulate gene expres-
sion at the level of post-transcriptional. The existence of them is necessary for the
regulation of cell metabolism, differentiation, proliferation, and apoptosis. But
sometimes, dysregulation and improper expression of miRs (oncomiRs) are related
to the early and advanced stages of cancers, so, anti-miR delivery for downregu-
lating oncomiR is an anticancer strategy. A high level of miR-21 is related to the
incidence of many cancers including OC. In order to improve cancer therapy porous
silicon NPs that were modified by MAL-PEG-SVA enclosed anti-miR-21 (LAN)
to target OAWA4?2 ovarian cells. In this study, CREK peptide as a control peptide
for no targeting activity in cell culture and CGKRK peptide for displaying tumor-
homing and tumor penetrating properties were analyzed for comparison. Findings
illustrated a decrease in cell viability due to apoptosis by evaluating caspase-3, and
also, COV-318 xenograft tumors subcutaneously transplanted into nude mice after
treatment represented the higher accumulation of NPs in tumor tissue that lead to
inhibition effect on tumor growth and volume [57].

3.4 Combination of gene and drug delivery

The combination of gene and drug delivery is another factor to enhance the
chance of success in oncotherapy. For example, Both paclitaxel (PTX) and focal
adhesion kinase (FAK) siRNA loading HA-labeled poly(d,l-lactide-co-glycolide)
NPs (HA-PLGA-NP-PTX+FAK siRNA) were used for ovarian oncotherapy. Tumor
cells due to the presence of CD44 obtain more HA-PLGA-NP-PTX+FAK siRNA
which decreases cell viability by inducing apoptosis in both SKOV3-TR and
HeyA8-MDR (multidrug resistance) cells. Knockdown of AKT pathway that has a
role in metastasis and drug resistance, have occurred by FAK siRNA [58].

In another experiment, a novel combination of chemotherapy and gene therapy
for A2780DDP cells and xenograft nude mice model was developed. Platinum (IV)—
azide complexes (Pt(IV) prodrugs) and the siRNA of c-fos (si(c-fos)) embedded
in a photoactivatable polymeric NP. Pt(IV) prodrugs are nontoxic in dark but after
mild light (blue light) irradiation, it released the Pt(II) drug that has cytotoxic
activity. This nano vehicle has high drug loading properties and extraordinary
stability that lead to cytotoxicity and antitumor characterization (Figure 7) [59].
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Figure 6.

Anti-Pin1 and cyclodextrins loaded to liposome as a new therapy for OC. This figure was obtained with
permission from [56] under the terms of creative commons CC BY license.
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Photoactivatable polymeric nanoparticles as a gene and drug delivery for platinum-vesistant OC. This figure
was obtained with permission from [63] under the terms of creative commons CC BY license.

Furthermore, A2780R cells treated by two separate NPs were developed for the
delivery of drug and gene. CIS resistance leads from overexpression of miRNA-21
in OC. So, anti-miRNA-21 by PEGylated poly(lactic-co-glycolic acid) NPs which
decorated with AS1411 antinucleolin aptamer for developing target delivery (Ap
anti-miR-21-NPs) and NPs contain CIS (Ap—CIS-NPs) deliver to A2780R cells. It

is caused to the reduction in drug resistance by inhibiting miRNA-21 and increased
mortality via induction apoptosis [60].

4. Gas plasma based therapy for ovarian cancer oncotherapy

4.1 Gas plasma: key features and applications

Gas plasma is a novel technology with potential and actual applications ranging
from energy and water to food sciences [61]. Management of gas plasma effects on
biological objects is related to different factors including charged particles, electric
fields, UV radiation, and RONS. These chemical and physical factors are involved
in combination or multimodal forms, provide a solution for a variety of medical
applications [62] (Figure 8). Cancer therapy, wound healing, virus inactivation,
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The key role of reactive agents from generation in the plasma to interaction with the biological objects.

biofilm removal, dentistry, and ophthalmology, as well as cosmetic uses, are some
of the applications of plasma in medicine. It is now clear that plasma is a promising
therapeutic candidate for the multivariate condition of cancer [63, 64].

Recent studies revealed, gas plasma oncotherapy provides insights into the
wide context challenging of cancer treatment through physical and chemical
effects. Until now, the underlying mechanisms of plasma action were ascribed
to RONS, but more recently, the role of physical factors (UV and EM) is also
emphasized [62, 65]. These cocktails inducing dose-dependent effects, redox
flux increase to cells, flexibility in use, multimodality nature, and the mild effect
that are primary features of gas plasma [8]. Also, these unique physicals, chemi-
cal and biological properties have a high potential to act synergistically and will
be crucial to the achievement of selectivity for cancer cells, enhancing cancer
chemosensitivity, stimulation of the immune system, elimination of cancer stem
cells, halting cancer metastasis as medical features of gas plasma oncotherapy
[6, 63]. Thus, plasma as an alternative effective technology eliminates some of
the most important undesirable consequences and side effects of common treat-
ments. The great antitumor impact of plasma for all types of cancer have been
reported [66].

4.2 Direct and indirect plasma treatment: role of the device and liquid

Plasma treatment is divided into two general direct and indirect modalities in
order to offer new solutions to its increasingly diverse range of applications, as
well as to cover the requirement related to them. In addition to exposing biological
objects to plasma radiation, another method was developed. In the indirect treat-
ment modality that has known as plasma activated liquid, the solution is exposed
to plasma irradiation and then is added to the biological target [15, 67, 68]. It seems
like the direct method is suitable for superficial tumors, but for peritoneal tumors,
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the indirect method or plasma-activated liquid is a good option and can be used
as innovative technology. By ignoring the unknown complexities of plasma liquid
interaction, the RONS play a dominant role in PAL.

Atmospheric Pressure Plasma Jets (APPJ]) and volume and surface Dielectric
Barrier Discharge (DBD) are three configuration types of common plasma devices
used for biomedical application. Regarding the feeding gas, noble gases, air, nitro-
gen, or a combination of that, are utilized for the generation of plasma depending
on the configuration used [69, 70]. Toward the APPJ, the DBD seems to be appro-
priate for the production of plasma-activated liquid due to the larger volume of
exposed solution [69].

Culture mediums (DMEM, RPMI, alpha-MEM), Phosphate-buffered saline
(PBS), and Ringer’s solution have been reported as an exposed solution for PAL
generation. Currently, all three types of solutions are used to produce PAL. As
it was previously mentioned, aside from plasma device and process parameters,
the compositions of the liquid have a pivotal role in the plasma action [15, 71]. It
is appropriate to use solutions that have less interaction with plasma and do not
change their function. However, it is well established that the sensitivity of cells to
culture conditions is another limitation of this method and many cells are destroyed
by changing the culture medium. Taken together, further research in this regard is
very vital.

4.3 Ovarian cancer oncotherapy through gas plasma: selectivity, restores
chemotherapy sensitivity, and metastasis inhibition

OC, colorectal cancer, pancreatic/appendiceal cancer, stomach cancer, perito-
neal mesothelioma, and primary peritoneal cancer are the most common cancers
that cause peritoneal carcinomatosis. In recent years, treatment strategies for these
cancers, improved by combining several existing methods. [72]. Nevertheless, peri-
toneal carcinomatosis treatments are ineffective and require new multiple strategies
that provide targeted drug delivery on a large scale.

OC the most important type of cancer in the cancer cells response discovering
process to the plasma. Albeit the number of relevant studies examining OC with gas
plasma is limited compared to other cancers. Most studies have been examined the
selectivity of gas plasma oncotherapy on cancer or healthy cells. Regarding chemo-
therapy resistance, the impact of plasma on acquired and intrinsic resistance cells
also have been investigated. Besides, various evidence suggests that gas plasma plays
a crucial role in OC by mediating several genes involved in proliferation, apoptosis,
migration, and metastasis.

The selectivity mechanism of gas plasma oncotherapy has been demonstrated
in our previous work [73], briefly, plasma-derived H,0, and NO," produce primary
0, thereby inactivating some of the catalase of cancer cells. Then, Due to the
differences between healthy and cancerous cells, cell-based secondary o, genera-
tion is high, and therefore more catalase is inactivated. So, H,0O, with penetrating
the cells through aquaporin causes depletes GSH or activities Hypochlorous acid
(HOCI) and *NO/ONOO" signaling that leads to caspase-mediated cell death [74]
(Figure9).

Here, we outline the existing studies about the application of gas plasma and
the mechanisms responsible for their expression strictly in OC. PAL has great
potential to act as an innovative approach and overcome multiple biological
barriers and treatment challenges in peritoneal cancers. Thus, PAL is a commonly
used therapeutic option in this chapter. Also, it seems Ringer Lactate solution will
be a proper liquid for future plasma activated liquid and has direct anti-cancer
activities.
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Flow chart of major steps in CAP leading to selective apoptosis of tumor cells. Step 1: CAP generates NO,” and
H,0, in cell containing medium for 1 minute. Alternatively, CAP is used to treat medium, creating PAM
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Selectivity towards cancer cells, chemotherapy-resistance elimination, restore
sensitivity to chemotherapy, inhibition of metastasis, and more recently the
possible mechanism of plasma action has been achieved in these studies.

Gas plasma effects on OC were first examined on two human epithelial ovarian
carcinoma cell lines, SKOV3 and HRA and normal human fetal lung fibroblast cell
lines, WI-38 and MRC-5. Nonequilibrium atmospheric pressure plasma (NEAPP)
was utilized to assess toxicity and proliferation inhibition. Cell proliferation, flow
cytometry, western blot analysis along with pH, temperature, and volume of the
medium before and after plasma treatments were evaluated. NEAPP selectively
targets two cancer cells and induces apoptosis in them, while normal cells were
not damaged. Although the authors do not address the mechanism of action, they
assume a pivotal role in the process of plasma application for UV radiation, charged
particles, and free radicals such as reactive oxygen species (ROS). Also, pH, tem-
perature, and volume of culture medium did not affect by plasma irradiation [75].

Given that compositions of culture medium act as key mediators of biological
responses triggered by gas plasma and can affect results. In a study by Boehm
etal. hypothesized that instead of a culture medium, PBS to be used. The solution
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compounds used can play an important role in investigating the cytotoxic effect of
plasma on HeLa and CHO-K1 cell lines. They found that the surrounding milieu and
the presence of anti-oxidants such as pyruvate in PBS can change and influence the
generation of H,0, and related results [76].

In addition, cell proliferation and cell motility of SKOV-3, OVCAR-3, TOV-21G,
and TOV-112G cells as OC cells investigated by direct and indirect exposure to gas
plasma. In accordance with other studies, CAP and PAM have similar cytotoxicity
effects on the mentioned cell lines. Also, dose-response effects depending on cell
type and exposure time [77].

Bekeschus and colleagues attempt to insight the interaction of gas plasma with
tumor microenvironment and immunomodulatory properties. Accordingly, human
OC cell lines OVCAR-3 and SKOV-3 as well as human THP-1 monocytes have been
used to examined gas plasma effect. The results indicate that plasma can trigger
cell death in a caspase 3/7 independent and dependent manner for OVCAR-3 and
SKOV-3 OC cell lines, respectively. Also, tumor cell-induced monocyte/macrophage
phenotype reverted by plasma therapy [78].

Owing to clinical facts and desirability of Ringer’s Lactate solution in compari-
son to the culture medium, Bisag et al. investigated the efficacy of plasma-activated
Ringer’s Lactate solution (PA-RL) on OC cell lines (SKOV-3 and OV-90) and non-
cancer cells (HOSE cell line and two lines of immortalized fibroblasts (F1 and F2)).
It was the first time that a multiwire plasma source without needing technical gas
was used to activate a solution with a volume of 20 mL. Chemical characterization
and measurement of long-lived RONS concentration in different PA-RL dilutions
were performed. Results confirm that PA-RL showed selective cytotoxicity towards
cancer cells, whereas normal cells remained unaffected. These observations are
related to the pH and H,O, and NO, in the PA-RL [79].

4.3.1 Gas plasma vestores chemotherapy sensitivity in chemoresistance OC cells

Improving the performance of conventional treatments is a significant part of
oncotherapy. The cancer treatment new strategy requires advantages over conven-
tional treatment methods. This is achieved by exploring new approaches to restore
sensitivity to chemotherapy. Thus, gas plasma oncotherapy to introducing as an
innovative oncotherapeutics agent should have been effective than conventional
drugs. Besides, able to re-sensitize chemotherapy resistance cells to chemotherapeu-
tic agents while maintaining selective effect toward normal and cancer cells.

Combination effects of CAP and PAL with conventional therapy like chemother-
apy, radiation therapy, pulsed electric fields, nanoparticles, and plant origin have
been discussed in recent years to improve the effectiveness of these methods. Here
we also report the last work about the combination of chemotherapy drugs with gas
plasma that has been conducted for OC treatment.

In a most recent research, to develop an innovative strategy for OC treatment,
Rasouli et al. focused on the selective effect of gas plasma oncotherapy and elimi-
nating chemotherapy resistance. For this purpose, hypodiploid human cell line,
A2780 CP, SKOV-3 as OC cell lines, and Granulosa cells (GCs) as normal primary
cells were used. As shown in Figure 10, we further utilized several treatment
modalities including chemotherapeutic agents (carboplatin (CAR), PTX, a com-
bination of CAR and PTX), gas plasma (direct exposure (CAP), plasma activated
medium (PAM)), and combination of PAM whit chemotherapy drugs. ICs; of
mentioned cells and selectivity index of cancer cell lines were obtained. Our results
demonstrated the calculated selectivity indices of the CAR and PAM for A2780 CP,
SKOV-3 smaller than the three that specified for the interesting selectivity index.
Among all plasma treatment methods, PAM 10% FBS induced high selectivity
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Diagram of treatment methods in this study. CAP (cold atmospheric plasma), PAM (plasma activated
medium), PTX (paclitaxel), CAR (carboplatin). All treatment methods were performed on three A2780 CP,
SKOV-3, and GCs cells.

towards OC cells. Also, selectivity performance of other plasma therapies such as
CAP 1% FBS, CAP 10% FBS, and PAM 1% FBS compared with chemotherapy drugs
were desirable. According to the carboplatin resistance of cancer cells, it was a very
interesting result [19].

In another part of this study, to improve the performance of chemotherapy
drugs, co-treatment of these agents with PAM was investigated. Although PAM
improves efficacy and selectivity indices of CAR and PTX but induces high selectiv-
ity in conjunction with CAR. In general, we concluded that PAM alone and simul-
taneous with CAR selectively induced apoptosis in chemotherapy-resistant OC cells
accompanied with high expression of P53, BAX, and CASP-3. The novelty of PAM
and combination treatment led to developing a new trend in OC oncotherapy asso-
ciated with produced RONS (H,0,, NO,", NO;"), reduced pH in plasma activated
medium and physical factors such as UV and electric field [19].

Assuming gas plasma oncotherapy is closer to the therapeutic facts, Utsumi
et al. used NEAPP-activated medium (NEAPP-AM) as an intraperitoneal (IP)
treatment modality. To this end, for the first time, NOS2 and NOS3 as chronic
paclitaxel/cisplatin-resistant OC cells and xenografted tumors in a mouse model
were investigated by NEAPP-AM. Also, they assessed the role of ROS or their scav-
engers in NOS2 and NOS3 OC cells. Given fact that NOS2 and NOS3 are acquired
resistance to paclitaxel, the study was a very crucial role in plasma oncotherapy
research. The results revealed PAM has an interesting cytotoxicity effect on
chemo-resistant OC cells. Besides, PAM can induce an anti-tumor effect on the
xenograft model. There is no difference between direct and indirect treatment, but
due to the benefits that PAM creates the authors suggested it as future intraperito-
neal administration [80].

Clear cell carcinoma (CCC) of the ovary is a rare histological subtype of epi-
thelial OC (EOC), has the worst prognosis and exhibits high rates of recurrence
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and low chemosensitivity. Therefore, developed a novel approach to combat CCC

is critical. Hence, Utsumi et al investigated the influence of gas plasma on TOV21G
as a CCC cell line by NEAPP-AM. The ES-2, SKOV3, and NOS?2 as other EOC cell
lines and omentum derived human fibroblastic cells (OHFC) and human peritoneal
mesothelial cells (HPMC) as normal cells were examined. The study demonstrated
that PAM with high selectivity induces apoptosis in CCC cells which is resistant to
chemotherapy. Also, ROS produced by PAM in cancer cells were considered as a
selectivity factor [81].

E-cadherin has pivotal roles in epithelial cell behavior, tissue formation, and
suppression of cancer and is a critical part of epithelial cell adhesion and epithelial-
to-mesenchymal transition (EMT). Furthermore, transforming growth factor-p1
(TGF-p1) is a multifunctional growth factor that plays a crucial role in chronic
inflammation in various tissues and regulates several cellular processes, including
cell cycle arrest, differentiation, morphogenesis, and apoptosis. From this view-
point, Wang et al. focused on various factors such as cell numbers and the morpho-
logical characteristics of cells, that are thought to be effective in the interaction of
plasma and cells. Four human OC cell lines, OVCAR-3, TOV21G, NOS2, and ES-2
used to examine differences in responses to gas plasma oncotherapy through direct
and indirect irradiation. The point to consider was the different sensitivities of the
used cancer cells to conventional chemotherapy drugs. They concluded compared
with the other two cell lines, TOV21G and ES-2 cells were drastically sensitive to
PAM treatment, as well as, sensitivity to PAM therapy in OC cells is related to their
number and morphology. Having a negative impact of cell density on cell prolifera-
tion inhibition rate (PIR) is more evident in OVCAR-3 and NOS?2 cells. Regarding
cell morphology and PAM sensitivity, low E-cadherin expression was suggested as a
factor for more PAM sensitivity. Also, TGF-p1 with inducing mesenchymal mor-
phologic change can sensitize cancer cells to PAM [82].

OC is one of the gynecological malignancies that penetrates the peritoneum.
That means cancer developed a spread of largest volume and treatment of it is
challenging. Intraperitoneal therapy is a concept utilized in these cases to focused
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Mechanisms of the anti-metastatic effect of PAM. ROS in PAM diffuses into ES2 cells and down-regulates
MMP-9 expression via inhibiting of MAPK pathway, suppressing cancer cell adhesion, migration and invasion
onto mesothelial cells lining the peritoneal cavity. Finally, PAM prevents intraperitoneal metastasis. This figure
was obtained with permission from [83] under the terms of creative commons CC BY license.
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on local delivery. For this purpose, Nakamura et al. introducing PAM intraperito-
neal therapy as an innovative option for OC oncotherapy. The experiments were
designed to assess the inhibit metastasis effectiveness of PAM on OC ES2, SKOV3,
and WI-38 cell lines in vitro and ES2 in in-vivo levels. They mentioned that PAM
treatment suppressed ES2 cell migration, invasion, and adhesion while cell viability
changes were negligible [83].

Most importantly, PAM inhibited peritoneal dissemination of ES2 cells,
resulting in prolonged survival in an in-vivo mouse model of intraperitoneal
metastasis. Furthermore, the evaluated underlying mechanism revealed PAM
inhibited the phosphorylation of JNK1/2 and p38 MAPK and prevented the
MAPK pathway activation. Besides, PAM was decreased MMP-9 expression [83]
(Figure 11).

5. Conclusion and perspective

Despite rapid advancements for OC oncotherapy, our understanding of
the cause and management of OC is limited. Cancer cells become resistant to
conventional chemotherapy and increasing the concentration of drugs just
enhances the side effects, and does not cause any improvement in recovery.
Besides, approved oncotherapy drugs for clinical and preclinical administration,
faces several obstacles to treatment. Introducing combined therapeutic strate-
gies such as nanoparticle and gas plasma that used the synergizing advantage of
these approaches holds great potential for future combination or multimodal OC
treatment.

The bioavailability property of NPs enhances their efficacy in drug loading and
protects them from physiological barriers. To provide a suitable platform for clinical
trials, it is very crucial to analyze the NPs safety at the level of in vitro and in vivo.
Therefore, the reviewed NPs need more experiments in the level of in vivo for
entrance into the clinical arena. Furthermore, gas plasma is not considered as the
therapeutic strategy for modern medicine unless focused studies are performed on
the design and manufacturing of simple, accurate, standard, and low-cost plasma
devices.

While the identification of the underlying mechanism of each gas plasma
and nanocarriers technology is under debate, promising observations open up
interesting avenues for them as an emerging candidate in future oncotherapy.
Independently from action mechanisms of gas plasma and nanoparticles, these
therapies rely on the selective ability of them to discriminate between healthy cells
and cancerous ones.

Indeed, gas plasma and nanoparticles as novel biomedical fields need funding
from a wide range of government agencies and international research centers to
be specifically targeted towards research at the intersection of these disciplines
and resolve modern challenges such as cancer. Finally, we hope that this chapter
will enhance collaboration between researchers in interdisciplinary research fields
including physics, chemistry, biology, oncology, and medicine, and provide the
needed interplay to address current challenges in OC management. Aside from
providing new knowledge on molecular mechanisms in the mentioned modalities,
to overcome the failure of oncological ovarian treatment, synergizing of innovative
therapeutic approaches can be useful.

Collectively, our strategy potentially opens a new and accessible approach
and led to addresses several cancer challenges. As a future direction, we hope to
combine new approaches with conventional treatments to obtain finer modalities,
improve the efficiency of each of them, and resolve oncotherapy challenges.

192



Nano Technology and Gas Plasma as Novel Therapeutic Strategies for Ovarian Cancer...
DOI: http://dx.doi.org/10.5772/intechopen.96387

Conflict of interest

The authors have no conflict of interest to declare.

Acronyms and abbreviations

RONS Reactive Oxygen and Nitrogen Species
DDS Drug delivery system

GDS Gene delivery system

CTX Chemotherapy

ECT Electrochemotherapy

RT Radiotherapy

PDT Photodynamic Therapy
HT Hyperthermia

uv Ultraviolet

NPs Nanoparticles

miRNA microRNA

shRNA Short Hairpin RNA

AONS Antisense Oligonucleotides
siRNA Small interfering RNA

Tf Transferrin

R8 Octaarginine

DOX Doxorubicin

HA Hyaluronic acid

CIS-pARG-HA NPs
PIPAC

Cisplatin-loaded polyarginine-HA NPs
Pressurized Intraperitoneal Aerosol Chemotherapy

FRa Folate Receptor a

FA Folic Acid

NE Nanoemulsion

DTX Docetaxel

TQR Tariquidar

pHSL pH-Sensitive Liposome

CHEMS Cholesteryl Hemisuccinate

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
MNPs Magnetic NPs

ETB Erlotinib

MRI Magnetic Resonance Image
GO-PVP-NPs Polyvinylpyrrolidone functionalized Graphene Oxide NPs
CB Cubosomes

EGFR Growth Factor Receptor

PROC Platinum-Resistant Ovarian Cancer
Wtmn Wortmannin

CIS Cisplatin

NDCs NP-Drug Conjugates

ADCs Antibody-Drug Conjugates

MMAE Monomethyl Auristatin E

GEM Gemcitabine

PEI-g-PCL-b-PEG-FA

Polyethylenimine-graft-polycaprolactone-block-
poly(ethyleneglycol) modified FA

EOC Epithelial Ovarian Cancer
p70S6K p70 S6 kinase
KSP Kinesin Spindle Protein
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gro-o Growth-Regulated Oncogene a

miRs Micro RNAs

PTX Paclitaxel

FAK Focal Adhesion Kinase

MDR Multidrug Resistance

DBD Dielectric Barrier Discharge

PBS Phosphate-buffered saline

HOCI Hypochlorous acid

NEAPP Nonequilibrium atmospheric pressure plasma
ROS Reactive Oxygen Species

PA-RL Plasma-Activated Ringer’s Lactate solution
GCs Granulosa Cells

CAR Carboplatin

PAM Plasma Activated Medium

NEAPP-AM NEAPP-Activated Medium

P Intraperitoneal

CcccC Clear Cell Carcinoma

EOC Epithelial Ovarian Cancer

OHFC Omentum Derived Human Fibroblastic Cells
HPMC Human Peritoneal Mesothelial Cells

EMT Epithelial-to-Mesenchymal Transition
TGF-p1 Transforming Growth Factor-p1

PIR Proliferation Inhibition Rate
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Chapter 12

The Anti-Cancer Effects of
Anti-Parasite Drug Ivermectin
in Ovarian Cancer

Xianquan Zhan and Na Li

Abstract

Ivermectin is an old, common, and classic anti-parasite drug, which has been
found to have a broad-spectrum anti-cancer effect on multiple human cancers. This
chapter will focus on the anti-cancer effects of ivermectin on ovarian cancer. First,
ivermectin was found to suppress cell proliferation and growth, block cell cycle
progression, and promote cell apoptosis in ovarian cancer. Second, drug pathway
network, qRT-PCR, and immunoaffinity blot analyses found that ivermectin acts
through molecular networks to target the key molecules in energy metabolism
pathways, including PFKP in glycolysis, IDH2 and IDH3B in Kreb’s cycle, ND2,
ND5, CYTB, and UQCRH in oxidative phosphorylation, and MCT1 and MCT4 in
lactate shuttle, to inhibit ovarian cancer growth. Third, the integrative analysis of
TCGA transcriptomics and mitochondrial proteomics in ovarian cancer revealed
that 16 survival-related IncRNAs were mediated by ivermectin, SILAC quantitative
proteomics analysis revealed that ivermectin extensively inhibited the expressions
of RNA-binding protein EIF4A3 and 116 EIF4A3-interacted genes including those
key molecules in energy metabolism pathways, and also those IncRNAs regulated
EIF4A3-mRNA axes. Thus, ivermectin mediated IncRNA-EIF4A3-mRNA axes in
ovarian cancer to exert its anticancer capability. Further, lasso regression identified
the prognostic model of ivermectin-related three-IncRNA signature (ZNRF3-AS1,
SOS1-IT1, and LINC00565), which is significantly associated with overall survival
and clinicopathologic characteristics in ovarian cancer patients. These ivermectin-
related molecular pattern alterations benefit for prognostic assessment and person-
alized drug therapy toward 3P medicine practice in ovarian cancer.

Keywords: ovarian cancer, ivermectin, anti-cancer effect, therapeutic targets,
prognostic assessment, biomarker, predictive preventive personalized medicine

1. Introduction

Ivermectin is chemically derived from avermectin that was discovered and
isolated from soil in Jan by Omura in 1973 [1]. It was approved by Federal Drug
Administration (FDA) to use for anti-parasite drug in 1987, which has significantly
improved global public health as an antiparasite medicine [2]. In 2015, its discovers
Drs. Omura and Campbell earned the Nobel Prize in physiology or medicine [2].
Recent years, many studies have demonstrated that ivermectin has extensive roles
in anti-bacteria, anti-virus, and anticancer, except for its anti-parasite effects [3-5].
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Its anticancer effect has been shown by many iz vitro and in vivo experiments in
multiple cancers, including ovarian cancer, breast cancer, triple-negative breast
cancer, cervical cancer, lung cancer, gastric cancer, colon cancer, glioblastoma,
melanoma, and leukemia [4, 6], with a wide safe and clinically reachable drug
concentration of anticancer according to its pharmacokinetic range in treatment of
a parasite-infected patient [7]. It offers a promising opportunity to develop a new
anticancer drug via drug repositioning of this existing compound with confirmed
clinical safety [8].

Ovarian cancer, a very common cancer with high mortality and poor survival in
women [9, 10], are involved in multiple signaling pathway network changes
[11, 12]. Many intracellular molecules and signaling pathways would be the targets
of ivermectin [13]. Ivermectin have shown a potential addition role for ovarian
cancer treatment. For example, ivermectin can improve the chemosensitivity of
overran cancer via targeting Akt/mTOR signaling pathway [14], and can inhibit
PAK1-dependent growth of ovarian cancer cells via blocking the oncogenic kinase
PAK1 [15]. Ivermectin also acts as a PAK1 inhibitor to induce autophagy in breast
cancer [16]. Ivermectin can enhance p53 expression and cytochrome C release, and
reduce the expression levels of CDK2, CDK4, CDK®6, Bcl-2, cyclin E, and cyclin D1
in glioblastoma, those promoted the cancer cell apoptosis [17]. Ivermectin can
inhibit cancer cell proliferation via decreasing YAP1 protein expression in the Hippo
pathway [18]. Ivermectin represses WNT-TCF pathway in WNT-TCF-dependent
disease [19]. Ivermectin can promote TFE3 (Ser321) dephosphorylation to block the
binding between TFE3 and 14-3-3, and induce TFE3 accumulation in the nucleus of
human melanoma cells [20]. Moreover, ivermectin also affects other signaling
pathway network in human cancers, including oxidative stress, mitochondrial dys-
function, angiogenesis, epithelial-mesenchymal transition, drug resistance, and
stemness in tumor [6]. Thereby, ivermectin demonstrates the potential therapeutic
efficiency in multiple malignant tumors.

This book chapter discussed the anti-cancer effects of ivermectin on ovarian
cancer in the following aspects: (i) ivermectin inhibited cell proliferation and
growth, blocked cell cycle progression, and promoted cell apoptosis in ovarian
cancer [4, 21]; (ii) ivermectin inhibited ovarian cancer growth through molecular
networks to target the key molecules in energy metabolism pathways, including
glycolysis, Kreb’s cycle, oxidative phosphorylation, and lactate shuttle pathways
[21]; (iii) Integrated omics revealed that ivermectin mediated IncRNA-EIF4A3-
mRNA axes in ovarian cancer to exert its anticancer capability [4, 13]; and (iv) lasso
regression identified the prognostic model of ivermectin-related three-IncRNA sig-
nature (ZNRF3-AS1, SOS1-IT1, and LINC00565) that is significantly related to
overall survival and clinicopathologic characteristics of ovarian cancers [4].

2. Methods
2.1 Ovarian cancer cell biological behaviors affected by ivermectin

The normal ovarian cells IOSE80 and ovarian cancer cells TOV-21 and SKOV3
were treated with ivermectin to measure ivermectin-mediated ovarian cancer cell
biological behavior changes. (i) IOSE80, TOV-21G, and SKOV3 were treated with
ivermectin (0-60 pM) for 24 h, followed by the use of CCK8 to measure the IC50 of
ivermectin in each cell. (ii) TOV-21G and SKOV3 were treated with ivermectin
(0 pM, 10 pM, 20 pM, and 30 uM) for 24 h, followed by the use of EdU assay to
measure DNA synthesis in each cell. (iii) TOV-21G and SKOV3 were treated with
ivermectin (0 pM, 10 uM, 20 pM, and 30 uM) for 48 h, followed by clonogenic
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assay to measure the in vitro effects of ivermectin in each cell. (iv)TOV-21G and
SKOV3 were treated with ivermectin (0 pM, 10 pM, 20 pM, and 30 pM) for 24 h,
followed by flow cytometry to measure cell cycle and cell apoptosis changes in each
cell. (v) When A2780 and TOV-21G seeded in 6-well plates were grown to approx-
imately 90% confluency, followed by the use of 10-pl pipette tip to make an
artificial wound, and then treated with ivermectin (0 pM, 10 pM, 20 pM, and

30 pM) for 24 h, and measure the wound healing. The relative percentage of wound
healing = (the width of wound at 0 h — the width of wound at 24 h)/the width of
wound at 0 h. The detailed procedure was described previously [4, 21].

2.2 Ivermectin-mediated pathway network predicted by ingenuity pathway
analysis

The classical pathway network analysis software, Ingenuity Pathway Analysis
(IPA) (http://www.ingenuity.com) [5] was used to predict ivermectin-related
potential target molecules in three energy metabolism pathways. For this analysis,
ivermectin and target genes in three energy metabolism pathways are all input into
the IPA tool. The detailed procedure was described previously [21]. The predicted
ivermectin-mediated targets in energy metabolism pathways were the basis for
further experiment verification.

2.3 Ivermectin-mediated target molecule changes in energy metabolism
pathways verified at the mRNA and protein levels

TOV-21G and SKOV3 were treated with ivermectin (0 pM, 10 pM, 20 pM, and
30 pM) for 24 h, and 48 h. At the 24 h time point, the RNAs were extracted for
quantitative real-time PCR (qRT-PCR) analysis to measure the mRNA expression of
target molecules (CS, PDHB, IDH2, IDH3A, IDH3B, PFKP, PKM, MCT1, MCT4,
OGDHL, ND2, ND5, CYTB, and UQCRH) in energy metabolism pathways. At the
48 h time point, the proteins were extracted for Western blot analysis to measure
the protein expression of target molecules (CS, PDHB, IDH2, IDH3A, IDH3B,
PFKP, PKM, MCT1, MCT4, OGDHL, ND2, ND5, CYTB, and UQCRH) in energy
metabolism pathways. The detailed procedure was described previously [21].

2.4 Ivermectin-mediated proteome changes in ovarian cancer identified by
SILAC-based quantitative proteomics

SILAC (stable isotope labeling with amino acids in cell culture)-based quantita-
tive proteomics was used to identified differentially expressed proteins in ovarian
cancer TOV-21G treated with and without 20 pM ivermectin [13]. The identified
differentially expressed proteins were used for molecular network and signaling
pathway analyses to obtain ivermectin-related signaling pathway networks [13].
The detailed procedure was described previously [13].

2.5 Transcriptomics and clinical data of ovarian cancer patients extracted from
TCGA database

Level 3 RNA-seq V2 transcriptomics data of 411 OC patients were extracted
from The Cancer Genome Atlas (TCGA) data portal (http://cancergenome.nih.gov/)
with the corresponding clinical data, including cancer status (with tumor or
tumor-free), clinical stage (stages IIA, IIB, IIC, IIIA, IIIB, IIIC, and IV), neoplasm
histologic grade (G1, G2, G3, G4, and GX), anatomic neoplasm subdivision (right,
left, and bilateral), age at initial pathologic diagnosis (aged from 30 to 87),
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lymphatic invasion (yes/no), primary therapy outcome success (complete remis-
sion/response, partial remission/response, progressive disease, and stable disease),
additional radiation therapy (yes/no), survival time (days), tumor residual disease
(no macroscopic disease, 1-10 mm, 11-20 mm, and > 20 mm), survival status

(0 = alive, and 1 = dead), and PANCAN (Pan-Cancer Atlas). TANRIC
(http://ibl.mdanderson.org/tanric/design/basic/index.html) was used for survival
analysis of IncRNAs in ovarian cancer. The large-scale CLIP-Seq data with starBasev
2.0 (http://starbase.sysu.edu.cn/mirCircRNA.php) was used to predict the EIF4A3-
binding mRNAs. The Kaplan-Meier method relative to the log-rank test was used
for survival analysis of mRNAs in ovarian cancers. Statistical significance was set as
p value <0.05. GenCLiP 3 (http://ci.smu.edu.cn/genclip3/analysis.php) was used
for pathway enrichment analysis of the association of EIF4A3-binding mRNAs and
patient survival rates. The detailed procedure was described previously [4].

2.6 Ivermectin-related IncRNAs verified with qRT-PCR

TRizol® Reagent (Invitrogen, CA, USA) was used to extract total RNAs of cells
TOV?21G and A2780 treated with different concentration of ivermectin (0 uM,
10 pM, 20 pM, and 30 uM). The extracted total RNAs was reversely transcribed into
cDNAs for qRT-PCR analysis of each IncRNA expression, including KIF9-AS1,
HCG15, PDCD4-AS1, ZNRF3-AS1, ZNF674-AS1, LINC00565, SOS1-IT1, WWTR1-
AS1, PLCH1-AS1, LINC00517, SNHG3, STARD13-IT1, AL109767.1, HOXC-AS3,
LEMD1-AS1, and LBX2-AS1. Beta-actin was set as internal control for gqRT-PCR
analysis. The detailed procedure was described previously [4].

2.7 LncRNA-based prognostic signature optimized with lasso regression for
ovarian cancers

Lasso regression means least absolute shrinkage and selection operator regres-
sion, which was used to optimize and construct IncRNA-based prognostic signature,
and the glmnet R package was used to measure the association between survival risk
and IncRNA signature in ovarian cancers. Moreover, univariate and multivariate
Cox regression, and Kaplan-Meier method were used to identify overall survival-
related clinical characteristics described above in ovarian cancers to confirm the
established IncRNA-based prognostic model. The detailed procedure was described
previously [4].

2.8 Statistical significance

Benjamini-Hochberg (FDR) for multiple testing was used to correct the p values
of IPA, GO, and KEGG analyses. Student’s t test was used for qRT-PCR and western
blot data (p < 0.05) with data expression of mean + SD (n = 3).
3. Results and discussion
3.1 Effects of ivermectin on biological behaviors of ovarian cancers

First, CCK8 experiments were used to measure cell proliferation changes
between ovarian cancer cells (SKOV3; TOV-21G) and control cells (IOSE80),
treated with and without ivermectin (Figure 1). Each type of cells was significantly

inhibited by ivermectin with a dose-dependent relationship. The IC50 (half maxi-
mal inhibitory concentration) was 29.46 uM for IOSE80 cells, 20.85 pM for SKOV3,
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Figure 1.

Ivermectin suppressed ovarian cancer cell proliferation in vitro, measured with CCK8 (A-C), EAU (D-F), and
clonogenic experiments (G, H). Reproduced from Li et al. [21], with copyright permission from nature springer
publisher, copyright 2020.

and 22.54 pM for TOV-21G (Figure 1A). The IC50 of ovarian cancers were signifi-
cantly lower than the normal controls. Further, 20 uM ivermectin - slightly lower
than IC50 - can effectively inhibit ovarian cancer proliferation (Figure 1B and C)
[21]. For in vivo human trial, the highest FDA-approved ivermectin dose was

200 pg/kg for human use in anti-parasite; however, a study on 68 human subjects
found that the dose up to 2,000 pg/kg still worked well without CNS toxicity. The
mean area under the curve ratios for the 30 and 60 mg doses were 1.24 and 1.40,
indicating a minimal accumulation of ivermectin [5, 22]. These data demonstrate
that ivermectin was a well-tolerated safe drug. Second, EAU cell proliferation
experiments also confirmed that ivermectin significantly suppressed cell prolifera-
tion of ovarian cancers with a time-dependent relationship (Figure 1D-F) [21].
Third, Clonogenic survival experiments confirmed that ivermectin effectively
inhibited the formation of cell clones with a time-dependent relationship

(Figure 1G-H) [21]. Moreover, 10 pM ivermectin cannot effectively inhibit cell
proliferation of ovarian cancers, 30 pM ivermectin caused cell death of ovarian
cancers, and 20 pM ivermectin was a suitable dose to significantly suppress growth
and proliferation of ovarian cancer cells.

3.2 Effects of ivermectin on cell cycle and apoptosis in ovarian cancers

Flow cytometry was used to measure cell cycle and apoptosis of ovarian cancer
cells treated with and without ivermectin (Figure 2) [21]. First, the cell proportion
was significantly increased in GO/G phase, decreased in S phase, and no change in
G2/M phase in the high concentration (20- and 30-pM) compared to the low
concentration (0- and 10-pM) of ivermectin groups (Figure 2A-C). Second, com-
pared to control group, the proportion of apoptosis cells was significantly increased
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Figure 2.
Ivermectin blocked cell cycle progression (A, B, C) and promoted cell apoptosis (D, E) of ovarian cancer cells.
Reproduced from Li et al. [21], with copyright permission from nature springer publisher, copyright 2020.

in different concentration of ivermectin groups, with a dose-dependent relationship
(Figure 2D and E).

3.3 Effect of ivermectin on cell migration in ovarian cancers

Wound healing experiment was used to test the effect of ivermectin on cell
migration of ovarian cancer cells. The results showed that cell migration was sig-
nificantly inhibited in cells A2780 and TOV-21G after treatment of 20 pM and
30 uM ivermectin (Figure 3) [4].

3.4 Pharmaceutic molecular network predicted the association of ivermectin
with ROS and energy metabolism

Ingenuity Pathway Analysis (IPA) was used for pharmaceutic molecular net-
work analysis of ivermectin. The results showed that ivermectin was significantly
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Figure 3.

Ivermectin inhibited cell migration of ovarian cancer cells TOV-21G relative to control cells A2780, analyzed
with wound healing experiments. Reproduced from Li et al. [4], with copyright permission from nature springer
publisher, copyright 2020.

associated with reactive oxygen species (ROS) and energy metabolism pathways,
including pyruvate kinase muscle (PKM), oxoglutarate dehydrogenase L
(OGDHL), mitochondrially encoded NADH dehydrogenase 2 (ND2),
mitochondrially encoded NADH dehydrogenase 5 (ND5), CytB, and ubiquinolcy-
tochrome c reductase hinge protein (UQCRH) (Figure 4) [21]. Moreover, iver-
mectin directly regulated Rbp, CYP3A4, P2RX7, ABCB1, GLRB, ABCG2, P2RX4, P
glycoprotein, Abcb1b, strychnine, cytokine, and insulin; and indirectly regulated
TNF, APP, MAPK1, ERK1/2, MAPK3, MAPK13, ROS, NFKBIA, testosterone, and
STATS3 [21].

3.5 SILAC quantitative proteomics revealed the effects of ivermectin on key
proteins in energy metabolism pathways in ovarian cancer cells

SILAC quantitative proteomics was used to detect, identify, and quantify the
key protein alterations in energy metabolic pathways in ovarian cancer cells treated
with (SILAC: H) and without (SILAC: L) 20 pM ivermectin for 24 h (Table 1) [21].
This study found that ivermectin significantly reduced (i) the expression levels of
glycolysis-related enzymes, including ADH5, ENO1, GPI, GAPDH, LDHA, LDHB,
PFKP, and PKM; (ii) the Kreb’s cycle-related enzymes, including ACON, PCK2,
PDHB, MDH2, CS, IDH2, IDH3A, IDH3B, SUCLG2, and OGDHL,; (iii) the
OXPHOS-related enzymes, including CYTB, UQCRH, COX17, COX1, COX6C,
COX4I1, COX2, COX7A2L, COX7A2, ATP6VOC, and ATP6; and (iv) the lactate
shuttle proteins MCT1 and MCT4, in ovarian cancer cells.

3.6 RT-qPCR and Western blot confirmed the effects of ivermectin on the key
molecules in energy metabolism pathways at the mRNA and protein levels

RT-qPCR analysis confirmed the mRNA expression alterations of key molecules
in energy metabolism pathways in ovarian cancer cells treated with ivermectin
(0 pM, 10 pM, 20 pM, and 30 uM) (Figure 5), and further western blot analysis
confirmed the protein expression alterations of those corresponding key molecules
(Figure 6) [21]. These key molecules included PFKP, and PKM in glycolysis path-
way, PDHB, CS, IDH2, IDH3A, IDH3B, and OGDHL in Kreb’s cycle pathway, ND2,
ND5, CYTB, and UQCRH in oxidative phosphorylation pathway, MCT1, and MCT4
in lactate shuttle. These results clearly showed that ivermectin regulated energy
metabolism pathways in ovarian cancer cells.
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Pharmaceutic molecular network predicted the associations of ivermectin with reactive oxygen species (ROS) and
energy metabolism pathways (A) Disease and functional analysis of ivermectin based on IPA database (B-G).
The association of ivermectin with PKM (B), OGDHL (C), ND2 (D), UQCRH (E), ND5 (F), and CYTB (G).
Reproduced from Li et al. [21], with copyright permission from nature springer publisher, copyright 2020.

3.7 Ivermectin regulated IncRNA-EIF4A3-mRNA axis in ovarian cancer cells

Our quantitative mitochondrial proteomics data identified 1198 differentially
mitochondrial proteins (mtDEPs) in human ovarian cancer tissues relative to con-
trol ovary tissues [11, 23]. Six RNA-binding proteins among those 1198 mtDEPs
were identified, including EIF4A3, SFRS1, IGF2BP2, UPF1, C220RF28, and
EWSR1. Of them, only EIF4A3 was predicted to bind to the mRNA of key molecules
in energy metabolism pathways. Further, Starbase predicted 3636 EIF4A3-biding
mRNAs in various cancer; and of them, 306 EIF4A3-binding mRNAs was associated
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Figure 5.

s P
RT-qPCR confirmed the effects of ivermectin on the mRNA expressions of key molecules in the energy
metabolism pathways in ovarian cancer cells (a-f). The effects of different concentration of ivermectin (o, 10,
20, and 30 uM) on mRNA expressions of PFKP, PKM, CS, PDHB, IDH2, IDH3A, IDH3B, OGDHL, ND5,
ND2, CYTB, UQCRH, MCT1, and MCT4.n = 3. "p < 0.05, *p < 0.01, ™p < 0.001. Reproduced from Li
et al. [21], with copyright permission from nature springer publisher, copyright 2020.
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with ovarian cancer survival rate. Among 306 EIF4A3-binding mRNAs, the protein
expressions of 116 EIF4A3-binding mRNAs and EIF4A3 were found to be inhibited
by ivermectin, identified by SILAC quantitative proteomics in ovarian cancer cells
treated with and without ivermectin (Table 2) [4].

Moreover, TCGA transcriptomics analysis found that 16 IncRNAs had binding
sites with EIF4A3 and associated with ovarian cancer survival rate, including
SNHG3, HCG15, PDCD4-AS1, KIF9-AS1, ZNRF3-AS1, ZNF674-AS1, LINC00565,
SOS1-IT1, WWTR1-AS1, PLCH1-AS1, LINC00517, STARD13-IT1, LEMD1-AS1,
AL109767.1, HOXC-AS3, and LBX2-AS1 [23]. Further, RT-qPCR analysis of these 16
IncRNA expressions in ovarian cancer cells treated with ivermectin (0 pM, 10 pM,
20 puM, and 30 pM) compared to control cells, which found 9 IncRNAs (PDCD4-
AS1, ZNRF3-AS1, HCG15, KIF9-AS1, LINC00565, ZNF674-AS1, AL109767.1, SOS1-
IT1, and LBX2-AS1) were significantly affected by ivermectin (Figure 7) [4].

These findings clearly demonstrated that ivermectin regulated IncRNA-EIF4A3-
mRNA axis in ovarian cancer cells, and these mRNAs included the key molecules in
energy metabolism pathways in ovarian cancer cells.

3.8 The prognostic model of ivermectin-related three-IncRNA signature for
ovarian cancers identified and optimized by lasso regression

Based on those nine ivermectin-mediated IncRNAs in ovarian cancers,
survival analysis and lasso regression were used to identify and optimize the
prognostic model of ivermectin-related three-IncRNA signature (ZNRF3-AS1,
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Figure 6.
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Western blot confirmed the effects of ivermectin on the protein expressions of key molecules in the energy

metabolism pathways in ovarian cancer cells. n = 3. *p < 0.05, ™p < 0.01, ™p < 0.001. Reproduced from Li

et al. [21], with copyright permission from nature springer publisher, copyright 2020.

SOS1-IT1, and LINC00565) (Figure 8) [4]. This prognostic model was significantly
related to overall survival and clinicopathologic characteristics in ovarian cancer
patients [4], which might benefit for prognostic assessment and personalized drug
therapy toward 3P medicine practice in ovarian cancer.
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Figure 7.
RT-qPCR analysis revealed the effects of ivermectin on IncRNAs in ovarian cancers relative to control cells.
Reproduced from Li et al. [4], with copyright permission from nature springer publisher, copyright 2020.
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Figure 8.

La%_:) regression identified and optimized the prognostic model of ivermectin-velated three-lncRNA signature in
ovarian cancers. (A and B). Lasso regression complexity is controlled by lambda using the glmnet R package.
(C). Overall survival analysis of three-IncRNA signature between high-visk and low-risk groups. Reproduced
from Li et al. [4], with copyright permission from nature springer publisher, copyright 2020.

4, Conclusions

Ivermectin, as an old, common, and classic anti-parasite drug, has demonstrated
its effective in vitro anti-cancer efficiency for ovarian cancer. Ivermectin significantly
inhibited cell proliferation, growth and migration, blocked cell cycle progression,
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and promoted cell apoptosis of human ovarian cancer cells. Drug pathway network
analysis of ivermectin revealed that it was significantly related to the key molecules of
four energy metabolism pathways, and RT-qPCR and immunoaffinity blot analyses
found that ivermectin significantly regulated these key molecules for those energy
metabolism pathways, including PFKP in glycolysis, IDH2 and IDH3B in Kreb’s cycle,
ND2, ND5, CYTB, and UQCRH in oxidative phosphorylation, and MCT1 and MCT4
in lactate shuttle. The integrative analysis of TCGA transcriptomics and mitochondrial
proteomics in ovarian cancer revealed that 16 survival-related IncRNAs were medi-
ated by ivermectin, which were further confirmed with RT-qPRC in human ovarian
cancer cells. SILAC quantitative proteomics analysis revealed that the expressions of
RNA-binding protein EIF4A3 and 116 EIF4A3-interacted genes were extensively
inhibited by ivermectin. Those 116 EIF4A3-interacted proteins included those key
molecules in four energy metabolism pathways, and those IncRNAs regulated
EIF4A3-mRNA axes. Thus, ivermectin mediated IncRNA-EIF4A3-mRNA axes in
ovarian cancer to exert its anticancer activities. Moreover, lasso regression identified
the prognostic model of ivermectin-related three-IncRNA signature (ZNRF3-AS]1,
SOS1-IT1, and LINCO00565), which was significantly associated with overall survival
and clinicopathologic characteristics of ovarian cancer patients. These ivermectin-
related molecular pattern alterations benefit for prognostic assessment and personal-
ized drug therapy in the context of 3P medicine practice in ovarian cancer.

Moreover, one must realize that these achieved data about the anti-cancer
activities of ivermectin in ovarian cancers are derived from the iz vitro cell models.
It is necessary to expand it into the iz vivo animal experiments and pre-clinical and
clinical experiments for its real application in ovarian cancers.
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Abstract

Early diagnosis and intervention are some of the longstanding challenges associated
with ovarian cancer, which is the leading cause of gynecologic cancer mortality. While
the majority of patients who present with advanced stage disease at time of diagnosis
will initially respond to traditional combination platinum and taxane-based chemo-
therapy in conjunction with cytoreductive surgery, approximately 70% will ultimately
recur due to chemoresistance within the first two years. Intratumor heterogeneity is
proposed to be a leading factor in the development of chemoresistance and resultant
poorer outcomes for those with recurrent or advanced stage disease. Both inherent and
acquired mechanisms of chemoresistance are postulated to be a result of alterations
in gene expression, also known as epigenetic modifications. Therefore, epigenetic ther-
apy is a pivotal avenue which allows for reversal of chemoresistance in cancer through
the targeting of aberrant mutations. In this chapter, we discuss how these epigenetic
modifications prove to be promising targets in cancer therapy leading to heightened
drug sensitivity and improved patient survival outcomes.

Keywords: cancer therapy, epigenetics, histone deacetylase inhibitors (HDACis),
DNA methyltransferase inhibitors (DNMTis), tumor microenvironment

1. Introduction
1.1 Chemoresistance causes failure of classic ovarian cancer treatment

Ovarian cancer, similar to other malignancies, is characterized by molecular
changes in cells which result in unregulated proliferation and spread to other organs
[1]. Normal regulatory processes are disrupted and therefore aberrant cells are able
to bypass checkpoints and lead to widespread metastatic potential [2]. Malignant
ovarian neoplasms contribute to the highest mortality rates among women with
gynecologic cancers [3]. Among them, high grade serous histologic subtypes are the
most aggressive with an estimated 21,410 new cases and 13,770 ovarian cancer deaths
in the United States in 2021 according to the American Cancer Society [4]. Due to
limited feasibility of screening modalities in low risk patients and vague generalized
symptoms, many patients are diagnosed at advanced stages contributing to a higher
rate of treatment failures and poorer prognosis [5]. Traditional initial therapy consists
of a combination of cytoreductive surgical management and platinum/taxane based
chemotherapy [6]. The recommended surgical procedure includes a total hysterec-
tomy with removal of bilateral fallopian tubes and ovaries, lymph node evaluation
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as well as evaluation and removal of all visible disease along the omentum and any
peritoneal surfaces with full exploration of the abdomen and pelvis [7]. Despite the
frequent initial success with the aforementioned approach, approximately 70% of
patients develop recurrent disease either secondary to intrinsic or extrinsic causes of
chemoresistance [8, 9]. Once the tumor is able to evade standard therapy, treatment
options then become limited and the disease process is incurable [10]. As a result,
chemoresistance is one of the leading causes of mortality among advanced stage and
recurrent ovarian cancer patients. Multiple mechanisms are responsible for inducing
chemoresistance, and a better understanding of these processes may lead to better
treatment outcomes for patients with progressive disease [11].

1.2 Histologic subtypes and tumorigenesis

Ovarian cancer can arise from several different cell types including epithelial,
germ cell and mesenchymal (stromal) origins. These histological classifications
vary widely with regard to treatment options and prognosis likely secondary to
unique molecular and biologic features among each subtype [12, 13]. Epithelial
ovarian cancer (EOC) accounts for 90% of ovarian cancer and can be subdivided
into high grade serous, low grade serous, endometrioid, clear cell, mucinous, tran-
sitional cell, among several other subtypes with over two-thirds comprising high
grade serous histology [14, 15]. Among high grade serous lesions, p53 mutations are
typically omnipresent as well as other important germline and somatic mutations
(BRCA 1, BRCA 2, and additional homologous recombinant genes), and tend to
lead to more favorable treatment outcomes [16]. Although these gene mutations
may induce chemoresistant disease, it is predominantly epimutations and their
associated changes in gene expression which are thought to drive tumorigenesis. As
chemoresistance may be innate or acquired even after an initial positive response to
platinum therapy, it is plausible that genes involved in epigenetic reprogramming
are controlled by specific transcription factors, and therefore may serve as a poten-
tial target for treatment [17, 18].

As with most malignancies, the staging of ovarian cancer and concurrent
optimal cytoreduction plays a pertinent role in determining prognosis [19]. Ovarian
neoplasms are staged surgically and according to the International Federation of
Gynecology and Obstetrics (FIGO) classification. The 5-year overall survival rate
differs significantly between early and advanced stage disease at 90% for Stage I
disease and approximately 15-40% for Stage III/IV disease [20]. As most ovarian
cancers are diagnosed in advanced stages, an individual’s response to standard
platinum chemotherapeutic agents becomes a major prognosticator in determining
outcomes [21, 22].

1.3 Can epigenetic therapy overcome ovarian cancer chemoresistance?

The mainstay approach to treatment of high grade serous carcinomas is with a
platinum based chemotherapeutic agent whereas other histologic subtypes prove
to be more chemoresistant [23]. As primary treatments involve a platinum and
taxane chemotherapeutic agent, an important predictor of progression free and
overall survival is the platinum-free interval [24]. Patients are classified as platinum
sensitive should disease recurrence occur greater than 6 months from completion
of therapy, platinum resistant if less than 6 months and refractory if progression
occurs through therapy [25]. This subclassification is imperative to predicting which
patients will likely recur after initial therapy and will require molecular analyses in
order to determine a more targeted treatment approach. Unfortunately, only 15% of
patients who develop chemoresistance respond to subsequent therapies and many
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ultimately will succumb to their disease within one year [26]. Multiple mechanisms
have been suggested for acquired chemoresistance such as mutations in the cancer
cells themselves, DNA repair failures as well as epigenetic changes [27-29].

For example, cancer stem cells (CSCs) which are capable of self-renewal,
differentiation and tumorigenicity have been indicated in the development of
platinum resistance disease [30, 31]. One particular study demonstrated upregu-
lated expression of stem cell markers CD44, CD133, and ALDH1A1 in recurrent
ovarian cancer in comparison to primary tumors [32]. DNA repair failures may
also occur in nucleotide excision, recombination, and mismatch repair pathways
enabling cancer cells to exploit repair mechanisms and therefore induce an acquired
chemoresistance [33]. Point of nonsense mutations in oncogenes such as Ras or
ERK signaling and/or DNA repair genes such as p53, PARP, BRCA 1 and 2 have been
evidenced to cause chemoresistance and subsequent failure in standard oncologic
treatments [34]. All in all, cancer renewal and heterogeneity are the main reasons
for the development of chemoresistance and subsequent failure in standard onco-
logic treatments [35].

Another important component includes epigenetic modifications which result in
silencing as well as activation of gene expression without DNA sequence alteration
[36]. The majority of cancers, including ovarian cancer, have aberrant epigenetic
modifications which result in the promotion of cancer growth, metastasis and
chemoresistance [37].

1.4 Epigenetics

The field of epigenetics has gained heightened interest in the field of oncol-
ogy over the years. This new concept of study was first described by Conrad
Waddington in 1942 where he demonstrated the inheritance of an acquired char-
acteristic in a particular population [38]. Although the definition has evolved over
the years, the overall essence of epigenetics involves the alterations in gene expres-
sion without modification of the DNA sequence itself [39]. In other words, these
aberrant changes are maintained through cell division without producing a change
in the overall genetic information [40]. As stated previously, epigenetic alterations
affect chromatin structure through a variety of mechanisms, altering patterns
of gene expression. Disruptions in these epigenetic processes can in turn lead to
altered gene function and further, malignant transformation through oncogene
activation or tumor suppressor gene silencing [41]. As human cancer cells harbor
aberrant epigenetic abnormalities, cancer progression is then enabled and mecha-
nisms of resistance develop, which creates an opportunity for targeted therapy
using epigenetic inhibitors.

Promoter hypermethylation silences crucial genes including but not limited
to p16, SPARC, CTGF, CDH1 and ICAM-1. Other genes involved in methylation
dysregulation include PTEN (seen in type 1 ovarian cancers), and those involved
with suppression of metastasis [42]. Several studies have utilized DNA methyla-
tion assays in order to identify potential epigenetic biomarkers in cell free DNA
for ovarian cancer in order to improve on early screening challenges [43-45]. This
method of identification and targeting of differentially methylated regions (DMRs)
has the potential to identify populations of at-risk patients for the development of
epithelial ovarian cancers.

Moreover, epigenetic agents have already proved effective in acting as chemother-
apy sensitizers by essentially improving or re-establishing tumor sensitivity as well
as reversing resistant disease in a multitude of studies [46-48]. Where patients may
ultimately be classified as platinum resistant, the use of epigenetic agents have the
potential to reinvoke a response to platinum agents with one study demonstrating
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a 35% objective response rate after administration of decitabine followed by carbo-
platin among platinum resistant ovarian cancer patients [48]. Therefore, current
research is concentrated on the development of treatment methodologies involving
the use of classic chemotherapy in combination or sequentially with epigenetic
regimens in order to overcome chemoresistance and improve outcomes.

2. Epigenetic aberrations in ovarian cancer
2.1 DNA methylation

One of the most common methods of epigenetic modulation is through DNA
methylation. Modification of cytosine residues in CpG dinucleotides or CpG islands
by methylation leads to transcriptional silencing in vertebrates, however, non-CpG
methylation has also been identified in stem cells [49]. Typically, small amounts of
CpG island promoters are methylated in normal cells, however, in the presence of
hypermethylation, tumorigenesis is often incited [50]. The particular enzymes that
are responsible for DNA methylation are DNA methyltransferases (DNMTs) which
include DNMT1, DNMT3A, DNMT3A, DNMT3B, and DNMT3C. These enzymes
are classified as either de novo or maintenance groups, of which de novo are more
specific to stem cell expression (DNMT3s) whereas DNTM1 is involved in mainte-
nance of DNA methylation during cell division [51].

Both DNA hypomethylation and gene promoter DNA hypermethylation are
major oncogenic driving factors. Specifically, hypermethylation of promoters on
tumor suppressor genes BRCA 1 and BRCA 2 lead to their silencing and subsequent
inactivation of DNA repair driving the development of malignancies such as breast
and ovarian cancers [51, 52]. However, the earliest methylation errors were of
reduced activity resulting in increased mutation rates. Notably, transcription of
repeats, transposable elements (TEs) and oncogenes occurred secondary to changes
from hypomethylation through the loss of DNMT1 function [41, 53].

2.2 Histone acetylation

DNA is packaged as chromatin which is composed of nucleosomes. In turn,
the nucleosome is comprised of histone proteins (H3, H4, H2A, H2B) which can
similarly undergo many modifications and affect DNA transcription, replication
and repair [54]. A “histone code” exists in order to regulate chromatin structure
through several different histone modifications, which can lead to either activa-
tion or repression dependent on the residues and type of modification such as
acetylation, ubiquitylation, sumoylation and phosphorylation [40, 55] (Figure1).
Dysregulation of any of these functions can lead to oncogenic activation or even the
silencing of tumor suppressor genes.

In comparison to DNA methylation, errors in chromatin modification in the
development of epithelial ovarian cancers is less understood but also pertinent. The
overexpression of class I histone deacetylases (HDACs) has been identified in sev-
eral cancers, with a prominent association identified in high risk ovarian of serous
and clear cell subtypes. In addition, an unfavorable prognostic correlation was seen
in patients with endometrioid histologies [56].

2.3 MicroRNA dysregulation

Along with histone modification and methylation dysregulation, cancer cells are
prone to errors in microRNA (miRNA) regulation. MiRNAs are small non-coding
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Figure 1.
The effect of histone acetylation and deacetylation on DNA transcription.

RNAs of 19-22 nucleotides in length which regulate the expression of certain genes
either through degradation or inhibition of target mRNA [57]. The expression of
epigenetic regulators (DNMTs and HDACs) are controlled by these miRNAs ina
feedback loop of which when dysregulated, can lead to carcinogenic potential [58].
Genome analysis reveals condensed areas of miRNAs in cancer-associated genomic
regions signifying that dysregulation of these particular areas could lead to aberrant
expression [59]. With regard to epithelial ovarian cancer development, the aberrant
expression of miRNAs can emulate oncogenic or tumor suppressor activity [60].
The overexpression of some types of miRNA as well as decreased activity of others
were more closely correlated with ovarian cancer cells in comparison to healthy
ovarian epithelial cells in several studies [61, 62], indicating another potential for
early diagnostic screening and opportunity for intervention.

3. The clinical application of epigenetic therapies
3.1 DNA methylation inhibitors (DNMTis)

DNA methylation inhibitors (DNMTis) are deoxycytosine analogs. DNMTis
prevent methyl group transfer by covalently binding to and trapping methyltrans-
ferases [63]. The simplest way to understand the effect of DNMTis is through their
effect on oncogenes and tumor suppressor genes [64]. BRCA1 and BRCA?2 are
oncogenes that when hypermethylated, can lead to a variety of cancers including
ovarian cancer [65]. In a similar way, demethylation of tumor suppressor genes
like p53, MLH1, H1C1, p16, E-cadherin and APC, can also play a role in the genetic
instability that leads to the development of ovarian cancer, its propagation and
chemoresistance [64]. Indeed, both demethylation and hypermethylation of the
genome have been associated with the development of platinum resistance in ovar-
ian cancer [64]. Consequently, DNMTis have been shown in preclinical models to
restore chemosensitivity and restore normal epigenetics [66].

The most commonly utilized DNA methyltransferase inhibitors are 5-azacti-
dine (AZA) and decitabine (5-aza-2deoxycytidine) [63]. Both were developed in
the 1960s for the treatment of hematologic malignancies and are currently FDA
approved for myelodysplastic syndromes. Both AZA and decitabine have demon-
strated some efficacy in clinical and pre-clinical ovarian cancer studies, however,
their dose-limiting myelotoxicity limits their practical use. As they can be toxic,
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other DNMTis are currently under investigation: zebularine, procaine epigallocate-
chin-3-gallate (EGCG) (from green tea extracts), and RG 108 [64].

3.2 Histone deacetylase inhibitors (HDACis)

Histone deacetylase inhibitors (HDACis) act by targeting the zinc ion required
for the catalytic function of the class I, I and IV HDACs [64]. The class III HDACs
are not zinc dependent and are not inhibited by any of the current HDACis. HDACis
are stratified by activity and chemical structure. There are pan-HDAC inhibi-
tors, which affect classes I, IT and IV, as well as class-specific inhibitors [67]. The
chemical structure of HDACis include: hydroxamic acids, cyclic tetrapeptides,
benzamides, and short-chain aliphatic acids [67]. They act on ovarian cancer in
the alteration of gene transcription and chromatin remodeling [64]. In doing so,
HDACis arrest cell growth, promote apoptosis, and inhibit angiogenesis [64].

The largest group of HDACis are the hydroxamic acids: vorinostat (suberanilo-
hydroxamic acid or SAHA), belinostat, and panobinostat, all of which are pan-
HDAC inhibitors FDA approved for hematologic malignancies [64]. Romidepsin,

a tetrapeptide, has specific activity against Class | HDAC and is currently FDA
approved for the treatment of cutaneous t-cell lymphoma [64]. Another HDACi in
this group is etinostat [64]. Valproic acid is a short-chain aliphatic acid and is overall
a weak HDACi with little clinical utility [64].

Since aberrant DNA methylation and histone acetylation contribute to the pro-
gression, metastasis and chemoresistance of high grade serous ovarian cancer, epigen-
etic drugs are thought to have the capability of reversing these effects (Figure 2).

3.3 Other epigenetic therapies

While DNMTis and HDACis have been more extensively studied, other
epigenetic therapies are on the horizon. These drugs target methylation and

DNMTI HDACi
D

Tumor suppressor genes

Cancer progression
Figure 2.

The Role of DNA methyltransferase inhibitors (DNMTis) and histone deacetylase inhibitors (HDACis) in
halting tumorigenesis.

240



Novel Indications of Epigenetic Therapy in Ovarian Cancer
DOI: http://dx.doi.org/10.5772/intechopen.98187

phosphorylation of the cancer genome. Examples are small molecule inhibitors tar-
geting the histone lysine methyltransferases EZH2 and inhibitors of bromodomain
proteins, BET inhibitors [64]. G9A is one such target. It is a histone methyltransfer-
ase that demethylates H3K9 and is detected in 71.6% of metastatic high grade serous
cancers [68]. JQ1 is an agent that targets the bromodomain and extraterminal (BET)
protein BRD4 [68]. In preclinical models, JQ1 has suppressed BRD4 and restored
cisplatin sensitivity in ovarian cancer [68]. Furthermore, JQ1 has been shown by
other researchers to synergize with PARP inhibitors in ovarian cancer cells that are
proficient in homologous recombination [68, 69]. These newer epigenetic therapies
hold promise, but still need further investigation.

3.4 Efficacy of different inhibitors

It is important to note that in pre-clinical models, epigenetic therapies are more
active against tumor cells, while normal cells appear to be resistant to their effects.
[64] Yet, this is a double-edge sword. Because epigenetic regulators have a broad
impact over the entire genome, there will be great anti-tumor effects, but also
unintended nonspecific consequences [68]. These nonspecific effects explain the
toxicities seen in the clinical trials done with epigenetic therapies.

4. Relevant clinical trials using epigenetic therapy in ovarian cancer
4.1 Success and failures

Clinical translation studies with epigenetic therapy have had mixed results,
but the most success with epigenetic therapy appears to be when it is used in
combination with other agents and at the lowest effective dose [64]. This was
discovered with one of the first epigenetic clinical trials in 2008, when the
Gynecologic Oncology Group learned that as a single agent, SAHA is not very
effective. They conducted a phase II study of vorinostat (SAHA) in the treatment
of 27 platinum resistant patients. While 9 of 27 patients had stabilization of their
disease, only 1 of 27 had a partial response and only 2 patients had a progression
free survival of greater than 6 months [70]. In 2013, Mendivil and colleagues
conducted a study where vorinostat was given in combination with paclitaxel
and carboplatin to 18 patients as upfront therapy. The investigators reported a
50 percent total response rate, however, the study was closed prematurely due to
safety concerns. Patients suffered grade 3 and 4 neutropenia. Additionally, three
bowel perforations effected closure of the study [71]. Matulonis et al. in 2015
conducted a phase 1 trial of platinum sensitive patients at their first recurrence
again using vorinostat. In this trial, vorinostat was given with gemcitabine and
carboplatin. This combination has also demonstrated some efficacy in the recur-
rent setting but had significant hematologic toxicity, namely, thrombocytopenia
and neutropenia [72].

Fu and colleagues used azacitidine (AZA) to re-sensitize 17 platinum resistant
patients to carboplatin in a phase Ib-II trial [73]. While the numbers were small, a
partial response was noted in 70 percent of patients with an overall response rate of
22 percent [73]. Notably, these investigators gave their patients 5 days of AZA prior
to carboplatin [73]. As it appears, epigenetic therapies may be most advantageous
when used to augment classic chemotherapy and even immunotherapy, as opposed
to being given in isolation or in combination with an existing regimen.

Oza and colleages recently conducted a larger study with 103 patients [74]. It
randomized patients to guadecitabine and carboplatin versus investigator’s choice
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(topotecan, pegylated liposomal doxorubicin, paclitaxel or gemcitabine) until
disease progression or unacceptable toxicity. Cross-over was allowed from the stan-
dard arm to the experimental arm and 27 patients crossed-over. The combination

of guadecitabine and carboplatin was found to be effective, however the median
progression free survival of 16 weeks when compared to the 9 weeks in the standard
treatment arm was not found to be statistically significant [74].

4.2 The administration of epigenetic therapy — better together?

One approach to utilizing epigenetic therapy effectively up front is in alternating
treatments of classic chemotherapy and epigenetic therapy. This method was found
to be effective and less toxic in clinical translational studies [73, 74]. Sequential
administration of classic chemotherapy and epigenetic drugs not only suppresses
ovarian cancer growth iz vitro, but also spares toxicity to normal cells and preserves
the healing ability of stem cells [75]. Furthermore, chemotherapy and epigenetic
therapy act synergistically allowing smaller doses of both to be administered. In
turn, this decreases the toxicity of both chemotherapy and epigenetic therapy [69].
This methodology has yet to be broadly adopted in clinical trials involving epigen-
etic therapy.

For recurrent disease, epigenetic therapy may have utility. Epigenetic therapy
restores platinum sensitivity as both hypermethylation and histone modifica-
tion contribute to chemoresistance, reversing these epigenetic changes, should
reverse the chemoresistance [64]. This has been borne out in the literature as
less than 10 percent of platinum resistant patients would be expected to respond
to platinum again, yet pretreatment with AZA yields a 22 percent response and
decitabine, a 35 percent response [64]. Taxol resistance has not been as heavily
explored in the literature as platinum resistance, however, epigenetic therapy,
may re-sensitize ovarian cancer to paclitaxel as it does cisplatin. In one preclini-
cal study, the HDACi panobinostat was used to re-sensitize ovarian cancer cell
lines that had become resistant to paclitaxel [76]. These researchers were further
able to demonstrate that when human ovarian cancer xenografts were implanted
in a murine model, panobinostat in combination with cisplatin and paclitaxel
was superior in efficacy to cisplatin-paclitaxel or panobinostat alone [76]. Thus,
epigenetics may possibly be used upfront to “prime” or increase the efficacy of
classic chemotherapy. Additionally, they may be sequenced in between classic
chemotherapy and again when patients recur to re-sensitize them to platinum
and taxol agents.

5. Future directions in improving patents care outcomes
5.1 Epigenetics and immunotherapy

There is biologic plausibility that epigenetic therapies can prime tumors for a
better response to immunotherapy and turn “cold” tumors into “hot” ones [68]. For
example, in one murine model, the combination of decitabine and anti-CTLA-4 sig-
nificantly shrunk tumors and prolonged survival as compared to either agent alone
[77]. There is additional preclinical data suggesting that AZA can upregulate T-cells
in murine models [78]. Additionally, two clinical trials are currently underway. The
results from one study of 75 patients are expected in March 2022 (NCT03206047).
Its investigators are looking at AZA and atezolizumab with or without the anti-
NY-ESO-1 vaccine (a biologic agent) in women with recurrent platinum resistant
ovarian cancer. The other study is looking at guadecitabine with pembrolizumab for
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recurrent ovarian cancer (NCT02901899). Thirty-five patients have been enrolled
in this latter study and results are expected in March 2022.

5.2 Epigenetics and precision medicine

The heterogeneity of ovarian cancer is such that no two tumors are alike,
however, tumors expressing similar genetic profiles, have been shown to respond
to agents targeting their specific genetics. Recent clinical trials indicate that ovarian
cancer patients with homologous recombination deficiency, for example, respond
well to PARP inhibition [79, 80]. Newer epigenetic therapies like BET inhibitors,
have the ability enhance PARP inhibition [69]. Another clinical challenge in ovarian
cancer is the ARID1A mutation. Ovarian cancers with this mutation are associated
with late-stage disease at diagnosis and early recurrence [81]. Roughly 50 percent of
clear cell carcinomas, which are notoriously chemoresistant, harbor this mutation.
In one murine model, the HDACi vorinostat was found to be highly effective against
ARID1A mutated ovarian cancer [81]. Thus, epigenetics may help further precision
medicine and the targeting of actionable mutations.

6. Conclusion

Platinum resistant and recurrent ovarian cancer patients have very little in the
way of highly effective treatment. Chemotherapy may be effective for a period of
months or a few years for these patients, but it is rarely if ever curable. Epigenetic
therapies hold promise, especially in conjunction with other mechanisms, like
PARP inhibitors and immunotherapy, but the timing, dosing and patient selection
must be fine-tuned before they can enter the mainstream of treatment for ovar-
ian cancer.
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