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ABSTRACT

Rates of young cancer survivors have improved in recent years owing to
novel treatments. This success, however, creates an increasing problem: long-
term side effects of chemotherapy such as infertility. It is controversial whether
c-Abl is essential for oocyte apoptosis and its inhibition with imatinib prevents
chemotherapy-induced oocyte damage in mice. As no human data is available,
this thesis aimed to explore the mechanism triggered by chemotherapy and the
role of c-Abl in TAp63-mediated DNA damage-induced oocytes apoptosis.

Ovarian damage was induced with cisplatin in human ovaries which were
either xenografted to mice or in vitro cultured. Human immature oocytes,
primary granulosa cells, and two different granulosa cell lines were also
included. Cisplatin caused DNA damage as evidenced by y-H2AX, activated
checkpoint sensors Chk-1 and Chk-2 and SAPK/JINK pathway, induced TAp63
phosphorylation and triggered apoptosis in human oocytes and granulosa cells
whereas it did not associate with c-Abl upregulation. Moreover, imatinib
exposure resulted in the formation of bizarrely shaped follicles lacking oocytes
and increased follicular atresia. To better understand the actions of imatinib,
ovarian tissues were incubated with anti-CD117, a c-kit antagonist drug, but not
with another c-Abl inhibitor GNF-2, which lacks an inhibitory action on c-kit and
similar toxic effects were observed. Intraperitoneal administration of imatinib to
the xenografted animals produced similar histomorphological abnormalities in
the ovarian grafts and did not prevent cisplatin-induced follicle loss.

In conclusion, phosphorylation of TAp63 at Ser395 has not yet been
associated with any function before, so here we define Ser395 for the first time
as a site for TAp63 activation in response to DNA damage. Moreover, we
provide the first molecular evidence for ovarian toxicity of imatinib in human and
heighten the concerns about its gonadotoxicity on the human ovary and urge

caution in its use in young female patients.

Keywords: ovary, apoptosis, cisplatin, DNA damage, imatinib, p63

XVii



OZET

Kanser tedavisinde gelistirilen son yaklasimlar, kanser sonrasi sagkalim
oranlarini arttirmig olup, bu nedenle kanser tedavilerinin uzun vadeli yan
etkilerini en aza indirgemek son derece onemli bir hale gelmistir. Literatirde
TAp63-bagimli apoptozisin induksiyonu igin c-Abl isimli tirozin kinazin zorunlu
olup olmadigi ve c-Abl'in, inhibitdrd olan imatinib ile inhibe edilmesinin farede
kemoterapiye bagli oosit apoptozisini dnleyebilecegi tartismali bir konudur. Bu
konuda insan Uzerinde yapilmigs herhangi bir molekller c¢alisma
bulunmamaktadir. Bu tez galismasinda sisplatin kaynakli DNA hasarinin,
TAp63 yolaginin yani sira c-Abl aktivasyonu uzerine etkileri ve c-Abl
inhibisyonunun insan oosit 6limund onleyip Onlemediginin arastiriimasi
amaclamistir.

Elde edilen sonuglara gore; sisplatine bagli DNA hasari, TAp63 ve
SAPK/INK vyolaklarini aktive ederek insan oositlerinde ve granuloza
hicrelerinde apoptozisi induklemistir. Ancak TAp63 aktivasyonundaki artisin, c-
Abl'in ifadesinde herhangi bir artigla iligkili olmadigi gézlenmistir. Imatinib,
granliloza hucrelerinin  veya oositlerin sisplatin  kaynakli apoptozisini
onlememistir. Ayrica, imatinib maruziyeti, anormal morfoloji gosteren folikullerin
olugsmasina ve artmig folikller atreziye neden olmustur. Over dokulari, bir c-kit
antagonisti olan anti-CD117 ile inklbe edildiginde benzer toksik etkiler
g6zlenmis, ancak c-kit inhibitor bir etkiye sahip olmayan bagka bir c-Abl tirozin
kinaz inhibitéri olan GNF-2'da bu etki g6zlenmemigtir. imatinib'in insan over
ksenografti yapilan hayvanlara intraperitoneal uygulamasi, greftlerde benzer
histomorfolojik anormalliklere sebep olmus ve sisplatin ile birlikte verildiginde
sisplatine bagli folikil kaybini énlememisgtir.

Bulgularimiz, insanda imatinibin over toksisitesi icin ilk molekuler
kanitlari sunmaktadir. Ayrica bu galisma, imatinib tedavisi goren iki farkh kadin
hastada yetersiz over yaniti ve prematur overyan yetmezlik bildiren onceki iki
vaka calismasi ile dugunuldigunde, 6zellikle dreme ¢agindaki geng kadinlarda

gonadotoksisitesi sebebiyle kullanimi konusunda endiseleri arttirmaktadir.

Anahtar kelimeler: over, apoptozis, sisplatin, DNA hasari, imatinib, p63
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Chapter 1: Review of Literature

CHAPTER 1
REVIEW OF LITERATURE

1. Anticancer Treatments and Female Fertility

Cancer is one of the most important global public health problems all
around the world. Building on many years of progress in cancer detection and
treatment, overall survival rates after cancer have risen to almost 80% [1-4].
Over the last 30 years, the overall 5-year relative survival rate for all childhood
cancers (children between the age of 0-14) has radically improved from 58% to
83%, because of new and better treatments [5]. This success, however, creates
a new and increasing problem: long-term side effects of cancer treatments.

Over 6.6 million women are diagnosed with cancer [6] every year
worldwide, and about 10% of them are diagnosed during their reproductive age
(age < 40) [7]. They usually receive aggressive chemotherapy and radiotherapy
that may cause gonadotoxicity, premature ovarian failure (POF) and
subsequent fertility loss in more than 80% of cases [8]. Anticancer treatments
such as chemotherapy and radiotherapy have detrimental side effects on the
ovary and are considered the most common causes of pathological fertility loss
in women [9]. Regrettably, a wide range of adverse health conditions emerges
in these survivors, varying from metabolic and endocrine problems to cognitive
defects, as a result of previous exposure to cytotoxic chemotherapy regimens
and radiation [10].

Infertility and premature ovarian failure are reproductive consequences
of exposure to cytotoxic chemotherapy regimens in young females with cancer.
Chemotherapy agents exert their cytotoxic effects systemically and therefore
induce damage in the ovaries, leading to infertility, premature ovarian failure,
and early menopause [11]. They initiate follicle death by inducing genomic
damage in the oocyte and somatic cells of dormant primordials and growing
follicles [12-14]. Cancer survivors are more prone to developing poor
reproductive and obstetrical outcomes than the general population as a result
of previous exposure to chemotherapy and radiation [15]. Ovarian insufficiency
and other poor reproductive and obstetrical outcomes are other long-term
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effects of cancer treatment in survivors. Premature ovarian failure is also
accompanying other adverse health-related consequences, including
osteoporosis, hot flashes, sleep disturbance, and sexual dysfunction, which can
negatively impact on short- and long-term quality of life [16-18]. Radiation
therapies are detrimental to both the ovaries and the uterus, in this manner
causing a greater magnitude of adverse effects on the female reproductive
function [19, 20]. Infertility, premature ovarian failure, fetal growth restrictions,
miscarriage, fetal growth restrictions, perinatal deaths, preterm births, delivery
of small-for-gestational-age infants, preeclampsia, and abnormal placentation
can be listed as adverse effects of radiation therapies.

Cytotoxic chemotherapy regimens and radiotherapy induce apoptotic
death of the oocytes and surrounding granulosa cells in the ovary leading to
early exhaustion of the follicle stockpile, infertility and premature ovarian failure
[1, 12]. Young females diagnosed with breast cancer, lymphomas/leukemias as
well as non-malignant diseases (Table 1) requiring the use of cytotoxic
chemotherapy regimens are at the greatest risk of premature ovarian failure and
infertility following adjuvant chemotherapy [9, 21]. Premature menopause not
only results in reduced quality of life but also has associated risks including hot
flashes and night sweats; mood swings and disrupted sleep; genitourinary
disorders; skeletal abnormalities like osteoporosis with resultant fractures;
cardiovascular diseases; and infertility [22]. The impact of anticancer treatments
on female fertility depends on the woman’s age at the time of treatment, the

chemotherapy protocol, the duration and dosage [23].
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Table 1. Diseases requiring counseling for fertility preservation [15].

(Abbreviation: HSCT, hematopoietic stem cell transplantation)

Disease Indication for fertility preservation
Breast Chemotherapy
Leukemia/lymphoma Chemotherapy/HSCT

Gynecological malignancies
Myelodysplasia

Thalassemia major

Aplastic anemia

Other hematological diseases
Autoimmune diseases
Wegener disease

Systemic lupus erythematosus
Wilms tumor

Neuroblastoma
Osteosarcoma

Ewing sarcoma

Tumors of the pelvis and spine
Retroperitoneal tumors
Rhabdomyosarcoma

Turner syndrome
Galactosemia

Fragile X syndrome
Y-chromosome mosaicism

Teratoma

Chemotherapy/radiotherapy
HSCT

HSCT

HSCT
Chemotherapy/HSCT
Chemotherapy/HSCT
Chemotherapy/HSCT
Chemotherapy/HSCT
Chemotherapy
Chemotherapy/radiotherapy
Chemotherapy
Chemotherapy
Chemotherapy/radiotherapy
Chemotherapy/radiotherapy
Radiotherapy

Premature ovarian failure
Premature ovarian failure
Premature ovarian failure
Gonadectomy

Gonadectomy
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The most common indications for fertility preservation in children,
adolescents, and young adult patients are listed in Table 1 above. Over and
above malignancies; some precancerous, autoimmune, and benign diseases
are also treated with cytotoxic chemotherapy drugs and/or radiation, either to
induce disease remission or to suppress the immune system as myeloablative

preconditioning treatment before hematopoietic stem cell transplantation [15].
2. Gonadotoxicity of Different Types of Chemotherapy Agents

Chemotherapy-induced ovarian toxicity was first defined in a woman
treated with busulfan for chronic myelogenous leukemia in 1956 by Louis et al.
[24]. Even though it is foreseen that chemotherapy and radiotherapy have a
detrimental influence on oocytes and in the surrounding granulosa cells in the
ovary, molecular events at leading to early exhaustion of the follicle stockpile

and premature ovarian failure are still not clear.
2.1.Alkylating Agents

Chemotherapy agents belong to alkylating category, such as nitrogen
mustards (cyclophosphamide, busulfan) and hydrazines (procarbazine) are
recognized to be the most harmful to the ovary than the drugs of all other
categories [23, 25]. These agents are not cell cycle specific, thereby do not
require cell proliferation to perform their cytotoxic actions (Figure 1) [26].
Consequently, they may affect cells that are not actively dividing, such as
oocytes or primordial follicles in the dormant stage. They induce DNA damage
and organelle impairment in the cells regardless of the stage of cell cycle
ensuring more widespread apoptosis and organ damage [1].

Cyclophosphamide is an alkylating agent that is considered as a standard
for gonadotoxic chemotherapy and serves as a backbone in many
chemotherapeutic regimens. Destruction of both primordial and growing follicles
has been reported in many pre-clinical studies and in vitro studies conducted on
human ovarian tissues exposed to cyclophosphamide in a dose-dependent
manner. It increases the risk of POF rates above the age of 35 years and this

improved risk reach >80% for women over 40 vyears old [27].
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Cyclophosphamide-induced toxicity was well-documented in many other

studies as well [28, 29].
DNA

a
@

1=G-X-C/C-X-G
Interstrand crosslink caused by
nitrogen mustards.
e.g., cyclophosphamide

2=G-C/C-G
Interstrand crosslink caused by
azridines and epoxides, e.g.
mitomycin C

3=G/C
Interstrand crosslink caused by
nitrosoureas, e.g. BCNU

4 = O%-Alkylation or Methylation
caused by hydrazine and triazine
derivatives, e.g., Procarbazine

(Lt

R=—> =D ——4—-0—-QP=->-0-Q0——"4-0—-0—-9—> —
0:——«—0—>—o—o—-+—oi—o—>—o—o—o——4—

Figure 1: Schematic representation of the alkylation of DNA by alkylating
agents [26].

2.2.Platinum-Based Regimens

Cisplatin, oxaliplatin, and carboplatin are frequently used agents in the
treatments of many types of cancers belong to platinum-based antineoplastics.
Cisplatin, which is the most investigated member of this class, acts by
specifically provoking crosslinking of DNA as monoadduct, interstrand
crosslinks, intrastrand crosslinks or DNA protein crosslinks (Figure 2). platinum-
based regimens mostly act on the adjacent N-7 position of guanine, forming a
1, 2 intrastrand crosslink [30, 31]. The consequential crosslinking inhibits DNA

repair and DNA synthesis in cancer cells [32]. Cisplatin-induced ovarian toxicity
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relates its “off-target” effects on normal cells such as oocytes, granulosa and

theca cells in addition to rapidly growing cancer cells [33].

H, OH, H, OH,
/|, /
—_— ot Pt
Hg“/ \ cl Hal\/ \ OH,

Cisplatin Cisplatin
monoaquated diaquated

Cisplatin

©
-

| Intrastrand Adduct | | Interstrand Crosslink (ICL) |

Figure 2: Activation and DNA damage induction of cisplatin. (A) Activation of
cisplatin requires an exchange of one or two of its chlorides for water molecules
(monoaquated and diaquated, respectively). (B) Cisplatin forms covalent bonds
with DNA and creates crosslinks. The majority of DNA lesions are intrastrand
DNA adducts and interstrand crosslinks. The percentages demonstrate the

frequency of each type of DNA damage induced by cisplatin [34].
2.3.Anthracyclines

Doxorubicin is a frequently used anthracycline in the treatments of
lymphomas, leukemia, breast cancer, and sarcomas. It intercalates with DNA
and prevents its replication and transcription partially by inhibiting

topoisomerase Il. Another mechanism of action is that it causes DNA double-
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strand breaks leading to activation of ataxia telangiectasia mutated protein
kinase (ATM), a DNA repair protein which may initiate apoptosis in the incidence
of high levels of DNA damage [35, 36]. Doxorubicin was formerly considered as
a weak gonadotoxic agent, recent findings reveal that this may not be true and
doxorubicin could affect the ovary by any, or in fact all, of the above mechanisms
[37]. According to recent findings, doxorubicin reveals its gonadotoxicity in a
dose-dependent manner on ovarian folliculogenesis, sex steroid production,
and oocyte maturation, which are three main factors to support the female

reproductive and endocrine functions [38].
2.4. Antimetabolites

Anti-metabolite cancer drugs mainly target the cells actively dividing, and
therefore are generally associated with milder ovarian toxicity than
cyclophosphamide and cisplatin. This type of regimens such as gemcitabine,
methotrexate, and 5-fluorouracil are found to be less gonadotoxic than
cyclophosphamide and cisplatin-based on the results of clinical reports
indicating lower rates of amenorrhea in women receiving antimetabolite-based
treatments compared with those treated with the protocols containing an
alkylating drug or a platinum-based compound [1, 10].

Fluoropyrimidine is a subgroup of antimetabolites and acts primarily on
cells that are actively synthesizing DNA. Apecitabine, floxuridine, and
fluorouracil (5-FU) belong to this group are considered as the backbone of
adjuvant treatment for colorectal cancer. The widely used member of this class
is 5-fluorouracil. Standard antimetabolite-based chemotherapy protocols are
considered to have minimal effects on female fertility. The clinical data regarding
the impact of fluoropyrimidines on fertility are limited mainly due to the older age

of patients and paucity of the premenopausal population in the trials [23].
2.5.Taxanes

Taxanes are complex anticancer agents including paclitaxel and
docetaxel with a unique mechanism of action. The main mechanism of action of

taxanes is based on their ability to target microtubules; however, their action is
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associated with microtubule stabilization rather than microtubule disruption.
They are widely used in various malignancies and have become a pivotal
cornerstone in the adjuvant treatment of breast cancer. Paclitaxel and docetaxel
act on the cytoskeleton: they stabilize microtubules and disrupt normal
polymerization/depolymerization, leading to an arrest of the cells at the G2—M
phase of the cell cycle. Molecular and clinical evidence in literature is limited
and inconsistent regarding their potential gonadotoxicity. Few clinical studies
have observed no additional increase in amenorrhea rates in women treated by
taxane-containing regimens, or a mild increase in reversible amenorrhea [39-
41]. Nevertheless, several prospective studies have indicated a higher rate of
amenorrhea in taxane-based chemotherapy regimens compared to

anthracycline-based chemotherapy regimens [42, 43].
3. Assessment of Ovarian Reserve

Ovarian reserve testing is a keystone in patients who underwent
gonadotoxic therapies. At the present time, there are several methods used
universally to assess the ovarian reserve in women. These include the levels of
follicle-stimulating hormone (FSH) and estradiol (E2) at day 3 of the menstrual
cycle, level of anti-mullerian hormone (AMH) and antral follicle count (AFC) [44].
AMH measurement and AFC evaluation have been shown to have a higher
predictive value. To enhance its sensitivity, it could be combined with Ez levels

measurement [45].
4. Potential Mechanisms of Chemotherapy-Induced DNA Damage

At any given time, follicles at different stages of maturation reside within
the ovary. It is likely that specific stages are more vulnerable to chemotherapy-
induced damage than others. A study conducted by Oktem and Oktay
discovered that ovarian tissues obtained from patients underwent
chemotherapy harbored significantly lower primordial follicle counts than
untreated controls [13]. More mature follicles are also susceptible to damage by
chemotherapy agents. Diminution of growing follicles also accelerates the

depletion of primordial follicle reserve due to the decreased level of inhibitory
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substances produced by growing follicles [46, 47]. Consequently, more
primordials undergo growth initiation to replace damaged growing follicles and
eventually ovarian reserve burn out (Figure 3). Another study performed by
Yuksel and Bildik demonstrated that mitotic and non-mitotic granulosa cells are
affected by the cytotoxic effects of chemotherapy agents at different levels. They
have shown that mitotic human granulosa cells have a higher sensitivity to
gemcitabine, an antimetabolite agent, than non-mitotic luteal granulosa cells.
They validated that gemcitabine triggered a dose-dependent growth arrest and
induced apoptosis of proliferating human (COV434 and HGrC1) and rat (SIGC)
granulosa cells in vitro, whereas it did not alter the survival of non-mitotic human
luteal granulosa cells (HLGCs) in the same doses of gemcitabine [25]. It is to be
expected that the non-mitotic nature of these cells confers them resistance to

this mitosis-specific anti-neoplastic actions of this drug.
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Figure 3: Follicle development and the potential targets of chemotherapeutic
damage in human ovary. (A) Stages of human follicle development. (B)
Potential targets of chemotherapy-induced damage within the ovary. (i)
Chemotherapeutic agents could directly affect non-growing primordial follicle
population which results in the loss of patients’ ovarian reserve. Besides, it
could also lead to increased activation of primordial follicles and so the loss
of that reserve by disturbing the growing follicles which normally inhibit
recruitment of primordial follicles. (ii)) Chemotherapeutics could be directly
aiming the oocyte or the somatic cells around it. Oocyte death would follow

the death of these somatic cells, as the it is dependent on these for its survival

[1].

5. Protecting the Ovary from Chemotherapy-Induced Damage

There are three fertility preservation strategies currently available for
women who are diagnosed with cancer and will undergo
chemotherapy/radiation for treatment of cancer: cryopreservation of patient’s

oocyte, embryo, and ovarian tissue [48, 49].
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5.1.Cryopreservation of Oocyte

Oocyte vitrification applied to oncological patients aims to provide healthy
oocytes for a further IVF (in vitro fertilization) cycle once the patient is cured.
Oocyte cryopreservation can bedone by using two methods; conventional slow
freezing or vitrification [50, 51]. Vitrification is now the most widely used method
attributable to the improved survival and fertilization rates, compared to the slow
freezing. One of the limitations of this technique is that prognosis depends on
the number of available mature oocytes, with a limited number of IVF attempts
[52]. Usually, there is the possibility of only one ovarian stimulation attempt as
the time before chemotherapy starts. Age is another factor that contributes to
the procedure’s success, as survival rates after thawing diminish when age
increases. Survival of oocytes is related to oocyte quality, an age-dependent
factor which, despite possibly serving as a selection filter, may overshadow the
procedure’s benefits [53, 54]. Another shortness of this method is that it cannot

be used in pediatric patients.
5.2.Cryopreservation of Embryo

Embryo cryopreservation is a well-established and beneficial method that
offers a high success rate depending on the number and quality of stored
embryos. However, there are some disadvantages of this technique. As a sperm
sample is needed for fertilization process, the patient should have a partner
before starting the treatment. Anyways, similar to oocyte cryopreservation,
embryo cryopreservation can only be performed in prepubertal girls [49]. Even
though both oocyte or embryo cryopreservation prior to chemotherapy can
benefit women achieve pregnancy and live birth, none of these strategies can
reverse menopause in the native ovaries. Other drawbacks (mostly related to
controlled ovarian stimulation, COS) of embryo and oocyte cryopreservation
are:

i.  risk of thromboembolic phenomena

I.  the potential negative effect of COS on hormone-sensitive tumors

ii. retrieval of a limited number of oocytes/embryos

iv.  alimited number of future IVF attempts [44].

11
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5.3.Cryopreservation of Ovarian Tissue

To date, there are 60 live births reported after transplantation of frozen-
thawed ovarian cortical pieces [55]. However, ovarian tissue cryopreservation
is considered still experimental in guidelines and therefore should be performed
under an institutional review board (IRB) approval [56]. In this technique, one of
the ovaries is generally removed laparoscopically for freezing [15]. Pathological
examination of removed ovaries is a prerequisite to rule out any tumor invasion
in the ovaries, especially in cancers with a high risk of ovarian metastasis, such
as leukemia, neuroblastoma, and genital rhabdomyosarcoma [57]. Slow
freezing is the conventional method for cryopreservation of the ovarian tissue
[58]. Almost all of the ongoing pregnancies and live births reported to date were
achieved from transplantation of slowly frozen ovaries. There is also a report of
two pregnancies after engraftment of vitrified and warmed ovaries [55]. Even so,
ovarian tissue transplantation carries the risk of re-introducing cancer cells,
especially in hematological malignancies. Therefore, any drug that preserves
ovarian function during anticancer treatment can potentially maintain normal
reproductive life span and eliminate the need for gamete freezing prior to
chemotherapy.

Encouraged by the initial reports of animal studies showing a beneficial
effect of c-Abl inhibitor imatinib mesylate co-administration with chemotherapy
has been proposed as a potential fertility preservation strategy. But studies on
this subject launched so far to assess the effectiveness of this method has
shown contradictory results. Few studies conducted on mice have
demonstrated a protective effect of c-Abl/TAp63 inhibition in preserving ovarian
function during chemotherapy, whereas others could not. This fact, together with
the lack of a proven molecular mechanism of action for ovarian protection with
TAp63 inhibition places this approach under assessment as a potential fertility

preservation strategy.
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6. TAp63 Pathway and Chemotherapy-Induced Female Infertility
6.1.Structure and Function of TAp63

Tumor-suppressor protein p53, encoded by TP53 gene is the most well-
known member of the p53 protein family. It modulates cell reaction in response
to various conditions emerging from stress and cellular environments by
incorporating endogenous and exogenous signals [59]. Recently, additional
regulatory mechanisms have emerged through the identification of p63 isoforms
(Figure 4). These are physiological proteins expressed in normal cells from the
TP63 gene owing to the use of alternative promoters, splicing sites and/or
translational initiation sites [60].

p63 belong to and is the most ancient member of the to p53 gene family,
in which is included also p73 [61]. p63, similar to p53 and p73, uses an
alternative promoter at the 5' end of its gene to allow the expression of two
different N-terminal isoforms, one containing the N-terminal transactivation
domain (TA isoform) and an N-terminal truncated isoform (AN isoform) that
lacks this domain [62]. Moreover, the C-terminal sequence goes through
alternative splicing that leads to a broad range of TA and AN isoforms with
different C-terminal organization [63, 64]. p53 family proteins share strong
structural, biochemical and functional homologies. In particular, the DNA binding
domain (DBD) is the highly conserved region among different protein members.
All members of this family act via binding to p53 response elements (p53RE) in
promoter DNA, a highly conserved region. Nevertheless, there may be the same
understated variances in the particular nucleotide sequence in the RE

recognized by different family members.

13



Chapter 1: Review of Literature

@ Human p63 gene structure

Ao

TApP63 | | “B i a
TAPS3 B | | ] B
TAp63 y | | ¥
AN p63 a . a
AN p63 B | | B
AN p63 y l 1

Figure 4. Gene structure and protein isoforms of human p63. (A) Diagram of
the human p63 gene structure: alternative splicing and alternative promoters
(P1 and P2) are indicated. (B) p63 protein isoforms: TAp63 proteins encoded
from promoter P1 contain the conserved N-terminal domain of transactivation
(TA). Np63 proteins encoded from promoter P2 are amino-truncated proteins
containing an N-terminal domain different from TAp63 proteins. Numbers

indicate the exons encoding p63 protein isoforms [63].
6.2. TAp63 Pathway and DNA Damage Response of Oocytes

Studies conducted on p63 knockout mouse have established an
essential role for p63 in DNA damage-induced apoptosis in primordial follicles
(PFs) received ionizing radiation (IR) [65] and cisplatin [66] treatments. The
oocytes contained by PFs are exceedingly sensitive to genotoxic insults
attributable to the constitutive expression of TAp63, an isoform of p63. Deutsch
et. al reported that TAp63 isoform in healthy oocytes of PFs forms inactive
dimers in normal conditions [67]. When DNA damage occurs, however, its

transactivation inhibitory domain at S621 is phosphorylated by checkpoint
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kinase 2 (Chk-2). This phosphorylation, in turn, promotes a conformational
change and finally formation of active tetramers in TAp63 [67]. Recently,
Coutandin et al. have shown that the inactive conformation adopted by TAp63
in resting mouse oocytes arranges a kinetically trapped high-energy state that
can be converted into the more thermodynamically stable tetramer by
phosphorylation [67, 68]. This activation mechanism implies that modulation of
DNA damage response at the transition from inactive dimer to active tetramer
could be a strategy to prevent oocyte death during cancer treatments [67, 69].
Therefore, characterization of phosphorylation sites and responsible kinases

and revelation of activation mechanisms are of key importance.

In mouse oocytes, phosphorylation of TAp63 seems to be a key step to
the introduction of DNA damage response. According to a study conducted by
Gonfloni et al., c-Abl TK has been identified to be one of the upstream factors
responsible to initiate this process by its kinase activity [70]. This finding
highlighted the role of c-Abl in the regulation of primordial oocytes cell death and
to some extent elucidated the molecular pathway involved in TAp63 recruitment
during oocyte DNA damage response. However, it is still debatable how critical
is the role of c-Abl for TAp63 phosphorylation for DNA damage-induced oocytes
apoptosis. So far, several kinases have been shown to phosphorylate p63,
including ATM, Cdk2, p70s6K, p38 MAPK, IkB and PIk (Figure 5) [61]. However,

there is no data showing any of them at least partially overcome c-Abl inhibition.
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Figure 5. DNA damage-induced oocyte death is triggered with TAp63

phosphorylation which leads to activation of TAp63. Activated TAp63 then
induces transcription of BH3-only proapoptotic family members, PUMA, and
NOXA which can inhibit pro-survival BCL-2 proteins [61].

6.3.Structure and Function of c-Abl

c-Abl, a protein tyrosine kinase which has been linked to many cellular
processes including differentiation, division, adhesion, death, and the stress
response is encoded by ABL1 gene. [71]. It is a proto-oncoprotein that belongs
to Src family of non-receptor tyrosine kinases which becomes activated in
response to various extra or intracellular stimuli (Figure 6). c-Abl is recognized
as the cellular homolog of the Abelson murine leukemia virus and its variants
have been implicated in tumorigenesis and in many important cellular
processes. In chronic myeloid leukemia patients, the first exon of the c-Abl
tyrosine kinase gene is replaced by the BCR gene promoter resulting in a
constitutively active c-Abl kinase. Bcr/Abl expression give rise to enhanced

proliferation, morphological transformation, and anti-apoptotic effects.
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Even though many interactions between c-Abl and two or more protein
molecules have been resolved, the observable outcomes of these interactions
still need to be ascertained. A promising way to study c-Abl function is to identify
its direct downstream effectors [71]. Using this approach, identification of a
number of candidates which predominantly belong to the DNA repair machinery
became possible [72]. Numerous DNA damaging agents are identified to
activate c-Abl such as ionizing radiation. Contrarywise to IR, ultraviolet (UV)
radiation is reported not to trigger c-Abl activation attributing certain specificity
to the c-Abl response [73]. The first pro-apoptotic function of c-Abl is defined by
Kharbanda et al by describing c-Abl knockout cells are compromised in the
apoptotic response to IR attributing a pro-apoptotic role to c-Abl [74]. These
contradictory functions of c-Abl set the stage for more comprehensive molecular

and functional analysis of this tyrosine kinase.
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Figure 6: Schematic diagram of ABL domains and structures.

N: N terminal; variable: alternative promoter and 5' exon encode two ABL
variants, type la/b (human) and type I/IV (mouse); SH3: Src homology 3 domain
(yellow); SH2: Src homology 2 domain (green); kinase: kinase domain (blue)
[75].
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6.4.Imatinib Mesylate

Imatinib mesylate, the mesylate salt of imatinib, is a targeted therapy and
classified as a signal transduction inhibitor with antineoplastic activity (Figure 7).
It binds close to the adenosine triphosphate (ATP) binding site of specific
tyrosine kinases (TK), thereby inhibiting ATP binding and preventing
phosphorylation results in prevention of subsequent activation of growth
receptors and their downstream signal transduction pathways. Imatinib is
targeted to inhibit Bcr-Abl mutant oncogenic tyrosine kinase as well as by the c-
kit and platelet-derived growth factor receptor (PDGFR) oncogenes to a lesser
extent. Inhibition of the Bcr-Abl TK results in reduced proliferation rate and
heightened apoptotic death in malignant cells of Philadelphia-positive (Ph+)
hematological malignancies such as chronic myeloid leukemia (CML) and acute
lymphocytic leukemia (ALL). Its activity on c-kit TK results in inhibition of mast-
cell and cellular proliferation in those diseases overexpressing c-kit, such as

mastocytosis and gastrointestinal stromal tumor (GIST) [76, 77].
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Figure 7: Chemical structure depiction of imatinib mesylate. (PubChem)
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6.5.Inhibition of c-Abl/TAp63 as a Fertility Preservation Strategy

As mentioned earlier in this section, phosphorylation of TAp63 is seen to
be the most important step for activation of DNA damage response in oocytes.
c-Abl tyrosine kinase has been described by Gonfloni et al. to be at least one of
the upstream factors responsible for p63 phosphorylation [37]. Moreover, it is
suggested that inhibition of c-Abl via its pharmacological inhibitor, imatinib
mesylate, may be a promising strategy to prevent oocyte damage induced by
chemotherapy.

In 2009, Gonfloni et al. reported that c-Abl is activated along with TAp63
pathway upon exposure to chemotherapy agent cisplatin and that inhibition of
this tyrosine kinase with imatinib protects oocytes from cisplatin-induced death
in mice [70]. Three years later another group of investigators obtained opposite
results by showing that imatinib itself exerts a similar degree of cytotoxicity to
cisplatin on the mouse ovaries and does not protect primordial follicles from
apoptosis caused by cisplatin or prevent loss of fertility in two independent
strains of mice [78]. The authors in the latter study also demonstrated that
imatinib-sensitive kinases, such as c-Abl, are not required for the DNA damage-
activated oocyte apoptosis that is mediated by TAp63. Furthermore, they raised
their concerns about the gonadotoxic potential of this drug because of its
inhibitory actions on c-kit, which is a survival factor for ovarian follicles [79]. In
2013, Kim et al showed using in vitro culture and subrenal capsule grafting of
mouse ovaries that imatinib inhibits the cisplatin-induced apoptosis of oocytes
within primordial follicles. In that study, the investigators demonstrated that
cisplatin induces c-Abl and TAp73 expression in the oocyte. While imatinib was
unable to block cisplatin-induced DNA damage and damage response, such as
the upregulation of p53, it inhibited the cisplatin-induced nuclear accumulation
of c-Abl/TAp73 and the subsequent downregulation of TAp63 and upregulation
of Bax, thereby abrogating oocyte cell death [66]. The same year Morgan et al
reported that imatinib protected follicles against damage induced by cisplatin
but not doxorubicin in mouse newborn ovaries under in-vitro conditions [80].
And very recently, Tuppi et al demonstrated that TAp63 activation after

exposure to chemotherapy drugs requires phosphorylation by both the priming
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kinase checkpoint kinase-2 (CHK-2) and the executioner kinase casein kinase-
1 (CK1) in mouse primordial follicles and that c-Abl is not involved in this
process. Further, the inhibition of CK1 with a pharmacological inhibitor rescued
primary oocytes from doxorubicin and cisplatin-induced apoptosis [81].

To date, no human data is available on this controversial issue. The
effects of imatinib on the human ovary are largely unknown except for two
separate case reports showing compromised ovarian function [82] and
premature ovarian failure in patients while on imatinib treatment [83]. We,
therefore, aimed in this translational research study to determine ovarian effects
of imatinib and explore whether genomic damage induced by chemotherapy
drug cisplatin activates c-Abl along with TAp63 pathway and its inhibition with
imatinib prevents apoptosis in human ovarian follicles, isolated oocytes and
granulosa cells using in-vitro experiments and in-vivo human ovarian xenograft

model.
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CHAPTER 2
MATERIALS AND METHODS

1. Study Design, Size, and Duration

This is an in vitro translational research study conducted on human luteal
granulosa cells, immature oocytes, ovarian tissues, and granulosa cell lines
between the years of 2015-2019 in Kog¢ University Hospital and American
Hospital.

2. Patients

Ovarian cortical tissues were obtained from 20 patients (mean age + SD:
27.2 £ 2.4) undergoing laparoscopic excisions of benign ovarian cysts between
the years 2015-2017. All patients underwent operations at the late follicular
phase of the cycle (the mean £ SD of the cycle day: 8.2 £ 2.4).

Discarded immature human oocytes at germinal vesicle (GV) (n=40)
were obtained during oocyte retrieval procedure from IVF patients (n=10).
Human luteal granulosa cells were recovered from follicular fluid during oocyte
retrieval procedure in 20 IVF patients (mean age + SD: 32.6 + 3.5). The
etiologies for infertility were as follows: unexplained (n=12), diminished ovarian
reserve (n=8).

Informed consents were obtained from all patients and the study was
approved by the institutional review board of Koc University
(2015.204.1RB2.074).

3. Animals

All procedures involving mice were authorized by the Institutional Animal
Care and Use Committee of Koc University. Athymic nude mice were
maintained in accordance with the Guide for the Care and Use of Laboratory

Animals in Koc University Animal Research Facility.
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4. Culture Medium Formulation

Ovarian tissue samples, HLGCs, HGrC1, and COV434 granulosa cell
lines were maintained at 37°C with 5% COz2, in DMEM/F12 supplemented with
10% (v/v) FBS and 1% (v/v) Penicillin-Streptomycin-Amphotericin B Solution.

5. Chemicals and Reagents

Imatinib mesylate and cisplatin were purchased from Cayman Chemicals
(Cas# 220127-57-1, MI, USA) and Eli Lily and Company (IN, USA),
respectively. 4-hydroperoxy cyclophosphamide (4-OOH CY), the active in vitro
metabolite of the drug was purchased from Niomech (Bielefeld, Germany) [84].
Anti-CD117 neutralizing c-kit antibody and GNF-2, which is another Bcr-Abl
inhibitor without c-kit blocking actions, were obtained from Sigma-Aldrich
Company GmbH (Germany).

All cell culture reagents, YO-PRO®-1 lodide (491/509) and Alexa probes
were purchased from Life Technologies (Thermo Fisher Scientific Inc., MA,
USA). Anti-cleaved caspase-3 (#9664), Anti-phospho SAPK/JNKTh183/Tyri85
(#9251), Anti-SAPK/INK (#9252), Anti-phospho Chk15e345 (#2348), Anti-
phospho Chk2™%8 (#2197) antibodies and Hoechst 33342 (#4082) were
purchased from Cell Signaling Technology Inc. (MA, USA). Anti-yH2A XSert3?
antibody (clone JBW301) was from Millipore (MA, USA). Anti-TAp63 (EPR5701)
and Anti-phospho TAp635¢739% antibodies were purchased from Abcam (USA).
Anti-c-Abl (K-12, sc-131) and Anti-PARP (C2-10, 556362) antibodies were
obtained from Santa Cruz Biotechnology, Inc (CA, USA) and BD Biosciences
(CA, USA), respectively. Anti-Vinculin antibody was from Sigma-Aldrich Chemie
GmbH (Germany). XCELLigence system is a product of Roche Diagnostics
(Mannheim, Germany). COV434 cell line was purchased from Sigma (St. Louis,
MA, USA). HGrC1 was a gift from Dr. lkara Iwase (Nagoya University, Japan).
All western blotting buffers and reagents were purchased from BioRad (USA).
Super Block reagent (#AAA125) was purchased from ScyTek Laboratories. Cell
Titer-Glo® (CTG) Luminescent Cell Viability Assay was obtained from Promega

(W1, USA).
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Chemotherapy drugs cisplatin, 4-OOH CY and imatinib mesylate were
administered in vitro at their therapeutic blood concentrations. 4-OOH CY, the
active metabolite of the drug was used at 50 and 100 uM concentration [84]. 4-
OOH CY form was used in vitro experiments because cyclophosphamide needs
to be metabolized in by cytochrome p450 in the liver (Figure 8). Cisplatin was
used at 5, 20 and 40 uM [85, 86]. Imatinib mesylate was given at three different
concentrations, 2.5, 5 and 10 uM. GNF-2 was used at 3, 7 and 14 uM while
Anti-CD117 was administered 0.8, 1.6 and 3.2 ng/ml.
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Figure 8: Metabolism of cyclophosphamide [87, 88].
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6. Experiments on Human Ovarian Tissue
6.1.Preparation of Human Ovarian Cortical Tissues

Ovarian cortices embedded in the cyst wall were removed during
laparoscopic excisions of benign ovarian cysts under sterile conditions, minced
into pieces of equal size (0.5 x 0.5 cm) and either xenografted subcutaneously
to 8-week-old nude mice or in vitro cultured in 24-well format culture plate

(Figure 9) using 2 ml of culture media as we described previously [89].

Figure 9: Schematic diagram demonstrating the preparation and culture of

human ovarian cortical tissues.

6.2.Human Ovarian Xenograft in Nude Mice

Human ovarian tissues obtained from patients were minced under sterile
conditions into small fragments of equal size (0.5 x 0.5 cm) and then xenografted
subcutaneously to the right flank region of the 8-week-old nude mice (n=4 per

group).

Animals were randomly divided into 4 groups:
I.  Control
ii.  Cisplatin
iii.  Imatinib

iv.  Cisplatin + Imatinib (2 hours before cisplatin)
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At 6th weeks post-transplantation, the animals received a single
intraperitoneal injection of cisplatin (5 mg per kg body weight), imatinib (7.5 mg
per kg body weight) or cisplatin (5 mg per kg body weight) in combination with
imatinib (7.5 mg per kg body weight). The drugs were used at the concentrations
that were previously used in the papers of Gonfloni and Kerr et al [70, 78].
Control animals received dimethyl sulfoxide (DMSQO) only. The animals were
euthanized, and the xenografts were removed at 24 hours. Intra-cardiac blood

samples were obtained immediately post-mortem for AMH measurement.
6.3.In Vitro Model of Human Ovarian Cortical Samples

Ovarian cortices embedded in the cyst wall were removed under sterile
conditions, minced into pieces of equal size (0.5 x 0.5 cm) and cultured for in
24-well format culture plate using 2 ml of culture media. The drugs were added
to the culture media at the indicated concentrations. DMSO was used as vehicle
drug.

i.  Control
ii.  Cisplatin
ii.  Imatinib
iv.  Cisplatin + Imatinib
V. GNF-2
vi. Anti-CD117

7. Human Immature Oocyte Culture

A total of 40 morphologically normal GV stage oocytes were used in this
study. They were incubated in the G-IVF culture medium (Vitrolife, Goteborg,
Sweden). Imatinib and/or chemotherapy agents were added to the culture

medium at the indicated concentrations.
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8. Human Granulosa Cells
8.1.Non-Mitotic Luteinized Granulosa Cells
8.1.1. Isolation of Human Luteal Granulosa Cells

In routine IVF protocols, the developed follicles are punctured under
transvaginal ultrasound guidance and the contents are aspirated. The cumulus-
oocyte complexes are then visualized and manually collected from the aspirated
fluids. After the first follicle has been punctured, localized bleeding occurs, so
that subsequent follicular aspirates contain some blood. Therefore, once
follicular aspirates have been pooled, the majority of cells in these preparations
are erythrocytes. These red blood cells have a greater density than granulosa-
luteal cells and settle to the bottom of culture dishes faster. If the culture surface
is completely covered with these cells, the granulosa-luteal cells will not be able
to attach. Therefore, it is necessary to remove these erythrocytes to maximize
plating efficiency and obtain enriched cultures.

HLGCs were recovered from follicular fluid during oocyte retrieval
procedure in 10 IVF patients. For the isolation of human luteal granulosa cells
from follicular fluid, hypo-osmotic lysis technique was used described by Lobb
et. al. [90]. The aspirates of follicular fluids were spun down at 500xg for 5
minutes and the supernatant was discarded. 0.5 ml of the cell slurry was
pipetted into a 15 ml conical bottomed polystyrene centrifuge tube. 9 ml of sterile
distilled water added, and the tube was capped and mixed. After 40 seconds, 1
ml of 10X concentrated phosphate buffered saline (PBS), pH 7.4 was added
and the tube was capped and mixed. The tubes were then centrifuged at 500xg
for 5 minutes and then decanted by inverting the tubes. The cell pellet was
resuspended in culture media. Then recovered cells were plated in 24 well

format culture plate in a density of 5000 cells per well (Figure 10).

26



Chapter 2: Materials and Methods

Fallopian
Tube

Follicle

Suction
Needle

Ultrasound
Probe

Figure 10: Schematic representation demonstrating the isolation of human

granulosa cells.
8.1.2. Culture of Human Luteal Granulosa Cells

HLGCs are highly specialized primary luteinized granulosa cells. They
do not proliferate either spontaneously, or after stimulation with a mitogenic
agent. They produce large amounts of progesterone and estradiol hormones in
vitro [89].They are Oil Red O positive cells, an indicator of their steroid content,

one of the distinguishing characteristics of sex steroid-producing cells.
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Figure 11: Isolated human luteal granulosa cells under the light microscope at
(A) 10X and (B) 20X magnifications. (C) HLGCs stained with Oil Red O to
confirm their steroid content, one of the distinguishing characteristics of sex

steroid-producing cells at 40X magnification.
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8.2.Mitotic Granulosa Cell Lines
8.2.1. HGrC1

HGrC1 is a human non-luteinized granulosa cell line expressing enzymes
related to sex steroid syntheses, such as steroidogenic acute regulatory protein,
aromatase, and gonadotropin receptors. They were granulosa cells obtained
from a 35-yr-old female and immortalized by lentivirus-mediated transfer of
several genes so as to establish a human nonluteinized granulosa cell line
HGrC1 by Bayasula, et al. [91]. These cells are not capable of undergoing
luteinization, resembling the characteristics of granulosa cells belonging to
follicles in the early stage. HGrC1 might also be capable of displaying the growth
transition from a gonadotropin-independent status to gonadotropin-dependent
one [91].

Figure 12: HGrC1 cells under the light microscope at 20X magnification.
8.2.2. COV434

COV434 cell line was purchased from Sigma Co. These cells are
originated from the cells obtained from a patient with a granulosa cell tumor.

The biological characteristics of this cell line include the production of 17 beta-
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estradiol in response to FSH; the absence of luteinizing hormone (LH) receptor;
no luteinization capability, and the presence of specific molecular markers of
apoptosis enabling the induction of follicular atresia [92].

Figure 13: COV434 cells under the light microscope at 20X magnification.
9. Histomorphometric Assessment and Follicle Counts

Paraffin-embedded sections were serially sectioned at the 5-uym
thickness and primordial follicle density was determined from serial sections as
the mean of follicle counts per square millimeter in every fifth section after
staining with hematoxylin-eosin (H&E). Follicle density was expressed as follicle
count/mm?. Light microscopic images were taken under a Zeiss Axioscope or
Olympus IX71.

10.Immunoblotting

Treated cells were detached by trypsinization and the cell pellet was
obtained with centrifugation at 500xg for 5 minutes. Pellets were then washed
with ice-cold PBS and then re-suspended in an appropriate volume of Radio-
Immunoprecipitation Assay (RIPA) cell lysis buffer containing, 150 mM NacCl,
1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl

30



Chapter 2: Materials and Methods

sulfate (SDS), and 50 mM Tris, 1X phosphatase inhibitor cocktail and 1X
protease inhibitor cocktail (Sigma, MA, USA). Following 20 minutes of
incubation on ice, centrifugation at 14,000xg for 20 minutes at 4°C was
performed to obtain supernatants containing total cell extract.

Proteins were separated by SDS-polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene difluoride (PVDF) membrane by Trans-Blot®
Turbo™ RTA Mini PVDF Transfer Kit (#170-4272, BioRad, USA). The
membranes were blocked with 5% nonfat dry milk in Tris-buffered saline-Tween
20 (TBS-T) (20 mM Tris-HCI, pH 7.8, 150 mM NacCl, 0.1%, v/v Tween-20) at
room temperature for 1 hour. Then the primary antibodies at indicated dilutions
were added and incubated rocking overnight at 4°C. Anti-y-H2AX and anti-
cleaved caspase-3 antibodies were used at 1:1000 and 1:500 dilutions to
assess DNA damage and apoptosis, respectively. Anti-SAPK/IJNK and anti-
phospho-SAPK/JNK antibodies were both performed at 1:1000 dilutions. Anti-
p63, anti-phospho-p63 and anti-c-Abl antibodies were used at 1:500 dilutions.
Anti-vinculin at a dilution of 1:10000 is used as a loading control. Secondary
antibodies conjugated to horseradish peroxidase (HRP), anti-rabbit and anti-
mouse were used in 1:2000. Quantification of protein within membranes was
done by using Clarity™ Western Enhanced chemiluminescence (ECL)
Substrate. Chemiluminescence detections were performed by ChemiDoc XRS+
Imaging System (BioRad, USA).

11. Immunofluorescent Staining

For immunofluorescence studies, cells grown on coverslips were fixed
with 4% paraformaldehyde (PFA) for 20 minutes at room temperature,
permeabilized with 0.1% Triton X-100 and then treated with superblock for 10
minutes. After rinsing with DPBS-T (0.1% Tween-20 in Dulbecco’s PBS), they
were incubated with the cleaved caspase-3 antibody for detection of apoptosis
and y-H2AX antibody for detection of DNA damage in superblock at 1:50
dilutions overnight at 4°C. The cells were washed with DPBS-T and incubated
with fluorochrome-conjugated secondary antibody diluted in PBS for 90 minutes

at 37°C. This step was followed by rinsing the coverslips and adding Hoechst
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33342 (1ug/mL) for DNA staining. The images were taken under appropriate
channels using immunofluorescence (IF) microscope (Olympus 1X71, Japan).

12.Real-Time and Quantitative Assessment of Cell Proliferation and

Viability Using xCELLigence System

XCELLigence is a cell culture system that allows real-time quantitative
analysis of cell proliferation, viability, cytotoxicity, adhesion/invasion/receptor
activity assays without using any compound and labeling agent. The system
uses specially designed microtiter plates containing interdigitated gold
microelectrodes to non-invasively monitor the viability of cultured cells using
electrical impedance as the readout and generates real-time curves of cell
viability and proliferation [93]. We previously used and described this system in
our other studies that validated that this platform can be used as a tool to assess
cytotoxic and mitogenic agents on human granulosa cells [25, 89]. The
electronic readout of cell-sensor impedance is displayed in real-time as a cell
index (CI), a value directly influenced by cell attachment, spreading, and/or cell
proliferation. The cells were treated with the drugs at log phase. The viability
and proliferation of the cells were monitored on the Real-Time Cell Analyzer
(RTCA) system at 30-minute time intervals for up to 140 hours. The results were
expressed by normalized CI derived from the ratio of Cls before and after the
addition of the compounds.

XCELLigence RTCA system is composed of an impedance analyzer, a
computer with RTCA software, a 96-well electronic microtiter plate (E-Plate) and
the RTCA station, which is placed inside the cell culture incubator (Figure 14-
A). The application of a low voltage leads to generate an electric field between
the electrodes, which can be impeded by cell presence. The electronic readout
of cell-sensor impedance is displayed in real-time as CI, a value directly
influenced by cell attachment, spreading, and/or cell proliferation (Figure 14-B).

100 pL of complete media was added to each well of 96-well E-Plate.
Following 15-minute incubation at room temperature, the background
impedance was measured. Cells were seeded in 96-well E-Plate at the density
of 10,000 cells per well in a final volume of 200 uL, then incubated at 37°C with
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5% CO2 and continuously monitored on the RTCA system at 30-minute time
intervals. When the cells reached the log growth phase (18-20 hours after
plating), they were treated with the chemotherapy drugs = imatinib at the
indicated concentrations. The proliferation and the viability of the cells were
monitored in a real-time and quantitative manner every 30 minutes for up to 140
hours. The results were expressed by normalized CI; which are derived from
the ratio of Cls before and after the addition of the compounds. The
normalization of Cl arbitrarily sets Cl to 1 at the indicated time points. Recording
of ClI and normalization Cl was performed using the xCELLigence RTCA
Software 1.2.
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Figure 14: xCELLigence RTCA SP system overview. (A) xCELLigence RTCA
SP Analyzer. (B) The presence of cells on top of the E-Plate electrodes affects
the electrode/solution interface, leading to an increase in electrode impedance.
The more cells that are attached on the electrodes, the larger the increases in
electrode impedance. When cells are not present or are not well-adhered on the

electrodes, the Cl is zero.
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13.Cell Viability Analysis

13.1.Live Cell Imaging with YO-PRO-1 Staining for the Assessment of
Cell Viability

Apoptosis-based changes occur in the permeability of cell membranes.
Apoptotic cells become permeant to the green-fluorescent carbocyanine nucleic
acid stain YO-PRO-1 (1yM) (absorbance 491 nm, emission 509 nm), which
selectively passes through the plasma membranes and labels them with
moderate green fluorescence. Under fluorescent microscopy, YO-PRO-1
positive cells demonstrate the morphological features of cells undergoing
apoptosis such as nuclear shrinkage and fragmentation. An important
characteristic of the dye that differs from all other nuclear dyes previously used
for the detection of apoptosis is that it does not label living cells.

YO-PRO-1 (0,1 uM) and Hoechst 33342 (1ug/mL) were added to culture
media at the indicated concentrations. Live/dead cell imaging of the cells was
undertaken under appropriate channels using IF microscope (Olympus IX71,
Japan) after 30 minutes of exposure. Five hundred cells were counted at four
different high magnification areas and the percentage of the cells expressing
YO-PRO-1 was calculated.
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Figure 15: Chemical structure of YO-PRO-1. Its relatively large size (630 Da)

prevent it from penetrating the intact plasma membrane of living cells.
13.2. Cell Titer-GLO Luminescent Cell Viability Assay

The cells were plated at a density of 10,000 cells per well in a 96-well
white, assay plate and treated with imatinib at the indicated concentrations. Cell

Titer-Glo reagent was added at 1:1 volume ratio. The plate was placed on a
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rocking platform for 2 minutes and incubated at room temperature for 10
minutes before the luminescence signal was read in a plate reader (Thermo
Scientific). Luminescence readings were background subtracted and

normalized to control wells.
14.Gene Expression Analysis via Quantitative Real-Time PCR

RNA isolation was performed with Quick-RNA MicroPrep Kit (Zymo
Research, Irvine, CA, USA) by following the manufacturer’s instructions. RNA
was quantified with spectrophotometric read at 260 nm by Nanodrop 2000
(Thermo Fisher Scientific, MA, USA) and 1000 ng cDNA was prepared by using
M-MLV Reverse Transcriptase (Invitrogen). Quantitative real-time expressions
of MRNAs were detected and compared by using Light Cycler 480 SYBR Green
| Master (Roche, Germany). The primers of the genes used in the study are

shown in Table 2.

Table 2. List of primers and their sequences used in quantitative real-time
PCR (QRT-PCR).

F: forward, R: reverse primer

Gene Sequence

F 5'-CATGGAAGCGAATCAATGGACT-3'
CASP-3 R  5-CTGTACCAGACCGAGATGTCA-3'
GAPDH F 5'-AGCCACATCGCTCAGACAC-3'

R 5'-GCCCAATACGACCAAATCC-3'

F 5-ACCAAGCCGGATTTGCGATT-3'
NOXA R 5-ACTTGCACTTGTTCCTCGTGG-3'

F 5'-GACCTCAACGCACAGTACGAG-3
PUMA R 5-AGGAGTCCCATGATGAGATTGT-3'
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15.Hormone Assays
15.1. AMH

AMH levels in the supernatants were determined using Active Mullerian
Inhibiting Substance/Anti-Mullerian Hormone (MIS/AMH) (Diagnostic Systems
Laboratories, Inc., USA) enzyme-linked immunosorbent assay (ELISA) kit. The
analytical sensitivity of the kit was 0.006 ng/mL. Intra-assay repeatability and
the coefficient of variations were given as 4.6% (0.144 ng/mL), 2.4% (0.843
ng/mL), and 3.3% (4.408 ng/mL), respectively.

15.2. Estradiol and Progesterone

The levels of both hormones were determined wusing the
electrochemiluminescence immunoassay (ECLIA), an immunoassay for the in
vitro quantitative determination of estradiol and progesterone levels. ECLIA kits
specific for progesterone (Elecsys Progesterone IlI, Cobas) and estradiol
(Elecsys Estradiol I, Cobas) were used according to manufacturer’s instructions
to measure the corresponding hormone levels in the culture media. All analyses
were performed on the Cobas® 6000 analyzer series (Roche Diagnostics,
USA). Lower detection limits for estradiol and progesterone were 18.4 pmol/L
(5.00 pg/mL) and 0.095 nmol/L (0.030 ng/mL), respectively.

16. Statistical Analysis

Follicle counts, hormone levels and cell index readouts of the
XCELLigence system were continuous data, therefore expressed as the mean
1 [SD]. ANOVA and multiple comparison post-hoc test were used to compare
continuous data among the groups if the data is parametric, or Kruskal-Wallis
test and Dunn’s post-hoc comparison if it is non-parametric. Nominal data were
compared between the groups using Fisher exact or Chi-square tests where
appropriate. Statistical analyses were done using SPSS for windows 21
statistical package program. p<0.05 is considered significant.
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Figure 16: Overview of the experimental design.
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CHAPTER 3
RESULTS

1. Human Ovarian Xenografts in Nude Mice

1.1. Assessment of Follicle Reserve and Steroidogenic Activity after

Cisplatin Treatment

Treatment of the animals with a single intraperitoneal injection of cisplatin
(5 mg/kg) 6 weeks after xenografting of human ovarian samples resulted in a
significant decrease in the number of healthy primordial follicles in xenografted
human ovarian tissues along with a reciprocal increase in the number of atretic
primordial follicles at 24 hours post-injection compared to control animals
receiving vehicle drug DMSO injections. The administration of imatinib (7.5
mg/kg) prior to (2 hours) cisplatin did not appear to confer any protective effect
against cisplatin-induced follicle loss because the number of primordial follicles
was comparable between the xenografts exposed to cisplatin vs.
cisplatin+imatinib (Figure 17-A and 17-B). Interestingly, the magnitude of the
gonadotoxicity after imatinib appeared to be similar to cisplatin when a
comparison was made based on the degree of follicle loss and the reduction in
AMH levels. Notably, bizarre shaped primordial follicles lacking oocytes and
unclassifiable small follicles possessing atretic oocytes without granulosa cells
were much more frequently observed in the samples exposed to imatinib in
comparison to control xenografts and those exposed to cisplatin (33% vs. %1
vs. 8% p<0.01, respectively) (Figure 18). We were not able to assess the effect
of cisplatin and imatinib on the secondary follicles (namely, primary, pre-antral
and antral stage follicles) as they constitute approximately 10% of total follicle
pool in the human ovary, precluding us from making a quantitative analysis.

These in-vivo findings provided histomorphological evidence for possible
gonadotoxic effects of imatinib on the human ovary and prompted us to analyze
ovarian effects of this drug more thoroughly using the following in vitro and in

vitro experiments.
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Figure 17: Human ovarian xenografting in nude mice. (A) Human ovarian
tissues xenografted subcutaneously. (B) Intraperitoneal administration of a
single dose of cisplatin 6 weeks after transplantation resulted in a drastic
decrease in the number of primordial follicles along with a reciprocal increase in

the number of atretic primordials in the xenografts at 24 hours post-exposure.
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The administration of imatinib 2 hours prior to cisplatin did not prevent follicle
loss. The reductions in the primordial follicle numbers were comparable among
the animals treated with cisplatin, imatinib or both. Serum AMH levels were
significantly decreased in the animals treated with cisplatin, imatinib or both

compared to control animals.
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Figure 18: Histological examination of xenografted human ovarian tissue.
Primordials and small follicles lacking an oocyte and empty zona oocytes
without granulosa cells were more abundantly observed in the xenografts

exposed to imatinib (Hematoxylin-eosin staining, red arrows).
1.2.Histological Assessment of The Animals’ Own Ovaries

Histological examination of the animals’ own ovaries revealed similar
findings to what we obtained in the ovarian xenografts. The number of primordial
follicles was significantly reduced in the mouse ovaries treated with cisplatin.
Imatinib treatment with cisplatin did not prevent cisplatin-induced follicle loss.
Furthermore, primordial follicle number was substantially reduced and there
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were multiple small follicles lacking oocytes in the animals receiving imatinib
alone without cisplatin. On the other hand, the number of pre-antral and antral
follicles were comparable among the control animals and those treated with

cisplatin, imatinib or both (Figure 19).
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Figure 19: Histological examination of animals’ own ovarian tissue. (A) Similar
to the grafted tissues, there were multiple small follicles lacking oocytes (yellow
arrows) in the animals’ own ovaries exposed to imatinib. (B) The number of
primordial follicles was significantly reduced in the animals treated with cisplatin.

Imatinib treatment with cisplatin did not prevent cisplatin-induced follicle loss.
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2. In Vitro Model of Human Ovarian Tissue

2.1.In Vitro Treatment of Ovarian Cortical Samples with Cisplatin,

Imatinib or Both

Treatment of ovarian cortical pieces in culture with cisplatin for 24 hours
resulted in significant reductions in the number of healthy primordial follicles and
in vitro estradiol and AMH production of the samples along with a reciprocal
increase in the number of atretic follicles. Imatinib treatment prior to or
concurrent with cisplatin neither ameliorated cisplatin-induced follicle loss nor
improved in vitro hormone productions of the samples compared to those
treated with cisplatin alone (Figure 20). When a comparison was made based
on the healthy and atretic fractions of the primordial follicles and E2 and AMH
levels, imatinib and cisplatin appeared to exert a similar degree of cytotoxicity
on the ovarian tissue samples under in vitro conditions. Furthermore, in vitro
imatinib treatment resulted in the morphological abnormalities in the follicles in
the ovarian tissue samples that were similar to those observed in the ovarian
xenografts of the animals treated with imatinib. Namely, bizarre shaped
primordial follicles, follicles lacking granulosa cell layer and/or oocytes and
empty zona oocytes were more commonly observed in the samples treated with
imatinib compared to control and cisplatin-treated ones (42% vs. 2% vs. 7%,
p<0.01) (Figure 21).

Exposure of human ovarian tissue to cisplatin at 20 uM concentration for
short (30 minutes) and long (24 hours) terms induced SAPK/JNK and TAp63
pathways and triggered apoptosis as evidenced by an increase in the protein
expression of the cleaved form of caspase-3 in immunoblotting. However,
TAp63 activation after cisplatin was not associated with any notable change in

the protein level of c-Abl (Figure 22).
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Figure 20: Follicle counts and hormone production comparison in ovarian tissue
culture model. In-vitro treatment of ovarian cortical pieces with cisplatin for 24
hours resulted in significant reductions in the number of primordial follicles and
in vitro E2 and AMH production of the samples along with an increase in the
number of atretic follicles. The reduction in follicle counts and hormone
productions were comparable among the samples exposed to cisplatin, imatinib
or both. Follicle atresia at such a degree was also observed in the samples
exposed to c-kit blocking agent anti-CD177 but not in those treated with another
c-Abl inhibitor GNF-2, which does not possess c-kit blocking action.
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Figure 21: Histological examination of in vitro cultured human ovarian tissue.

Bizarrely shaped follicles and small follicles lacking an oocyte were more
commonly observed in the samples treated with imatinib and anti-CD177 but

not in the control and cisplatin-treated ones (red arrows).
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Figure 22: Western blot analysis of human ovarian tissue exposed to cisplatin
at 20 uM concentration for short (30 minutes) and long (24 hours) terms. In the
short term as well as long term, 20 uM cisplatin-induced phosphorylation of
SAPK/IJNK and TAp63 pathways and triggered caspase-3 cleavage in
immunoblotting. However, TAp63 activation after cisplatin was not associated
with any notable change in the protein level of c-Abl.

In another set of experiments, we repeated ovarian tissue culture tests
with imatinib used at three different concentrations and found that follicle atresia
was increased and steroidogenic activity of the samples was decreased with
increasing the concentration of the drug, suggesting that ovarian toxicity of

imatinib is dose-dependent (Figure 23).
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Figure 23: Primordial follicle counts, E2 and AMH measurements after
treatment with different imatinib concentrations. In vitro treatment of human
ovarian cortical pieces with imatinib at three different concentrations for 24
hours caused a dose-dependent decrease in primordial follicle number and their

steroidogenic activity.
3. Cisplatin-Induced Apoptosis and TAp63 in Immature Oocytes

3.1.Viability Analysis After In Vitro Exposure to Cisplatin, Imatinib or
Both

The abundance of small follicles lacking oocytes in the ovarian samples
exposed to imatinib led us to investigate the effect of this drug on individual
oocytes obtained from IVF patients. We observed that exposure of the oocytes
to imatinib for 12 hours tremendously increased the rate of atresia to 82%.
During the same incubation period, only 2% of the control oocytes exposed to
DMSO as vehicle drug underwent atresia (p<0.001). Cisplatin exposure caused
a similar degree of oocyte atresia (88%) and imatinib treatment 2 hours before

cisplatin did not rescue the oocytes from apoptosis (92%, p>0.05) (Figure 24).
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Figure 24: Viability after in vitro exposure of isolated oocytes to cisplatin,
imatinib or both. While only 2% of the control oocytes underwent atresia after
12 hours incubation period, the rate of apoptosis was significantly increased to
82, 88 and 92% after treatment with imatinib, cisplatin and cisplatin with imatinib,
respectively (p<0.001). Imatinib treatment before with cisplatin did not rescue

the oocytes from atresia. (Scale bar: 50 um)

Based on the in vivo and in vitro findings that we obtained so far we
hypothesized that the observed toxic effects of imatinib on human ovary might
be related to its inhibitory actions on c-kit, which is another tyrosine kinase
crucial for the survival of ovarian follicles [94]. For this purpose, we repeated
ovarian tissue culture experiments with GNF-2, another c-Abl tyrosine kinase
inhibitor lacking c-kit blocking action, and with anti-CD117, which is a pure c-kit
blocking drug. We found that while there were no significant differences
between control and GNF-2 treated samples in terms of follicle counts and in
vitro E2 and AMH productions, treatment with anti-CD117 was associated with
significant reduction in the primordial follicle count and in vitro hormone
productions of the samples compared to control and GNF-2 treated pieces
(Figure 20). When a comparison was made between the ovarian samples

exposed to imatinib vs. anti-CD117 it appeared that imatinib was associated
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with a greater reduction in primordial follicle number, E2, and AMH levels,
suggesting that the detrimental effects of imatinib on the follicles includes but is
not limited to its inhibitory actions on c-kit. These results also show that anti-
CD117 had a moderate and GNF-2 had the least ovarian toxicity. It is also
worthwhile to note that bizarre shaped primordial and unclassifiable small
follicles possessing atretic oocytes without granulosa cells were much more
abundantly observed in the samples exposed to imatinib (45% of the atretic
follicles) and anti-CD177 (37%) compared to those treated with GNF-2 (2%) or
cisplatin (6.3%) (Figure 21).

3.2.TAp63 Activation and DNA Damage Response after Cisplatin-
Induced DNA Damage in Isolated Oocytes

In order to address the question as to whether genomic damage induced
by cisplatin activates c-Abl along with TAp63 pathway in the human ovary, we
utilized isolated oocytes. Incubation of the oocytes with cisplatin for 5 minutes
induced double-strand DNA damage and activated TAp63 as shown by
increased expressions of y-H2AX phosphorylated at Ser139 and phospho-p63
Ser395 on immunofluorescence staining. But there was no signal of c-Abl
detected before or after cisplatin treatment (Figure 25).
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Figure 25: The expression of TAp63 and c-Abl in human oocytes before and
after exposure to cisplatin in vitro. Exposure of the oocytes to cisplatin (20 pM)
for 5 minutes increased the expression of y-H2AX phosphorylation S¢39 and
phospho-TAp63Se% compared to control oocytes. However, there was no

signal of c-Abl detected in the oocytes after cisplatin exposure despite the
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marked expression of y-H2AX phosphorylation S¢3% as an evidence for the
occurrence of double-strand DNA breaks after cisplatin. (Scale bar: 10 um)

4. Cisplatin-Induced Apoptosis and TAp63 in Granulosa Cells

4.1.Monitorization of DNA Damage Response in Granulosa Cells

Exposed to Cisplatin

Histone H2AX phosphorylated on Ser139 forms y-H2AX, in response to
DNA double-strand breaks generated by exogenous genotoxic agents.
Phosphorylation can extend up to several thousand nucleosomes from the
actual site of the DSB and may mark the surrounding chromatin for recruitment
of proteins required for DNA damage signaling and repair. Extensive
phosphorylation may also serve to intensify the damage signal or facilitate to
repair of persistent lesions. HGrC1 cells exposed to cisplatin monitored up to 4
hours for y-H2AXSe13 |evels and foci appeared as early as 5 minutes post-
exposure and became more pronounced at 30 minutes, 2 and 4 hours after

exposure in immunofluorescence analysis (Figure 26).

4h
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Figure 26: In-vitro exposure of HGrC1 cells to cisplatin caused double-strand

H2AX

yH2AX/Hoechst

DNA breaks as shown by increased expression of y-H2AXSe13 as early as 5
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minutes post-exposure. The intensity of the signal (the number of foci) was
increased when the duration of cisplatin exposure was extended up to 4 hours

in immunofluorescence staining. (Scale bar: 50 um)

4.2.Characterization of DNA Damage Response Elements and TAp63
pathway after Cisplatin-Induced DNA Damage

In immunoblot analysis, exposure of HGrC1 cells to cisplatin at two
different concentrations for 4 hours induced genomic damage, activated cell
cycle checkpoint sensors, SAPK/JNK and TAp63 pathways, and triggered
apoptosis as evidenced by a dose-dependent increase in the expression of the
phosphorylated forms of y-H2AXSe139  Chk-15¢345 and Chk-2Thr8,
SAPK/JNKThr183/Tyr185 - n53Ser395  gnd cleaved forms of PARP and caspase-3.
However, TAp63 activation after cisplatin was not associated with an increase
in the protein level of c-Abl (Figure 27). At 24 hours post-exposure, nuclear
fragmentation and apoptosis of the cells became evident in

immunofluorescence analysis (Figure 28).
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Figure 27: Protein profiler of DNA damage response and checkpoint analysis

of granulosa cells exposed to cisplatin. Exposure of HGrC1 cells to cisplatin at

5 and 20 yM concentrations for 4 hours induced genomic damage, activated

cell cycle checkpoint sensors, SAPK/IJNK and TAp63 pathways, and triggered

apoptosis as evidenced by a dose-dependent increase in the protein expression
of the y-H2AX phosphorylation S¢13% phosphorylated forms of Chk-1 and Chk-
2, SAPK/JNKThr183/Tyr185 ' n53Ser3dS  and cleaved forms of PARP and caspase-3
respectively in immunoblotting. But, TAp63 activation after cisplatin was not

associated with any notable change in the protein level of c-Abl.
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Figure 28: Analysis of apoptosis and nuclear fragmentation. (A) Apoptotic
signal and nuclear fragmentation became evident at 24 hours post-exposure in
immunofluorescence analysis confirming apoptosis-inducing effects of cisplatin
at these concentrations. (B) Percentage of apoptotic cells increased dose-

dependently up to 73% and 82%, respectively. (Scale bar: 50 um)

4.3.Imatinib Co-administrated with Cisplatin Does Not Prevent
Activation of DNA Damage Response Elements and TAp63-

mediated Apoptosis

Afterward describing cisplatin-induced DNA damage response of HGrC1
cells in previous experiments, the effects of pretreatment with imatinib before
cisplatin was analyzed. Administration of imatinib alone or 2 hours before
cisplatin slightly decreased the expression of c-Abl but did not cause any
notable decrease in the expression of the phosphorylated forms of y-H2AX,
Chk-1/Chk-1, SAPK/JINK, and TAp63 compared to those treated with cisplatin
alone in the immunoblotting analysis (Figure 29).

Viability of HGrC1 cells was assessed with intra-vital YO-PRO-1 on
immunofluorescence, it appeared that cisplatin treatment resulted in a

significant reduction in the number of viable cells compared to control samples
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while imatinib treatment did not prevent cisplatin-induced death of the cells
(Figure 30).
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Figure 29: The protein levels of DNA damage, cell cycle checkpoint and
apoptosis markers in HGrC1 cells exposed to cisplatin, imatinib or both.
Administration of imatinib 2 hours before cisplatin did not cause any notable
change in the expression of c-Abl, and phosphorylated forms of y-H2AX, Chk-
1/Chk-1, SAPK/INK, and p63 compared to those treated with cisplatin alone in

an immunoblotting analysis at 4 and 8 hours post-exposure.
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Figure 30: Viability of HGrC1 cells exposed to cisplatin, imatinib or both. When
cell viability was assessed with intra-vital YO-PRO-1 on immunofluorescence, it
appeared that cisplatin treatment resulted in a significant reduction in the
number of viable cells compared to control samples while imatinib treatment did
not prevent cisplatin-induced death of the cells. (Scale bar: 50 ym)

4.4. TAp63 Activation Unaccompanied by c-Abl is not Specific to A
Particular Chemotherapy Drug or Granulosa Cells Type

In order to eliminate the idea that observed effects may only be specific

to the chemotherapy drug cisplatin or HGrC1 cell line, the same set of
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experiments were performed with another drug, 4-OOH CY and other two types
of granulosa cells. Similar results were obtained when the experiments on
HGrC1 cells were repeated with 4-OOH CY, in vitro active metabolite of
cyclophosphamide, similar results were obtained suggesting that absence of c-
Abl up-regulation after TAp63 activation after genomic damage is not specific to
cisplatin (Figure 31).

Furthermore, the same set of experiments were applied with other two
types of granulosa cells; another human granulosa cell line COV434 and
primary non-mitotic human luteal granulosa cells. Results were comparable in
all types of granulosa cells, signifying that the absence of c-Abl up-regulation
after TAp63 activation after genomic damage is neither specific to a particular
type of granulosa cells nor chemotherapy drug. Furthermore, additional to
Ser395 phosphorylation of TAp63, Serl60/162 residue was also investigated.
Results show that cisplatin exposure is associated with increased expression of
TAp63 phosphorylated at both Ser395 and Ser160/162 residues but does not
require c-Abl up-regulation (Figure 32).
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Figure 31: Treatment of the granulosa cells with 4-OOH CY at three different
concentrations activated TAp63 pathway and apoptotic machinery as shown by
increased expression of cleaved forms of PARP and caspase-3 without any

notable change in the expression of c-Abl in immunoblotting.
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Figure 32: Treatment of COV434 (A) and human luteal granulosa cell (B) with

cisplatin increased the expression of phosphorylated forms of y-H2AX Ser39,

both p635er395 and p63Ser160/162 gand cleaved caspase-3 without any increase in

the expression of c-Abl. Imatinib treatment alone was associated with increased

the expression of y-H2AX phosphorylationSe3% and cleaved caspase-3 and

decreased c-Abl expression without any increase in phosphorylated forms of
p63 on both Ser395 and Ser160/162.
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4.5.gRT-PCR Profiler Assay for Gene Expression of Caspase-3, NOXA,
and PUMA Before and After Cisplatin Exposure

We carried out a qRT-PCR profiler assay to see the mRNA expression
of NOXA and PUMA before and after cisplatin as these pro-apoptotic proteins
function as downstream transcriptional targets of TAp63 to mediate primordial
follicle oocyte apoptosis at least in mice [78]. While there is an almost 2-fold
increase in NOXA expression in the ovarian cortical samples, HGrC1 and
COV434 cell lines exposed to cisplatin for 24 hours PUMA expression did not
change. By contrast, in the luteal granulosa cells, PUMA was increased by 4.5-
fold but NOXA was significantly down-regulated after the same duration of
exposure to cisplatin, suggesting that granulosa cell apoptosis upon exposure
to cisplatin downstream TAp63 is differentially regulated depending upon the

type of granulosa cells in human (Figure 33).
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Figure 33: Gene expression results show that even though granulosa cell
apoptosis is TAp63 activation dependent, downstream targets of TAp63 is
differentially regulated depending upon the type of granulosa cells in human.

(Asterix: for comparison to control)
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4.6.Assessment of the Effects of Imatinib on the Proliferation and
Viability of Human Granulosa Cells

In view of the fact that we observed imatinib treatment alone increased
the expression of y-H2AXSe13 jn the granulosa cells at 4 and 8 hours after
exposure in immunoblotting (Figure 29). This effect of imatinib was shown
previously on the different types of malignant cells on culture including leukemia
and gastrointestinal stromal tumor cells in the prediction of response to therapy
[76, 77]. Therefore, in another set of the experiment, the granulosa cells were
treated with imatinib at different concentrations and extended culture period up
to 24 hours to analyze the long-term effect of imatinib exposure on granulosa
cell viability and proliferation. Imatinib treatment caused dose-dependent growth
arrest and induced apoptosis of the mitotic granulosa cell line HGrC1 (Figure
34-A and 34-B). Decreased viability and apoptosis of the cells after exposure to
imatinio  was also confirmed with YO-PRO-1 \Vvitality assay on
immunofluorescence staining and increased expression of cleaved forms of
caspase-3 and PARP on the immunoblotting analysis (Figure 35-A and 35-B).
We also conducted a conventional CTG cytotoxicity assay on the mitotic HGrC1
and COV434 granulosa cells and obtained similar findings (Figure 36).
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Figure 34: Ex

Imatinib

haustive cytotoxicity analysis via the XCELLigence system. (A)

Treatment of the cells with imatinib at the indicated concentrations caused dose-

dependent growth arrest in the real-time growth curves of the cells on the

XCELLigence system. (B) The mean cell index as a measure of viable cell mass

declined with increasing concentrations of imatinib.
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Figure 35: Analyses of cell viability and apoptosis after different doses of
imatinib. (A) Cell death was confirmed with intravital YO-PROL1 staining in
immunofluorescence microscopy and (B) by increased expression of cleaved
forms of caspase-3 and PARP on immunoblotting. There were dose and
exposure time-dependent decrease in the proliferation and increase in the

apoptosis of the cells when they were treated with imatinib. (Scale bar: 50 um)
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Figure 36: Cell viability assay showed that imatinib caused a dose-dependent

decrease in the viability of HGrC1 and COV434 granulosa cells.

4.7.Comparison of the effects of Imatinib, GNF-2, and anti-CD117

The expression of c-Abl was gradually diminished on immunoblotting
when the HGrC1 granulosa cells were treated with increasing concentrations of
imatinib and GNF-2, confirming in-vitro functionality of these drugs (Figure 37).
As the last part of the experiments, we analyzed how mitotic activity and viability
of the granulosa cells change when they were exposed to imatinib, GNF-2, anti-
CD177, and cisplatin with and without imatinib or GNF-2 by monitoring real-time
growth curves of the cells on the xCELLigence platform and assessing their
viability on immunofluorescence analysis. The greatest reduction in proliferation
and viability was observed in the cells exposed to cisplatin followed by in order
of decreasing cytotoxicity imatinib and anti-CDD17 and GNF-2. Indeed, the
proliferation rate of the cells treated with GNF-2 was comparable to control. The
co-administration of imatinib or GNF-2 with cisplatin did not rescue the cell from

apoptosis (Figure 38).
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When a comparison was made between imatinib vs. anti-CD117 it appeared
that imatinib was associated with a greater reduction in proliferation suggesting
that the destructive effects of imatinib on the granulosa cells include but is not
limited to its inhibitory actions on c-kit. These results support the previous data
obtained from human ovarian tissues and also show that anti-CD117 had a
moderate and GNF-2 had the least ovarian toxicity in mitotic granulosa cells.

Cell death was confirmed with intravital YO-PRO1 staining in
immunofluorescence microscopy. The greatest reduction in viability was
observed in the cells exposed to cisplatin followed by in order of decreasing
cytotoxicity imatinib and anti-CD117 and GNF-2 (Figure 39).
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Figure 37: The expression of c-Abl was gradually diminished on immunoblotting
when the HGrC1 granulosa cells were treated with increasing concentrations of
imatinib or GNF-2, as a validation experiment showing in-vitro biological activity

of these drugs.
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Figure 38: Real-time growth curves of the cells treated with imatinib, GNF-2,
anti-CD117 and cisplatin in vitro. The greatest reduction in proliferation and
viability was observed in the cells exposed to cisplatin followed by in order of
decreasing cytotoxicity imatinib and anti-CDD17 and GNF-2. Indeed, the
proliferation rate of the cells treated with GNF-2 was comparable to control. The
co-administration of imatinib or GNF-2 with cisplatin did not rescue the cell from

apoptosis.
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Figure 39: Cell death was confirmed with intravital YO-PRO1 staining in
immunofluorescence microscopy. The greatest reduction in viability was
observed in the cells exposed to cisplatin followed by in order of decreasing
cytotoxicity imatinib and anti-CD117 and GNF-2. (Scale bar: 75 um)
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5. Limitations, Reasons for Caution

Our theoretical knowledge of TAp63-mediated oocyte apoptosis is mainly
rooted in the studies conducted on mice. Its phosphorylation upon induction of
double-strand breaks in the DNA, which triggers conformational change and
results in the formation of an open active and tetrameric structure. All of these
previous data were obtained in mouse oocytes and the results presented in this
dissertation establish the first comprehensive molecular analysis in human.
Therefore, it is yet unclear if the conformational change in TAp63 structure upon
induction of DNA damage is crucial in human oocyte. Unfortunately, we did not
focus to answer this question in this thesis, which could be the subject of another
major project. Further investigations are needed to reveal the importance and
essentiality of novel phosphorylation sites, Ser395 and Ser 160/162, that we

described for the first time in this study.
6. Wider Implications of the Findings

Our findings could be important from the perspective of the biology of
human ovary because we have for the first time identified TAp63-mediated
oocyte and granulosa cell apoptosis in human upon induction of DNA damage.
Moreover, these findings could be important from the perspective of fertility
preservation strategies in human. Focusing on research to discover new
pharmacological options to protect ovarian follicles against chemotherapy-
induced death in the ovary should be a priority. Obviously, such an achievement
may prevent premature menopause and prolong reproductive life span by
preventing total exhaustion of follicle stockpile in the ovary exposed to
gonadotoxic cancer drugs. These results can be implicated to develop new
strategies to prevent TAp63-mediated apoptosis in oocytes and granulosa cells
which will result in the impaired trigger of apoptosis and ultimately protect the
healthy follicle pool from undergoing atresia in young women at reproductive
age suffering cancer treatments. Moreover, provide for the first time a molecular
evidence in human that imatinib might be gonadotoxic effects on the human
ovary. These findings together with two separate cases of a severely

compromised ovarian response to gonadotropin stimulation and premature
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ovarian failure in patients who were receiving imatinib [82, 83] further heighten
the concerns about its potential gonadotoxicity on the human ovary and urge

caution in its use in young female patients.
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CHAPTER 4
DISCUSSION

Infertility and premature ovarian failure are reproductive sequels of
exposure to cytotoxic chemotherapy regimens in young females with cancer.
They cause follicle death by inducing genomic damage in the oocyte and
somatic cells of dormant primordials and growing follicles [12-14]. Premature
ovarian failure is also associated with other adverse health-related
consequences, including osteoporosis, hot flashes, sleep disturbance, and
sexual dysfunction, which can negatively impact on short- and long-term quality
of life. Ovarian tissue banking cannot fully restore ovarian function after
transplantation and reverse menopause [95, 96]. Furthermore, this strategy is
considered still experimental, therefore should be performed under An
institutional review board approval and guidance [56]. Even though oocyte or
embryo freezing prior to chemotherapy can help women achieve pregnancy and
live birth after chemotherapy-induced premature ovarian failure, these
strategies cannot reverse menopause. Therefore, focusing on research to
discover new pharmacological options to protect ovarian follicles against
chemotherapy-induced death in the ovary should be a priority. Obviously, such
an achievement may prevent premature menopause and prolong reproductive
life span by preventing total exhaustion of follicle stockpile in the ovary exposed
to gonadotoxic cancer drugs.

Up to now, several pharmacological agents and compounds were tested
at in vitro and in vivo animal studies to explore their protective effects against
chemotherapy-induced follicle damage/loss in the ovary. Imatinib is such a drug
that inhibits oncogenic tyrosine kinases c-Abl and c-kit used in the treatment of
chronic leukemias and gastrointestinal stromal tumors respectively [76, 77].
Since the initial report that showed the protective effect of this drug on
chemotherapy-induced follicle loss in mouse ovary several other studies were
conducted with inconsistent results [66, 70, 78-81].

Lack of human data on this controversial issue became our motivation in
conducting this translational study and we have obtained several important

findings as follows.
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The major outcome of this study is that DNA damage induced by
chemotherapy drug cisplatin is associated with increased expression of TAp63
phosphorylated at Ser395 and Ser160/162 residues but does not require c-Abl
up-regulation in xenografted and in vitro cultured human ovarian cortical
samples, isolated oocytes, luteal and mitotic granulosa cells. To the best of our
knowledge, it is a novel finding in the human ovary as no previous studies
documented such an association between TAp63 phosphorylation at these
residues and DNA damage induced by chemotherapy exposure.

The full-length TAp63 contains several Ser-Pro motifs (serine residues
followed by a proline) that are expected to be phosphorylated during mitosis as
potential substrates for CDKs. These can be listed as serines at positions 160,
162, 395 and 455. While Serl60-162 phosphorylation has been previously
linked to cell cycle control and proliferation [97], phosphorylation of Ser395 has
not yet been associated with any function. Therefore, our study is the first to
define Ser395 as a site for TAp53 activation in response to DNA damage.
Interestingly, whilst both Ser160 and 162 sites are conserved between p53, p63,
and p73; Ser395 is not conserved, perhaps underlining some of the unique
functions exhibited by this protein.

TAp63 is a member of the Trp53 family (Trp53, Trp63, and Trp73), which
is predominantly expressed by the oocytes of the primordial follicles [98] and
essential for oocyte death after genotoxic stress [65]. As an oocyte-specific
homolog of p53 TAp63 is expressed in meiotically arrested oocytes and act as
a post-pachytene checkpoint to eliminate the oocytes which have sustained
DNA damage [81]. It is phosphorylated upon induction of double-strand breaks
in the DNA, which triggers conformational change and results in the formation
of an open active and tetrameric structure. As transcription targets of TAp63
pro-apoptotic BH3 only proteins PUMA and NOXA coordinate DNA damage-
induced, TAp63-mediated primordial follicle oocyte apoptosis in mice [78].
These data were obtained in mouse oocytes and no data is available in human
oocytes. Therefore, it is unclear if there is a conformational change in TAp63
upon induction of DNA damage in human oocyte.
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In human fetal ovary, no staining for p63 was observed in the oogonia
and during early prophase, |, using ovaries obtained at between 7 and 15 weeks
of gestation. Strong staining of late pachytene- and diplotene-stage oocytes
were detected in ovaries obtained at 24 and 26 weeks of gestation [98]. No data
is available regarding its expression pattern in the adult human ovary. In this
study, we have shown that TAp63 is expressed not only by oocytes but also by
granulosa cells in human. In response to DNA damage induced by different
chemotherapy drugs such as cisplatin and active in vitro metabolite of
cyclophosphamide 4 hydro-peroxy cyclophosphamide TAp63 is phosphorylated
at Ser395 and Serl160/162 residues in human oocytes and granulosa cells
without any increase in c-Abl expression. This finding, in fact, may explain why
imatinib does not confer any protection against follicle loss induced by cisplatin.
Another important point to emphasize that there might be some other
mechanisms after chemotherapy exposure that contribute to the depletion of
follicle reserve in addition to direct toxic effects of chemotherapy drugs on the
oocyte and granulosa cells. One of them is vascular damage that more
commonly occurs after administration of particular chemotherapy drugs such as
cyclophosphamide and cisplatin accelerates follicle loss and aging process of
the ovary [89, 99]. The second mechanism is the so-called burn out
phenomenon. It was hypothesized that cyclophosphamide exposure activates
phosphatidylinositol 3-kinase signaling pathway, which in turn causes
premature activation of primordial follicles and hence “burn out” or early
depletion of follicle pool [100]. It was also suggested as a third possible
mechanism, at least in the mouse ovary that chemotherapy drugs may induce
different mechanisms of follicle loss [101]. Taken together these findings
suggest that there could be a multitude of distinct pathogenetic mechanisms
underlying chemotherapy-induced gonadotoxicity and ovarian failure.

A further consequence is that imatinib mesylate did not confer any
protection against cisplatin-induced follicle loss in human ovary samples,
different types of granulosa cells and oocytes in vitro experiments and in vivo
human ovarian xenograft model. The administration of imatinib prior to cisplatin

did not appear to confer any protective effect against cisplatin-induced follicle
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loss because the number of primordial follicles was comparable between the
xenografts exposed to cisplatin vs. cisplatin+imatinib. Moreover, imatinib did not
show any protective effects in animals’ own ovaries.

Interestingly, the magnitude of the gonadotoxicity after imatinib treatment
appeared to be similar to cisplatin when a comparison was made based on the
degree of follicle loss and the reduction in AMH levels. Particularly, bizarre
shaped primordial follicles lacking oocytes and unclassifiable small follicles
possessing atretic oocytes without granulosa cells led us to investigate its
molecular actions.

Further analysis revealed that imatinib itself exerted cytotoxic effects on
human ovary based on the reduction of follicle pool and steroidogenic activity of
ovarian samples. There were specific structural abnormalities in the follicles that
were much more frequently observed in the ovarian samples exposed to
imatinib and c-kit blocking drug anti-CD117 but not in those incubated with
cisplatin or GNF-2, another c-Abl inhibitor devoid of c-kit blocking action,
suggesting that ovarian toxicity of imatinib is mainly related to its inhibitory
actions on c-kit which is a crucial survival factor for human follicles. These
results support the findings of Kerr et al in the mouse ovary [78] and provide for
the first time a molecular evidence in human that imatinib might be gonadotoxic
effects on the human ovary and does not confer any protection against cisplatin-
induced follicle death in human. Also, our findings together with two separate
cases of a severely compromised ovarian response to gonadotropin stimulation
and premature ovarian failure in patients who were receiving imatinib [82, 83]
further heighten the concerns about its potential gonadotoxicity on the human

ovary and urge caution in its use in young female patients.
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Conclusion

CONCLUSION

In conclusion, imatinib mesylate itself may show cytotoxic effects on the
human ovary and does not appear to confer any protection against follicle loss
induced by cisplatin in the human ovary. Dissection of the molecular
mechanisms underlying TAp63-triggered oocyte apoptosis is of paramount
importance not only for a better understanding of pathologic forms of oocyte
death but also for developing new pharmacological strategies to preserve

ovarian reserve during cancer therapy in the human ovary.
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