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Abstract

Introduction: Despite its importance in pre-chemotherapy counselling, spe-
cific reproductive toxicological information about cisplatin and paclitaxel is
very rare. This study aimed to investigate the concentrations at which cis-
platin and paclitaxel, alone or combined, affect the in vitro development of
ovarian follicles. Their differential effects on the oocytes and surrounding
granulosa cells was also evaluated.

Material and methods: Ovarian follicles were cultured in vitro using gonad-
otropins and treated with 10%-10"'°M of cisplatin, paclitaxel, or both. At
day 13, granulosa cells and oocytes were retrieved and used for imaging and
functional analyses.

Results: Follicular survival and growth was significantly suppressed in all
treatment groups at 10 M or higher concentrations, and additive effects
were observed in the combination group (p < 0.01). Oocyte-specific genes
such as growth differentiation factor 9 (GDF9) and bone morphogenetic pro-
tein 15 (BMP15) were more suppressed in the paclitaxel group than in the
cisplatin group. Granulosa cell-specific gene suppression and its electron mi-
croscopic alteration were more prominent in the cisplatin group than in the
paclitaxel group. X-linked inhibitor of apoptosis protein (XIAP) expression of
granulosa cells was also further down-regulated in the cisplatin group.
Conclusions: These data provide an insight into the critical concentrations
regarding in vitro follicular development and the differential effects of che-
motherapeutic effects on oocytes and granulosa cells. Further studies are
necessary to develop more efficient pre-chemotherapeutic fertility-sparing
medical treatment that can evade oocyte-specific damage.
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Introduction

The survival rate of women with a variety of cancers has increased sig-
nificantly with improvements in cancer treatment, including early detection
and effective management [1]. An increasing number of reproductive-age
female cancer survivors require quality-of-life care, covering the preserva-
tion of their fecundity, from clinicians and healthcare professionals.

Female reproductive function is represented by cyclic ovarian follic-
ular development. Ovarian follicles are composed of oocytes and gran-
ulosa cells (G-cells), which are germ and somatic cells, respectively [2].
Although this machinery should work together in order to achieve phys-
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iological follicular development and oocyte mat-
uration, different chemotherapeutic agents with
different mechanisms of action may affect each
component cell in a different way.

Cisplatin and paclitaxel are the most widely
used chemotherapeutic agents for the treatment
of gynaecological malignancies, and their mecha-
nisms of action against ovarian cancer cells have
been thoroughly investigated. Cisplatin interferes
with DNA replication, which kills the fastest prolif-
erating cells [3]. Paclitaxel’s mechanism of action
involves the interference with the normal break-
down of microtubules during cell division [3]. Pa-
clitaxel acts as a mitotic inhibitor by disrupting
microtubule function [4] and is able to alter mito-
chondrial membrane permeability in vitro [5].

Some recent studies have focused on the ef-
fects of their in vivo administration that caused
primordial follicular apoptosis observed from
a cross-section of the whole ovarian tissue [3].
However, the magnitude of reproductive toxico-
logical potential affecting normal ovarian follicular
development is still unknown. This issue is critical
in that clinicians can cite these data, if available,
during pre-chemotherapy counselling sessions
with reproductive-age cancer patients, in regard to
the expected decrease in their future reproductive
potential. It is also important from the perspective
that the efficacy of in vitro follicular culture can be
assumed using cryopreserved ovarian tissue col-
lected after the initiation of chemotherapy.

This study aimed to investigate the concentra-
tions at which cisplatin and paclitaxel affect the
in vitro development of ovarian follicles. The ef-
fects of each agent alone or their combination on
the follicular growth pattern were studied. In ad-
dition, whether these effects differentially affect
the oocytes and surrounding granulosa cells was
also evaluated.

Material and methods
Ethics

All of the experimental procedures in this study
were approved by the Institutional Animal Care
and Use Committee (IACUC) of Seoul National
University Hospital (#15-0016-S1A0).

In vitro follicular development

Thirteen-day-old C57BL/6 mice were sacrificed
[6-10], and each ovary was isolated as previously
reported. Collected ovaries were dissociated me-
chanically and single follicles larger than 100 um
diameter were selected and grown in a single drop-
let of each media. Half of the volume of medium
was changed every 2 days until day 13. On day
13, human chorionic gonadotropin (hCG, Ovidrel®,
Merck Serono) at 100 mIU and epidermal growth

factor (EGF, Invitrogen) at 10 ng/ml were added to
induce the extrusion of cumulus-oocyte complex
(COQ). Grown follicle was classified as healthy and
well-grown if the follicles remained normal in struc-
ture, with close contact between oocyte and the
surrounding granulosa cells (G-cells), and as degen-
erated follicles if the oocyte and G-cells were not
visible under microscopic observation.

Measurement of follicular diameter,
survival, ovulation, and maturation rates

The diameters of growing follicles were mea-
sured between the poles of extreme theca cells
using i-solution program (i-solution, Daejeon,
Korea), and the average of each follicle was cal-
culated. Survival of each follicle was calculated
by counting the follicles expanded in vitro after
seeding. After 36 h of hCG and EGF treatments,
the number of ovulated COCs containing healthy
oocyte at the stage of metaphase | (Ml) or meta-
phase Il (MIl) was observed.

Preparation of culture medium and
treatment with chemotherapeutic agents

Preparation of culture media was performed as
reported previously. Briefly, MEM alpha (Invitrogen,
CA, USA) was used as basal medium. Medium was
supplemented with 5% foetal bovine serum (FBS,
HyClone, Logan, UT, USA), 10 mM penicillin-strep-
tomycin (Invitrogen), and 1 mM insulin-transfer-
rin-selenium (ITS, Invitrogen). In addition, culture
media was supplemented with 200 mIU/ml of re-
combinant human FSH (Gonal-F®, Merck Serono)
and 100 miU/ml of LH (Luveris®, Merck Serono).
Finally, 25 pl of media was seeded as droplets on
a culture dish and covered with mineral oil (Sig-
ma-Aldrich, St. Louis, MO, USA).

Stock solutions of cisplatin (Sigma-Aldrich)
were prepared using 0.5 M NaCl (Sigma-Aldrich),
and Paclitaxel (Sigma-Aldrich) was prepared at
a concentration of 1 x 107 M. Final concentrations
in the culture medium were 1078, 10, and 1071° M.
In the experimental group, follicles were cultured
in each group of medium containing cisplatin (C),
paclitaxel (P), and cisplatin with paclitaxel (C + P).

Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

Total RNA was extracted from ovarian follicles
using Trizol (Invitrogen). cDNA was synthesised
from 0.5 pg of total RNA and using Accute premix
(Bioneer, Daejeon, Korea). Each specific primer set
was added to the cDNA, and the reactions were
amplified under the following conditions: incuba-
tion for 10 min at 95°C, denaturation for 20 s at
95°C, annealing for 50 s at 58°C and 30 s for 72°C
for extension. All the reactions were carried out in
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triplicate and the expression of Ct was calculated
based on the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) expression (Table 1).

Immunostaining analysis

Follicles of each group were washed with phos-
phate-buffered saline (PBS) and fixed with 4%
paraformaldehyde (PFA, Sigma-Aldrich) for 20 min
at room temperature. They were incubated with
bovine serum albumin (BSA, Sigma-Aldrich) block-
ing solution at 4°C overnight.

Primary antibody, rabbit anti-mouse X-linked
inhibitor of apoptosis protein (XIAP) (Abcam,
Cambridge, UK), was treated at 4°C overnight and
washed three times with PBST (PBS containing
Triton X-100, Sigma-Aldrich). Secondary antibody,
goat anti-rabbit 1gG 488 (Molecular Probes, CA,
USA) was added and incubated for 30 min at 37°C
and washed three times with PBST. For the stain-
ing of the nucleus, 10 uM of DAPI was added and
samples were observed under a fluorescence mi-
croscope (EVOS-FL, Life Technologies, USA).

Transmission electron microscope (TEM)
analysis

Dissected follicles were washed with PBS and
then fixed with 2.5% glutaraldehyde (Sigma-Al-
drich). Samples were fixed with 2% aqueous 0sO,
(Sigma-Aldrich) and serially dehydrated. Then, de-
hydrated samples were embedded, sectioned, and
observed using JE-1000 (Japan).

Statistical analysis

All statistical analyses were performed using
the Statistical Package for Social Science 21.0
(SPSS Inc., Chicago, IL, USA). The data were an-
alysed with the Student t-test. Differences were
considered statistically significant when p < 0.05.

Results

Determination of treated chemo-reagent
concentrations

The concentration range of each reagent be-
tween 10® M and 107'°M was tested. To deter-

Table 1. Primer sequences used for gRT-PCR

mine the treatment concentrations, those were
selected that led to the apoptosis of in vitro grown
follicles, not a lethal dose of cell death during
in vitro development of isolated, pre-antral folli-
cles. 107'° M of each reagent was decided as the
treatment concentration (Figure 1).

Effects of chemo-reagents on in vitro follicle
development and oocyte maturation

The control group showed in vitro matured
and ovulated normal oocytes after hCG treat-
ment. To evaluate the effects of chemo-reagents,
107 M of cisplatin and paclitaxel, alone or in
combination, were treated to the in vitro growing
day 5 follicles for 5 days. The expansion degree
of each follicle of treated groups was significantly
decreased compared to controls and the follicles
gradually degenerated. Ovulation was not ob-
served in all the treated groups (Figure 2 A, Sup-
plementary Figure S1).

The survival rates were further decreased in
the combination group compared to single agent
groups (Figure 2 B). Most of the treated groups
showed abnormal morphology such as shrinkage
of follicles and extrusion of oocytes (Figure 3),
while the control group showed ovulated mature
oocytes. Degeneration of follicles and oocytes was
more remarkable in the combined group than in
single agent groups.

Expression of apoptosis- and development-
related genes and localisation of XIAP

The expression of anti-apoptosis genes in
the G-cells, Bcl2, and XIAR was significantly
down-regulated by the treatment with chemo-re-
agents, either alone or in combination. The ex-
pression of oocyte development-related genes,
growth differentiation factor 9 (GDF9), and bone
morphogenetic protein 15 (BMP15) was also
down-regulated. Combined treatment culminat-
ed in further suppression of the expression of
all evaluated genes (Figure 4). The expression of
XIAP protein was observed in the cytoplasm of
G-cells. Its expression was decreased in all treat-
ed groups (Figure 5).

Variable Forward (5' — 3') Reverse (3' — 5')

GAPDH GAAGGTCGGTGTGAACGAAT TTTGATGTTAGCGGGGTCTC

BMP15 CAGTAAGGCCTCCCAGACGT AAGTTGATGGCGGTAAACCA

GDF9 AACCCAGCAGAAGTCACCTC AGGGGCTGAAGGAGGGAGG

AMH GCAGTTGCTAGTCCTACATC TCATCCGCGTGAAACA GCG

Bcl2 GTGAACTGGGGGAGGATTGT GGAGAAATCAAACAGAGGCC

XIAP TCACAGCACTCCAACTCTAATC GACCTTCCGAGTGACCATTT
1512 Arch Med Sci 6, October / 2019
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Figure 1. Experimental scheme of study. Analyses on the effects of chemotherapy reagents, cisplatin (C), paclitaxel
(P), cisplatin and paclitaxel (C + P), on in vitro follicle development

Ultra-structural analysis of chemo-reagent
treated follicles

When the ultra-structure of G-cells was ana-
lysed, control groups showed evenly distributed
cells around oocyte. In contrast, the treated groups
showed various sizes, morphologies, and uneven
distributions of G-cells. They had the accumulation

of metabolic waste such as lipid droplets and degen-
erated or non-expanded mitochondria (Figure 6).

Discussion

This study showed differential effects of cisplatin
and paclitaxel on in vitro follicular growth, in terms of
oocyte and follicular cells. The observed effects were
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significantly different between oocytes and G-cells
regarding their gene expression and morphological
alteration. To our knowledge, this is among the first
studies to evaluate the effects of cisplatin and pa-
clitaxel on in vitro developing murine follicles using
a previously settled system by our group [6, 7, 11].

Along with the increased survival after chemo-
therapy of cancer patients, fertility preservation
in female patients became a rising issue in the
gynaecological oncology field [12]. Chemothera-
py in female cancer patients leads to the death
of follicles in the ovary and often culminates in
infertility. To preserve the fertility of women in re-
productive age, prudent choice of chemo-agents
and the cryopreservation of ovarian tissue before
treatment can be important issues.

Cisplatin and paclitaxel are widely used in gy-
naecological cancer patients [1, 4], and numer-
ous studies have been performed to elucidate

Ovulation

Figure 2. In vitro development of murine follicles
in the presence of cisplatin (C) and paclitaxel (P).
A — Morphological observation of in vitro grown fol-
licles in the presence or not of C, R C + B B —survival
rate of follicles grown in the presence of chemo-re-
agents. The survival rate is calculated based on the
number of expanded follicles divided by the num-
ber of seeded follicles, magnification: 40x

their effects on ovarian function [13]. To date,
their toxic effects on the ovarian reserve were
demonstrated by assessing the damage to ovar-
jan tissue and diminished residual follicles, via
experiments using ovarian tissue or whole ova-
ries [14, 15]. Recent in vitro studies using ovarian
tissue culture found that, in a dose-dependent
manner, taxane drugs caused the primary follicle
depletion and that granulosa cells were the first
cells to be affected [16].

To establish the strategy for fertility preservation,
it is important to evaluate the chemo-drugs’ effects
on developing follicles [11]. The cells of developing
follicles are proliferating actively, and they can be
targets of chemo-agents [17]. It may be expected
that chemo-drugs affect the G-cells more signifi-
acntly than non-dividing oocytes. And chemo-re-
agents could affect developing stages of pre-antral
and antral follicles more negatively (Figure 1).

1514
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Figure 3. Collection of oocytes derived from in vitro matured follicles. A — Microscopic image of in vitro matured,
chemo-reagent treated follicles, magnification: 100x, B — morphological observation of in vitro developed oocytes,

magnification: 400x

Evidence from a previous report suggested that
the treatment of taxanes can induce apoptosis [18],
while another study showed that taxanes only had
minimally toxic effects on the ovarian function [19].
In other previous studies, paclitaxel treatment sup-
pressed follicle growth and antral formation [20].

Taxanes are usually administered in combination
with other chemotherapeutic agents, and, in this
case, their own toxic effects against ovarian function
are difficult to determine [21, 22]. Paclitaxel is known

to delay oocyte maturation and to induce oocytes
aneuploidy [23]. Other in vivo studies using high-
dose paclitaxel showed that paclitaxel treatment
induced primordial follicle loss [24, 25]. A previous
report on the treatment of paclitaxel showed the
increased apoptosis of G-cells in developing follicles
[20]. It seems that paclitaxel is more toxic to earlier
stage follicles in vitro and in vivo [26]. However, the
analyses of their effects on developing follicles is still
inadequate due to ethical limitations, restricted sup-
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1.0 ply of human follicles, and the absence of suitable
models of the in vitro follicular maturation system.

Bcl-2 acts as an anti-apoptotic regulator, and
this gene is expressed in mammalian oocytes and
G-cells [27]. In the mammalian ovary, the levels of
0.54 anti-apoptotic and pro-apoptotic gene expression
are known to be low in healthy follicles and in-

creased in atretic follicles [28, 29].
The expression of all tested genes was
down-regulated, and the affected degree differed
. among the treated groups. AMH and GDF9 demon-

AMH

0 T T T . . . .
BMP15 GDF9 BCLY XIAP strated higher expression in the paclitaxel-treated
B Cisplatin -~ M Paclitaxel ~ EC+P group (Figure 4). GDF-9, expressed in oocytes, is
Figure 4. Expressions of follicle development and known to be a paracrine regulator of growth and

apoptosis-related gene. The expression of related
genes was measured in in vitro developed follicles

A B

Day 13 Granulosa cells

differentiator of ovarian somatic cells [30]. The

CTL

Cisplatin

Paclitaxel

Figure 5. Immuno-fluorescence images of in vitro developed follicles. A — Microscopic image of in vitro matured,
chemo-reagent treated follicles, magnification: 100x. B — Expression of XIAP on chemo-treated follicles, magnifi-
cation: 200x
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Figure 6. Microstructure of chemo-reagents treated follicles. A — Microscopic image of in vitro matured, chemo-re-
agent treated follicles, magnification: 100x. B — Ultra-structural analysis of G-cell using transmission electron mi-
croscope, magnification: 5000x. The yellow arrow indicates precipitated metabolic droplet

relatively high expression of GDF-9 in the present
study may have been caused by the generation
of reactive oxygen species (ROS) disrupting the
membrane when paclitaxel is treated [31].

In the present study, combined treatment sig-
nificantly increased the apoptosis of growing fol-
licles, and the expression of Bcl-2 was decreased.
These results are correlated with expression of
XIAR another anti-apoptotic factor related to the
development of follicles. XIAR a known inhibitor of
apoptosis protein 3 (IAP3), is a protein that stops
apoptotic cell death. XIAP is expressed in all the
stages of follicle development and promotes sur-
vival of follicles by inhibiting caspase-3, -7, and -9
[32, 33]. Overexpression of XIAP significantly en-
hances the survival of pre-antral follicles, and thus
XIAP could be used as a pre- and post-chemo pro-
tective agent due to its distinct role in regulating
follicle atresia.

The regulation of follicle atresia is an important
issue in fertility preservation. Currently, a number
of strategies including gonadotropin-releasing
hormone (GnRH) agonist are used for the protec-
tion of ovarian reserve [34]. It interferes with the
hypothalamic-pituitary-gonadal axis and blocks
ovarian function by suppressing gonadotropin lev-
els to pubertal levels. However, its effect is not sat-
isfactory for the preservation of ovarian function
[35]. Therefore, the pre- and post-chemo rescuing
of follicles using XIAP could be a candidate strate-
gy for maintaining ovarian reserve.

In conclusion, we demonstrated the effects of
cisplatin and paclitaxel on in vitro follicular growth.
Their effects were differentially observed between
oocytes and G-cells regarding the gene expression
and morphological variation. Further investiga-
tions are necessary to evaluate the potential effi-
cacy of XIAP as an anti-apoptotic regulator when
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used before chemotherapy. The potential use of
stem cells extracted from ovaries should also
be evaluated in regard to their supportive roles
during in vitro murine and primate follicle culture
setting of this study.
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