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ABSTRACT

Breast cancer patients under 40 years of age who are candidate to chemotherapy with alkylating
drugs may undergo controlled ovarian stimulation (COS) with human recombinant follicle-
stimulating hormone (rhFSH) in order to get fertility preservation by mature oocyte cryostorage.
The direct effect(s) of exogenous rhFSH on the chemosensitivity of breast cancer is currently
unknown. To clarify this issue, we incubated four different breast cancer cell lines with rhFSH
(10 1U/L, 24h) and then we exposed them to doxorubicin (DOX) or cyclophosphamide (CPA).
The effect(s) of rhFSH on human breast cancer cells treated with DOX or CPA was measured in
terms of 1) cell viability, 2) cytotoxicity, 3) multidrug resistance (MDR) genes and proteins

expression and activities, and 4) hypoxia-inducible factor 1-alpha (HIF-1a) activation. Pre-

treatment with rhFSH significantly increased the viability of breast cancer cells after treatment
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with DOX or CPA, and reduced the lactate dehydrogenase leakage and reactive oxygen species
(ROS) production. Moreover, after pre-incubation with rhFSH, the MDR proteins (Pgp, MPR1
and BCRP) expression and activity resulted up-regulated and the HIF-1a pathway activated. In
addition, the use of a widely used HIF-1a inhibitor, the 3-(5'-hydroxymethyl-2'-furyl)-1-
benzylindazole (YC-1), prevented the rhFSH effect on the onset of multidrug resistance. Taken
together, these observations suggest that a short exposure to rhFSH induces chemoresistance to

DOX and CPA in human breast cancer cells via HIF-1a activation.

INTRODUCTION

Breast cancer represents the most frequently diagnosed malignancy in Western countries and
the leading cancer-related cause of death worldwide, affecting approximately one out of eight
women, many of which still in their reproductive age [1] [2] [3].

Anti-neoplastic drugs (especially alkylating drugs such as cyclophosphamide) represent
fundamental tools for breast cancer treatment, but their cytotoxicity involves also the ovary,
causing thorough depletion of primordial ovarian follicles, in turn leading to precocious
ovarian insufficiency and infertility [4]. This undesired effect is particularly relevant for young
women (below 40 years) who are still childless or desire another pregnancy, and, as a
consequence, the need to preserve fertility has obtained a growing attention in the last decades,
leading to a progressively widespread use of fertility preservation techniques [5].

Currently, fertility preservation includes the pharmacological protection of the ovary by
administration of gonadotropin-releasing hormone (GnRH)-analogues, the cryopreservation of
mature, unfertilized oocytes and/or embryos, and the cryopreservation of slices of ovarian
cortex. Among these options, oocyte cryopreservation is preferred in case of breast cancer
because it is a well-established, minimally invasive technique, implies milder bioethical
aspects than embryo cryostorage, and, differently from ovarian tissue cryostorage and grafting,

bears no risk of reintroducing neoplastic cells [6] [7] [8].

6102 |Mdy 91 uo Jasn oulo] Jo AusieAlun Aq Z€/¥ZyS/050201/84101G/£60 L 0 L /I0p/AoBSge-8|oile-aoueApe/poidal|olq/woo dno-olweapeoe//:sdiy Wol) papeojumo(]



In order to cryopreserve an adequate number of mature oocytes (usually 5-15), Controlled
Ovarian Stimulation (COS) is required, accomplished by administering a two-weeks course
supraphysiological doses of exogenous follicle-stimulating hormone (FSH), either recombinant
or urinary FSH, in the 2-6 weeks interval between surgical removal of breast cancer and
initiation of adjuvant chemotherapy [9]. In breast cancer patients (particularly those with
estrogen receptors-positive disease), COS generated concerns due to the risk of exposing
patients to high estradiol levels (ten folds than normal), that are consequent to multiple
follicular development and are known to exert a proliferative effect on estrogen-responsive
cells [10] [11]. To minimize the estrogenic effect on estrogen-sensitive cancer cells, selective
estrogen receptor inhibitors (e.g. tamoxifen) or aromatase inhibitors (e.g. letrozole) are added
to rhFSH [12]. The addition of drugs which counteract the estrogenic effect or avoid excessive
E. synthesis has been successfully tested in breast cancer patients, and it was proven to be
acceptably effective and safe [7] [13] [14].

The attention aimed at controlling the risk of COS for breast cancer patients has been totally
focused on the proliferative effect of the high levels of E, and not to the potential direct
effect(s) of FSH itself. However some data suggest that FSH may exert direct effects on
adhesion, motility, and invasion properties of a breast cancer cell line through regulatory
actions on the actin cytoskeleton that are not mediated by estrogens [15]. Moreover, Sanchez et
al. recently observed in an in vivo rat model that gonadotropins may have direct effects on
extra-gonadal tissues as different circulating levels of FSH and LH directly correlate with the
extent of breast cancer growth [16].

COS for fertility preservation purposes is performed after surgery, but before chemotherapy,
and therefore the knowledge on the effect(s) induced by FSH administration on human breast
cancer cells is important. In particular, the development of multidrug resistance (MDR) to
chemotherapy may result in a significant reduction of therapeutic efficacy and may cause

increased risk of tumor persistence/recurrence [17].
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Aim of our study was to evaluate the effect(s) of a short exposure of breast cancer cells to
exogenous human FSH on their sensitivity/response to the chemotherapeutic drugs DOX and
CPA, and the molecular mechanisms underlying this(ese) effect(s).

MATERIALS and METHODS

1. Cells and reagents

Human breast carcinoma cell lines SK-BR-3, MDA-MB-231, MCF-7 and T-47D were
obtained from the American Type Culture Collection (Rockville, MD, USA) and grown as a
sub-confluent monolayer in humidified incubator at 37°C, 5 % CO, and 20 % O, The RPMI
1640 medium without phenol red, containing 2 mM L-glutamine, 1% (v/v)
antibiotic/antimycotic solution and 10 % (v/v) fetal bovine serum (FBS) was used as culture
medium. Before the experiments, cultivated breast cancer cells were kept 24 h in a medium
containing 10 % (v/v) steroid-deprived FBS to remove any estrogenic effect from the system.
Unless otherwise specified, reagents were purchased from Sigma Aldrich (Milan, Italy),
whereas plastic ware was from Falcon (Beckton Dickinson, Franklin Lakes, NJ).

2. Experimental conditions

Breast cancer cells were incubated for 24 h in the presence or absence (control) of 10 1U/L
human recombinant FSH (rhFSH; follitropin-alfa; GONAL-F® (Merck, Darmstadt, Germany),
and then were exposed for 24, 48 or 72 h to 2.5-5 umol/L DOX or 10-40 mM CPA. The
concentration of rhFSH, tested directly on the cancer cells, was approximately the one that can
be observed in the serum after repeated subcutaneous administration of 150 1U/day Gonal-F®
(Laboratoires Merck Serono, Aubonne, Switzerland) over 7 days [18], as COS is usually
performed using a rhFSH dose range between 150 and 450 1U/mlper day. Moreover, on the
basis of preliminary experiments, 10 IU/L FSH was found to be the minimum dose required to
show a significant effect on cell proliferation and LDH release. rhLH (Luveris®) (Laboratoires
Merck Serono, Aubonne, Switzerland) was used at the dose of 10 IU/L.' CPA was chosen as

one of the main elective drugs for breast cancer treatment, whereas DOX, used as drug for
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solid tumours, was also easily detectable in our experimental approaches and it is often used in
studies about chemoresistence.

3. Cell viability

Breast cancer cells were incubated for 24 h in the absence (control) or in the presence of 10
IU/L rhFSH before the chemotherapeutic treatment of 24 and 48 h with DOX (2.5-5 umol/L)
or CPA (10-40 mM), respectively. Then cells were stained for 1h at 37°C in culture medium
containing Neutral Red solution, washed three times with phosphate-buffered saline solution
(PBS) and rinsed with stop buffer (1:1 of 4.02 g trisodium citrate in 153 mL H,0, 0.8 mL HCI
0.1 N in 86 mL H,O and 25 ml of 95 % v/v methanol), as previously described [19]. The
absorbance was read at 540 nm and the cell viability was expressed as fold change vs control.
Experiments were performed in triplicate and repeated two times.

4. Lactate dehydrogenase (LDH) leakage

Breast cancer cells were incubated for 24 h in the absence (control) or in the presence of 10
IU/L rhFSH before chemotherapeutic treatment, then after 24 and 48 h of incubation with
DOX (2.5-5 pmol/L) or CPA (10-40 mM) the extracellular medium was withdrawn and
centrifuged at 12,000 g for 30 min to remove cellular debris. Cells were washed with PBS,
detached by trypsin/EDTA (0.05/0.02% v/v), resuspended in 1 ml of PBS and sonicated on ice
with two 10-s bursts. LDH activity was measured in the extracellular medium and in the cell
lysate, as previously described, to verify the cytotoxic effect of chemotherapeutic agents. Both
intracellular and extracellular enzyme activities, measured spectrophotometrically as
absorbance variation at 340 nm (37 °C), were expressed as nmol NADH oxidized/min/mg cell
protein; then extracellular LDH activity was calculated as a ratio to the total (intracellular +
extracellular) LDH activity in the dish and expressed as fold change vs control. Experiments

were performed in triplicate and repeated three times.
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5. Mitochondrial ROS production

Cells were incubated for 24 h in the absence (control) or in the presence of 10 IU/L rhFSH, and
then were exposed to 5-10 pM DOX or 25-50 uM CPA for 24 h. Approximately 5 x 10°cells
were washed twice in ice-cold PBS and resuspended in 500 pl of mitochondrial lysis buffer A
(50 mM Tris, 100 mM KCI, 5 mM MgCI2, 1 mM EDTA, ATP 1.8 mM, pH = 7.2),
supplemented with the protease inhibitor cocktail set 111 (Sigma Aldrich, Milan, Italy), 1 mM
phenylmethylsulfonyl fluoride and 2.5 mM sodium fluoride. Samples were clarified by
centrifuging at 2,000 rpm for 2 min at 4°C, and the supernatant was collected and centrifuged
at 13,000 rpm for 5 min at 4°C. The supernatant (cytosolic fraction) was aliquoted and the
pellet containing mitochondria (mitochondrial fraction) was washed in 500 pl buffer A and
resuspended in 250 ul mitochondrial resuspension buffer B (250 mM sucrose, 15 mM
K;HPO4, 2 mM MgCI2, 0.5 mM EDTA, 5% w/v BSA). Mitochondrial samples were loaded
for 15 min with 10 uM 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), a cell-
permeable probe that is cleaved intracellularly by aspecific esterases to form DCFH, which is
further oxidized by ROS to form the fluorescent compound dichlorofluorescein (DCF). After
the incubation, cells were washed twice with PBS to remove excess probe, and total and
mitochondrial DCF fluorescence were determined at an excitation wavelength of 504 nm and
an emission wavelength of 529 nm using a Packard EL340 microplate reader (Bio-Tek
Instruments, Winooski, VT). The fluorescence value was normalized to the mitochondrial
protein content and expressed as fold change vs control [20]. Experiments were performed in
triplicate and repeated three times.

6. Doxorubicin accumulation

Cells were incubated for 24 h in the absence (control) or in the presence of 10 IU/L rhFSH,
then after exposure to 5-10 uM DOX or 25-50 uM CPA for 24 h they were washed twice in
ice-cold PBS and detached with trypsin/EDTA (0.05/0.02% v/v). Cells were centrifuged for 30

sec at 13,000 rpm (4°C) and resuspended in 700 pl of a 1:1 mixture of ethanol plus 0.3 N HCI.
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Fifty pl of cell suspension were sonicated on crushed ice with two 10-seconds bursts (Labsonic
sonicator, 100 W) and used for measurement of cellular proteins; the remaining part was
checked for the DOX content using a Perkin-Elmer LS-5 spectrofluorimeter (Perkin-Elmer).
Excitation and emission wavelengths were 475 and 553 nm, respectively. A blank was
prepared in the absence of cells in every set of experiments and its fluorescence was subtracted
from that obtained in the presence of cells [21]. The fluorescence values were normalized to
the protein content and expressed as fold change vs control. Experiments were performed in
triplicate and repeated two times.

7. P-glycoprotein 1 (Pgp) and multidrug resistance-associated protein (MRP) activity

The efflux of rhodamine 123, a substrate of Pgp and MRP, was taken as an index measuring
Pgp plus MRP activity. Cells were incubated for 24 h without (control) or with 10 IU/L rhFSH,
then after wash with fresh PBS they were detached with cell dissociation solution and
resuspended at 5x10° cells/mL in 1 mL of DMEM medium containing 5% FBS. The samples
were maintained at 37° C for 20 min in the presence of 1 pug/mL rhodamine 123. Subsequently,
cells were washed and resuspended in 500 pl of PBS, and the intracellular rhodamine content,
which is inversely related to its efflux, was detected using a PerkinElmer LS-5
spectrofluorimeter. Excitation and emission wavelengths were 554 and 573 nm, respectively.
An aliguot of sample was used for the determination of the intracellular proteins. A blank was
prepared in the absence of cells in each set of experiments, and its fluorescence was subtracted
from the one measured in each sample [21]. The fluorescence values were normalized to the
protein content and expressed as fold change vs control. Experiments were performed in
triplicate and repeated two times.

8. Breast cancer resistance protein (BCRP) activity

The efflux of Hoechst 33342, a specific substrate of BCRP, was taken as an index of BCRP
activity. Cells were incubated for 24 h in the presence or absence (control) of 10 IU/L rhFSH,

then were washed with PBS and resuspended in 500 puL of DPBS buffer (129 mM NaCl, 2.5
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mM KCI, 7.4 mM Na;HPO4, 1.3 mM KH;PO,;, 1 mM CaCl,, 0.7 mM MgSO,4, 5.3 mM
glucose; pH 7.4), in the presence of 50 pM Hoechst 33342 for 15 min at 37° C. Afterwards,
400 pl of stop solution (210 mM KCI, 2 mM Hepes; pH 7.4) was added and cells were lysed
with 100 ul of 0.1% v/v Triton-X 100, dissolved in 0.3% v/v NaOH. An aliquot of sample was
used for the determination of the intracellular proteins, and the remaining part was analyzed for
the Hoechst content, using a PerkinElmer LS-5 spectrofluorimeter. Excitation and emission
wavelengths were 370 and 450 nm, respectively. A blank was prepared in the absence of cells
in each set of experiments, and its fluorescence was subtracted from the one measured in each
sample [21]. The fluorescence values were normalized to the protein content and data were
plotted relative to control values. Experiments were performed in triplicate and repeated two
times.

9. Western blot analysis

Nuclear extracts (70 pg), obtained with the Nuclear Extraction Kit (Active Motif, Vinci-
Biochem, Florence, Italy), were subjected to SDS-PAGE and subsequently transferred to
PVDF membrane (Immobilon-P, Millipore, Bedford, MA). The blots were blocked in Tris-
buffered saline solution (TBS)-nonfat dry milk 5% for 1 h at room temperature and probed
overnight at 4°C with anti-HIF-1a mouse mAb (diluted 1:250 in TBS-nonfat dry milk 5%, cat
# 610959, BD Biosciences, San Jose, CA) and anti-PCNA mouse mAb (diluted 1:500 in TBS-
nonfat dry milk 5%, sc-56, Santa Cruz Biotechnology, Santa Cruz, CA). The latter antibody
was used to check the equal protein loading in nuclear extracts. After an overnight incubation,
the membrane was washed with 0.1% v/v TBS-Tween and subjected for 1 h to a peroxidase-
conjugated anti-mouse secondary antibody (diluted 1:5000 in 5% w/v PBS-Tween with milk,
Bio-Rad Laboratories, Hercules, CA, USA). The membrane was washed again with TBS-
Tween, and proteins were detected and quantified by ChemiDoc™ MP System (Bio-Rad
Laboratories, Hercules, CA, United States). Densitometric analysis was carried out using

ImageJ software (http://rsbweb.nih.gov/ij/).
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10. DNA binding enzyme-linked immunosorbent assay (ELISA)

Nuclear extracts (10 pg) obtained with the Nuclear Extraction Kit (Active Motif, Vinci-
BiochemSrl, Florence, Italy) were used to detect HIF-1 capacity to bind an HRE by TransAM
ELISA Kit (Active Motif, Vinci-BiochemSrl, Florence, Italy), according to the manufacturer's
instructions. Briefly, samples were added to a 96-well plate, on which there was an immobilized
oligonucleotide containing an HRE (5'-TACGTGCT-3') from the EPO gene. They were then
incubated with anti-hypoxia-inducible factor l-alpha (HIF-1la) antibody (diluted 1:1000 in
Antibody Binding Buffer), subjected to a horseradish peroxidase-conjugated anti-mouse
antibody (diluted 1:1000 in Antibody Binding Buffer) and then incubated with the developing
solution, until the blue color development reaction was performed. Absorbance was read on a
Packard EL340 microplate reader (Bio-Tek Instruments, Winooski, VT) at 450 nm with a
reference wavelength of 655 nm; the absorbance values were expressed as mU optical

density/ug nuclear proteins. Experiments were performed in duplicates and repeated three times.

11. Cumulus cells (CCs) collection and mRNA isolation

Cumulus-oocyte complexes (COCs) were retrieved after follicular aspiration in patients
undergoing controlled ovarian stimulation for intracytoplasmic sperm injection (ICSI) at the
Physiopathology of Reproduction and IVF Unit of S. Anna University Hospital (Torino, Italy),
as previously described [22]. Institutional review board approval was obtained from the
internal ethical committee which authorized the study. All patients gave written informed
consent. Briefly, aspirated follicular fluids were immediately observed under stereomicroscope
and COCs were washed in buffered medium (Flushing medium, Cook Ltd, Ireland). Within 4 h
from oocyte retrieval CCs were separated by gently pipetting in HEPES-buffered medium
containing 80 IU/mL hyaluronidase (Synvitro Hyadase; Origio Medicult, Denmark). Isolated
CCs were washed twice in PBS and transferred with ribonuclease inhibitor (Protector RNase
Inhibitor, 5 Ulliter; Roche Diagnostic, Mannheim, Germany) into a 0.2 ml tube directly

plunged in liquid nitrogen and stored at - 80° C until RNA extraction. Cells were lysed using
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the Power SYBRGreen Cells-to-CTTM kit (Ambion; Life Technologies Italia, Monza, Italy)
and genomic DNA was removed by DNase I.

12. Real-time polymerase chain reaction (QRT-PCR)

Total RNA derived from breast cancer cell line was extracted with TRIzol® (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). One pg of total RNA derived from breast
cancer cell line and from CCs was reversely transcribed into cDNA at 37°C for 60 min and
95°C for 5 min, in a final volume of 20 pl, using the iScript™ c¢DNA Synthesis Kit (Biorad,
Hercules, CA, USA) according to the manufacturer's instructions. The RT-PCR primers were
designed with NCBI Primer-BLAST, synthesized by Sigma (Milan, Italy). was extracted
Quantitative PCR was carried out in a final volume of 20 pl using the iTaq™ Universal
SYBR® Green Supermix (Biorad, Hercules, CA, USA) with 600 nM specific primers for the
quantification of follicle-stimulating hormone receptor (FSHR, 5'-
CTCACCAAGCTTCGAGTCATCCAA-3 and 5'- AAGGTTGGAGAACACATCTGCCTCT-
3"), luteinizing hormone receptor (LHR, 5-GGGCCGAAAACCTTGGAT-3' and 5'-
TGAATGGACTCTAGGCCATAGCT-3'), ATP-binding cassette, sub-family C (CFTR/MRP)
member 1 (ABCCl) (MRP1l, 5-TCTGGTCAGCCCAACTCTCT-3' and 5"
CCTGTGATCCACCAGAAGGT-3), ATP-binding cassette, sub-family C (CFTR/MRP)
member 5 (ABCC5) (MRP5, 5- CCCAGGCAACAGAGTCTAACC-3' and 5'-
CGGTAATTCAATGCCCAAGTC -3), ATP-binding cassette, sub-family C (CFTR/MRP)
member 8 (ABCC8) (MRP8, 5- TCTGCGACCTTCTTGTTTGG-3' and 5'-
TCAGTACAGCATTTGCAACACTT-3"), ATP-binding cassette, sub-family G ABCG2
(BCRP, 5-AGCTGCAAGGAAAGATCCAA-3" and 5-TCCAGACACACCACGGATAA-3),
ATP-binding cassette, sub-family B (MDR/TAP) member 1 (ABCB1l) (Pgp, 5'-
GACTGAGCCTGGAGGTGAAG-3' and 5-CCACCAGAGAGCTGAGTTCC-3), pyruvate
dehydrogenase kinase isozyme 1 (PDK1, 5-GAAGCAGTTCCTGGACTTCG-3' and 5'-

ACCAATTGAACGGATGGTGT-3), phosphoglycerate kinase 1 (PGK1, 5'-

6102 |Mdy 91 uo Jasn oulo] Jo AusieAlun Aq Z€/¥ZyS/050201/84101G/£60 L 0 L /I0p/AoBSge-8|oile-aoueApe/poidal|olq/woo dno-olweapeoe//:sdiy Wol) papeojumo(]



TCTCATGGATGAGGTGGTGA-3' and 5-CTTCCAGGAGCTCCAAACTG-3'; vascular
endothelial growth factor (VEGF, 5-ATCTTCAAGCCATCCTGTGTGC-3' and 5'-
GCTCACCGCCTCGGCTTGT-3) and beta 2-microglobulin (B2M, 5'-
AGCAAGGACTGGTCTTTCTATCTC-3' and 5-ATGTCTCGATCCCACTTAACTA-3)
genes. PCR amplification was 1 cycle of denaturation at 95°C for 30 sec, 40 cycles of
amplification including denaturation at 95°C for 30 sec and annealing/extension at 60°C for 1
min. Standard curves, with serially diluted solutions (1:1; 1:10; 1:100 and 1:1000 for FSH,
BCRP, MRP-1, PDK1, PGK1 and VEGF genes and 1:1; 1:10; 1:100 for LH and Pgp) of
cDNAs obtained as a template for each gene, were included in each PCR and amplified by
target-specific primer sequence to quantify the PCR baseline subtracted relative fluorescence
unit. The threshold cycle (Ct) reflects the cycle number at which the fluorescence generated
within a reaction crosses the threshold line. The quantification of each sample was performed
comparing each PCR gene product with f2M, used as reference gene to normalize the cDNA
in different samples, and expressed in arbitrary units, using the Bio-Rad Software Gene
Expression Quantitation (Bio-Rad Laboratories), calculated using the 2. AACT method [23].
Analyzed transcripts exhibited high linearity amplification plots (r>0.98) and similar PCR
efficiency (84 % for FSH, LH and MRP1 and VEGF, 95 % for BCRP, PDK1 and PGK1, 83.8
% for Pgp and 94 % for B2M), confirming that the expression of each gene could be directly
compared. The specificity of PCRs was confirmed by melting curve analysis. Non-specific
amplifications were never detected. Data were plotted relative to control values. Experiments
were performed in triplicate and repeated two times.

12. Chromatin immunoprecipitation assay (ChlIP)

The chromatin immunoprecipitation assay was done following the recommendations of the
manufacturer (Millipore, Merck Spa, Milan, Italy) with some modifications. Briefly, cells were
plated in 100-mm diameter dishes (6 x 10° cells per dish), washed twice with 1X PBS,

harvested using 1X trypsin and then incubated with formaldehyde (final concentration, 1% v/v)
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for 10 min at 37°C with gentle rotating to cross-link proteins to DNA. The cross-linking
reaction was stopped by adding glycine to a final concentration of 0.125 M on continue
rotating for 5 min and samples were centrifuged at 3.000 x g for 1 min at 4 °C. The pellet was
resuspended in assay buffer [150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 5 mM
EDTA, 50 mM Tris-HCI (pH 8.0)] containing 1X protease inhibitor cocktail, 1 mM PMSF, 1
ug/mL aprotinin, and 1 pg/mL pepstatin A. Then, cell lysates were sonicated on ice with a
Hielscher UP200S ultrasound sonicator (3 x 60 s, amplitude 40 %; Hielscher Ultrasonics
GmbH, Germany) until cross-linked chromatins were sheared to yield DNA fragments between
200 and 1.000 bp. Samples were centrifuged for 15 minutes at 4°C. One tenth of whole lysate
was used to quantify the amount of DNA present in different samples and considered as "input
DNA". Supernatants were incubated 30 minutes at 4°C with Protein A agarose/sperm DNA
(50% slurry) in agitation to reduce non-specific background. Immunoprecipitation was then
done overnight at 4°C with 5 pg of anti-HIF-1a antibody [rabbit polyclonal, (H-206): sc-
10790, Santa Cruz Biotechnology, Texas, USA] or with rabbit 1gG (2729: Cell Signalling
Technology, Danvers, MA 01923, USA), used as negative control. The supernatants were then
supplemented with 5 M NaCl and heated overnight at 65°C to reverse protein-DNA cross-
links. The immunocomplexes were further treated with DNase-and RNase-free proteinase K.
DNA was purified by phenol/chloroform extraction and ethanol precipitation, and the yield of
target region DNA in each sample after ChIP was analyzed by quantitative PCR with specific
primers flanking the putative HRE within the promoter region of the human PDK1 gene
(named "PDK1+", pl primer: 5-GGTCTCCTGTCTCCCTGTAT-3'; p2 primer: 5'-
CTTGACAAGGTTGAGGACGC-3"), primers flanking a PDK1 promoter region that does not
contain HRE (named " PDKI1-", used as a negative control, pl primer: 5'-
GATTGGGAGGGCAGAGGAAG-3'; p2 primer. 5-GTCGGGTGATGGGACTGG-3)),
primers flanking the HRE of PGK1 promoter (named " PGK1+", pl primer: 5'-

GATCTTCGCCGCTACCCTT-3; p2 primer: 5-GCGAGGGTACTAGTGAGACG-3)),
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primers flanking a PGK1 promoter region that does not contain HRE (named "PGK1-", used as
a negative control, pl primer: 5-GCAGCCTCGAATTCCACG-3'; p2 primer: 5'-
AAGAATGTGCGAGACCCAGG-3"), primers flanking the HRE of VEGF promoter (used as a
positive control, pl primer. 5- GTGTGTCCCTCTCCCCAC-3; p2 primer: 5'-
GGGAGCAGGAAAGTGAGGTT-3") and primers flanking a VEGF promoter region that does
not contain HRE (named "PGK1-", used as a negative control, pl primer. 5'-
ACAGGGAAGCTGGGTGAATG-3'; p2 primer: 5- GTGACCCCTGGCCTTCTC-3).

Cycling was: 1 cycle of denaturation at 95°C for 30 sec, 40 cycles of amplification including
denaturation at 95°C for 30 sec and annealing/extension at 60°C for 1 min.

Standard curves, with serially diluted solutions (1:1; 1:10; 1:100 and 1:1000 for PDK1+,
PGK1+ and VEGF+ genes) of cDNAs obtained as a template for each gene, were included in
each PCR and amplified by target-specific primer sequence to quantify the PCR baseline
subtracted relative fluorescence wunit. Analyzed transcripts exhibited high linearity
amplification plots (r >0.97) and similar PCR efficiency (85% for PDK1 and for VEGF, 91%
for PGK and 94% for p2M), confirming that the expression of each gene could be directly
compared. Data were plotted relative to control values. Experiments were performed in two
times.

13. Statistical analysis

Data were expressed as mean £ SEM. The results were checked for normal distribution and
analyzed by one-way analysis of variance (ANOVA) followed by Tukey's test. Statistical
significance level was set at p=0.05.

RESULTS

rhFSH effect on DOX- or CPA-induced cytotoxicity
Cultured cells of the human breast carcinoma cell lines SK-BR-3, MDA-MB-231, MCF-7 and
T-47D were treated with different concentrations of DOX (2.5-5 uM) or CPA (10-40 nM) for

24, 48, and 72 hours in order to cell viability. The treatment resulted in a dose-dependent
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decrease of cell viability measured by neutral red uptake assay, and different cell lines showed
different sensibility to DOX and CPA: T-47D cell survival was only partially affected by DOX
and CPA at the administered doses, whereas cell viability was significantly reduced when the
other three cell lines were tested (Figure 1, A and B). Pre-treatment for 24 h with 10 1U/L
rhFSH significantly ameliorated the cell viability at baseline and after exposure to DOX (Figure
1A) or CPA (Figure 1B) at the same doses and times in all cell lines. As shown in
Supplementary Figure 1, SK-BR-3, MDA-MB-231, MCF-7 and T-47D cells expressed both the
FSHR and LHR mRNA. Human cumulus cells were used as positive FSHR and LHR
expression control. The cell viability data were used to set the experimental conditions of further
experiments; the SK-BR-3, MDA-MB-231 and MCF-7cells were treated with drugs at the
concentration able to decrease the viability by 50% (3.75 uM for 24 h DOX and 20 nM for 48 h
CPA for SK-BR-3 cells, 5 uM for 24 h DOX and 20 nM for 48 h CPA for both MDA-MB-231
and MCF-7 cells) whereas for T-47D cells DOX and CPA were used at the highest dose. In
accordance with the results on viability, the extracellular release of the intracellular enzyme
LDH, used as an index of cytotoxicity, was significantly lower in SK-BR-3, MDA-MB-231,
MCF-7 and T-47D cells after treatment with DOX (Figure 2A) or CPA (Figure 2B) when they
were pre-incubated with rhFSH. As both DOX [24] and CPA [25] were shown to display
cytotoxic effect via reactive oxygen species (ROS) production, we analyzed the levels of
mitochondrial ROS, the main source of cellular ROS. We observed that DOX (Figure 3A) and
CPA (Figure 3B) significantly increased mitochondrial ROS production in SK-BR-3, MDA-
MB-231 and MCF-7cells, and that rhFSH pre-incubation significantly reduced ROS production.
A lower but significant difference in ROS production was observed in T-47D cells, in the
presence of DOX or CPA, after pre-incubation with rhFSH (Figure 3A and B). All together our
data suggest that FSH reduced the toxicity of the chemotherapeutic drugs by lowering the

oxidative damage.
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rhFSH effect on ATP binding cassette (ABC) transporters expression and activity

With the aim of testing whether the protecting effect of rhFSH was due to the enhanced drug
extrusion promoted by activated MDR proteins, we tested the drug accumulation and the
expression and activity of MDR transporters. Upon drug exposure, the amount of intracellular
DOX was significantly reduced by 24 h pre-incubation with rhFSH (Figure 4A). Although LH
receptor was present in all the tested breast cancer cell lines, the pre-treatment with rhLH (10
IU/L) had no effect on doxorubicin accumulation (Supplementary Figure S2), suggesting that
LH it is not able to promote the onset of multidrug resistance increasing the efflux of
doxorubicin. Moreover, we observed that the amount of intracellular rhodamine 123 (Figure
4B), an index of Pgp plus MRP activity, and Hoechst 33342 (Figure 4C), an index of BCRP
activity, were significantly lower after 24 h pre-incubation with rhFSH. In addition, Pgp, BCRP
and MRP1 gene expression (Figure 5) were up-regulated in SK-BR-3, MDA-MB-231 and
MCF-7cells after 24 h of incubation with the hormone. These results show that the rhFSH
reduced the toxicity of the chemotherapeutic drugs by enhancing their efflux through MDR
transporters.

rhFSH effect on HIF-1a activation

Seeking the mechanisms of resistance induced by rhFSH, we tested a central player in MDR and
cancer malignity: the hypoxia inducible factor HIF-1a.

We first verified by western blot analysis that HIF-1o was increased in the nucleus of SK-BR-3,
MDA-MB-231, MCF-7 and T-47D cells after 24 h of rhFSH treatment under normoxic
conditions (Figure 6A and 6B). Moreover, after 24 h of incubation with 10 1U/L rhFSH all the
cell lines exhibited an augmented amount of HIF-1a binding to an HRE (Figure 6C). Cell
monolayers under hypoxic conditions (3% O, for 24 h) and the internal control provided by
ELISA Kit were used as positive controls (data not shown). Notably, we observed that both the
basal level of nuclear HIF-1a and the binding to HRE was significantly higher in T-47D cell

lines, in line with their natural chemoresistance demonstrated in our cytotoxicity experiments.
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The incubation of cells with a widely used HIF-1a inhibitor, the 3-(5'-hydroxymethyl-2'-furyl)-
1-benzylindazole (YC-1) (5 uM for 24 h), which induces a decrease in HIF-1a accumulation by
down-regulating HIF-1a. mRNA translation [26], significantly decreased HIF-1 capacity of
binding to DNA and reverted the effect of the treatment with rhFSH (Figure 6C), thus
confirming the soundness of the assay. Moreover, the pre-incubation with rhFSH enhanced the
effect of HIF-1 capacity of binding to DNA of both chemotherapeutic agents (Figure 6D, data
not shown for CPA as values were superimposable with data obtained in presence of DOX).
ChiP assay was performed to evaluate the occupancy of HIF-1a, and thus its activation, on
PDK1, PGK1 and VEGF gene promoters after pre-treatment with rhFSH. We checked in all
conditions tested that rhFSH increased the binding of HIF-1a at the PDK1, PGK1 and VEGF
than in untreated cells (Figure 7), whereas chromatin precipitated with an anti-HIF-1a antibody
showed no enrichment of the PDK1, PGK1, VEGF gene promoter region that does not contain a
HRE. These results suggest that, after rhFSH stimulation, HIF-1a is recruited to participate to
the transcriptional activity of its well-known target genes. These data were confirmed by RT-
PCR analysis showing that the expression of the genes PDK1, PGK1, and VEGF was increased
in all cells lines after 8 h of incubation with rhFSH (Figure 8), suggesting the rhFSH-mediated
functional activation of HIF-1a. Furthermore, the inhibition of HIF-1a by incubating cells with
YC-1, an HIF-1a inhibitor, prevented the thFSH effect both on the doxorubicin accumulation
(Figure 9 A) and on the ATP binding cassette (ABC) transporters activities (Figure 9 B and C)
in all cell lines, restoring the chemotherapeutic agents levels to a level comparable to the one of
control cells. This suggests that HIF-1a blocking rescues the negative effects of FSH on the
onset of chemoresistance.

DISCUSSION

Preserving the fertility of female cancer patients in reproductive age (below 40 years) has
become a relevant issue in the last decades. In case of breast cancer patients who are candidate

to chemotherapy, COS is performed just before chemotherapy; it seems, therefore, quite
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relevant to understand whether the exposure to rhFSH could affect the effectiveness of
chemotherapy by inducing multidrug resistance (MDR). To the best of our knowledge this
issue has never been investigated.

One of the main mechanisms of MDR is the over-expression of ATP-binding cassette (ABC)
transporters, such as P-glycoprotein (Pgp) and other MDR-related proteins (e.g. BCRP and
MRPs), that actively extrude anticancer drugs from cancer cells [17], lowering the intracellular
concentration of chemotherapeutics and consequently causing a reduction of their cytotoxic
effect [27] [28] [29]. Also HIF-1a, a central component of hypoxic adaptation, is a crucial
factor in MDR: its activation correlates with increased resistance to DOX in cancer cells [27].
Moreover, hypoxia was found to induce expression of BCPR gene in human renal proximal
tubular cell line [30], of MRP-1 in colon cancer cells [31], and of MDRL1 gene and its product
Pgp in transformed epithelia; further, a functional HIF-1a binding site was identified within the
BCRP, MRP-1 and MDR1 gene promoters [30] [32], and HIF-1a activation in colon cancer
cells was found to increase the expression of Pgp, which in turn decreases the accumulation of
intracellular DOX and its cytotoxic effect [28].

In granulosa cells and under normoxic conditions, FSH increases HIF-1la production via
stimulation of CcAMP and up-regulation of the phosphatidylinositol-3-kinase
(P13K)/Akt/mTOR/HIF-1 pathway [33] [34]. In tumor cells, PI3K/AKkt signaling is involved in
FSH-induced multiple functions in a FSHR-dependent manner [35]. Indeed, in epithelial
ovarian cancer cells FSH may induce proliferation via PI3K/Akt/HIF-1o/cyclin D1 pathway
[33] and promote the epithelial-mesenchymal transition, migration and invasion through
FSHR-PI3K/Akt-Snail ~ signaling pathway [36]. Moreover, in ovarian serous
cystadenocarcinoma HIFla is involved in FSH-induced VEGF expression [35].

The activation of PI3K/Akt/mTOR pathway, that regulates critical aspects of normal and
cancer physiology, including cell proliferation, metabolism, motility, angiogenesis, and

apoptosis, is caused either by genetic mutation or amplification and it is also associated with
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cancer pathogenesis, progression, and drug resistance [37]. Breast cancer has the highest rate
of mutational activation of this pathway (more than 70%) [38] [39].

A widespread expression of FSH receptor (FSHR) was observed in tumor-specific vascular
endothelial cells of a wide variety of cancers, including breast cancer [40]. The endothelial
expression of FSHR is significantly correlated with the peri-tumoral vessel density and with
tumor size, suggesting a direct role of FSH in promoting early tumor angiogenesis [41] [42]. Ji
and colleagues found significantly higher levels of mMRNA encoding the receptor for FSH in
invasive ovarian tumors compared to low malignant tumors and normal in ovary surface
epithelium [43]. Moreover, recently, Sellers ZP et al. demonstrated that physiological maternal
pituitary sex hormones regulate migration, adhesion and proliferation in early development of
embryonic stem cells and teratocarcinoma cells [44]. Also, FSH exerts effects on the FSHR
expressed of stem cells located in the ovary surface by undergoing self-renewal, clonal
expansion, and initiating neo-oogenesis and primordial follicle assembly. These population of
very small embryonic-like stem cells are relatively quiescent and were recently reported to
survive chemotherapy and initiate oogenesis in mice when exposed to FSH [45]. Furthermore,
the FSH therapy plays a fundamental role in mobilizing very small embryonic-like stem cells
and hematopoietic progenitor stem cells into peripheral blood [46]. This suggests that on one
hand FSH can become a promising tool in clinical settings, but on the other hand any
therapeutic strategies aimed at enhancement of the size of stem/progenitor cell pool by the use
of gonadotropin-based therapies should be carefully investigated in terms of clinical safety.
Overall, our results show that all the investigated human breast cancer cells express the FSH
receptor at the mMRNA level and that a short exposure to rFSH is able to induce a significant
decrease of intracellular accumulation and cytotoxicity of chemotherapeutic agents DOX and
CPA. The signaling of FSH involves the activation of HIF-1a pathway that enhances Pgp,
MDR-1 and BCRP expression and activity. The central role of HIF-1a is demonstrated by the

reversion of the MDR phenotype exerted by the HIF-1a inhibitor YC-1. Remarkably, our
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findings represent the first evidence of a direct role for rFSH in inducing chemoresistance to
DOX and CPA in human breast cancer cells via HIF-1a activation.

The concept that COS is a safe procedure for women with breast cancer is based on small and
non-randomized observational studies that after a rather short follow-up (7 years) reported a
similar survival rate in affected women who underwent COS for fertility preservation vs those
who did not [39]. Due to both the extensive intra-individual genetic heterogeneity and the
temporal heterogeneity reflecting variability over time during tumor growth and development
or in response to treatment [47], high quality evidence of COS safety in breast cancer patients
is difficult to obtain. In this contest, our in vitro research can provide suggestions for future
case-control studies or for larger scale trials focused on women with breast cancer seeking

fertility preservation before undergoing chemotherapy.

LEGENDS of SUPPLEMENTARY FIGURES

Figure S1. FSHR and LHR mRNA levels in breast cancer cells (lines SK-BR-3, MDA-
MB-231, MCF-7 and T-47D). Cells were analyzed by quantitative real-time polymerase chain
reaction (RT-qPCR). Measurements (n = 4) were performed in duplicate and repeated two
times, and data, expressed as relative expression versus human cumulus cells (positive control),
are presented as means £ SEM.* p< 0.01, ** p< 0.001 and *** p< 0.0001 vs control (cumuls
cells).

Figure S2. Effect of rhLH on intracellular DOX accumulation in breast cancer cells (lines
SK-BR-3, MDA-MB-231, MCF-7 and T-47D). Cells were cultured for 24 h in the absence or
presence of 10 IU/L rhLH, then were incubated for other 24 h in the presence of different
concentrations (3.75 or 5 uM) of DOX. For DOX accumulation assay, measurements were
performed in triplicate and repeated two times (n = 6) and data were represented as fold change
vs control (means = SEM).
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Figure 1. Effect of rhFSH on cell viability after chemotherapeutic treatment of four
human breast cancer cell lines. SK-BR-3, MDA-MB-231, MCF-7 and T-47D cells were
cultured for 24 h in the absence or presence of 10 IU/L rhFSH, then were left untreated or
incubated for 24 h in the presence of different concentrations (2.5, 3.75 or 5uM) of DOX
(Panel A) or different concentrations (10, 20 or 40 mM) of CPA (Panel B). Cell viability was
evaluated by neutral red staining, carried out in triplicate and repeated two times (n= 6). Data
were represented as fold change vs control without rhFSH pre-incubation (means £ SEM). *p<
0.01, **p< 0.001 and ***p< 0.0001 vs control (0 uM DOX or CPA) without rhFSH pre-
incubation; °p< 0.01 and °°p< 0.001 vs control (0 uM DOX or CPA) after thFSH pre-
incubation; § p< 0.01, 88 p< 0.001 and 8§88 p< 0.0001 vs the same treatment without rhFSH
pre-incubation.
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Figure 2. Effect of rhFSH on LDH release after chemotherapeutic treatment of four
human breast cancer cell lines.

SK-BR-3, MDA-MB-231, MCF-7 and T-47D cells were exposed to 24 h pre-incubation with
10 1U/L rhFSH or left untreated, then were incubated for 24 h with different concentrations
(3.75 or 5uM) of DOX or different doses (20 or 40 nM) of CPA. LDH release was calculated
as extracellular vs total (intracellular and extracellular) LDH activity in the dish. Measurements
were carried out in triplicate and repeated three times; data were represented as fold change vs
respective control (means + SEM). *p< 0.01, **p< 0.001 vs control (0 pM DOX or CPA)
without rhFSH pre-incubation; °p< 0.01 and °°p< 0.001 vs control (0 uM DOX or CPA) after
rhFSH pre-incubation.
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Figure 3. Effect of rhFSH on mitochondrial ROS production after chemotherapeutic
treatment of four human breast cancer cell lines. Cells were exposed to 24 h pre-incubation
with 10 1U/L rhFSH or left untreated, then were treated with different concentrations (3.75 or
5uM) of DOX or CPA (20 or 40 nM). The mitochondrial levels of ROS were measured
fluorimetrically using the DCFDA-AM probe. The assay was carried out in triplicate and
repeated two times (n = 6) Data were represented as fold change vs respective control (means +
SEM). *p< 0.01, **p< 0.001 vs control (0 uM DOX or CPA) without rhFSH pre-incubation;
°p<0.01 and °°p< 0.001 vs control (0 uM DOX or CPA) after rhFSH pre-incubation
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Figure 4. Effect of rhFSH on intracellular DOX accumulation and transporter activity
after chemotherapeutic treatment of four human breast cancer cell lines. Effect of 24 h
pre-incubation with rhFSH on intracellular DOX accumulation (Panel A) and on the
ATP binding cassette transporters activity (Panel B and C) in breast cancer cells (lines
SK-BR-3, MDA-MB-231, MCF-7 and T-47D). Cells were cultured for 24 h in the absence or
presence of 10 IU/L rhFSH, then were incubated for other 24 h in the presence of different
concentrations (3.75 or 5 uM) of DOX. Measurements were performed in triplicate and
repeated two times (n = 6) and data were represented as fold change vs control. (A) For DOX
accumulation assay, intracellular doxo was measured at the spectrofluorimeter. For ATP
binding cassette transporters activity assays, the cells were cultured for 24 h in the presence of
10 IU/L rhFSH, then were washed and maintained for further 20 min at 37°C in medium
containing the substrate of different transporters: (B) rhodamine 123 to assess Pgp and MRP
activity (C) Hoechst 33342 to assess BCRP activity. Then cells were lysed and the intracellular
fluorescence, inversely related to fluorescence efflux, was assessed fluorimetrically.
Measurements were performed in triplicate and repeated two times (n = 6). The absorbance
values of the treated cells are expressed as fold change vs control (means + SEM). * p< 0.01
and ** p< 0.001 in presence of 10 IU/L rhFSH vs absence of rhFSH.
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Figure 5. Effect rhFSH on mRNA levels of MDR-related proteins (BCRP and MRP1) and
P-glycoprotein (Pgp) genes in human breast cancer cells (lines).

SK-BR-3, MDA-MB-231, MCF-7 and T-47D cells were cultured for 24 h in the absence or
presence of 10 IU/L of rhFSH, then were analyzed by gquantitative real-time polymerase chain
reaction (RT-gPCR). Measurements (n = 6) were performed in triplicate and repeated two
times, and data, expressed as relative expression vs respective control in the absence of rhFSH
pre-incubation (untreated, represented as dot line), are presented as means £ SEM.* p< 0.01
and ** p< 0.001 after rhFSH pre-incubation vs absence of rhFSH.
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Figure 6. Effects of rhFSH on HIF-1a nuclear traslocation and DNA binding in human
breast cancer cells (lines SK-BR-3, MDA-MB-231, MCF-7 and T-47D). (A) Representative
gel of Western blot analysis of HIF-1a performed on nuclear extracts. This figure is
representative of two similar experiments. The level of proliferating cell nuclear antigen
(PCNA) was used to check the equal protein loading. (B) Bands from two independent
experiments were quantified, normalized for loading as a ratio to PCNA expression and data
plotted on graph relative to control SK-BR-3 (the weakest expression). Data are presented as
means £ SEM. *p< 0.01 and **p< 0.001 vs absence of rhFSH; # p< 0.001 vs SK-BR-3, MDA-
MB231 and MCF-7 untreated. (C) Detection of HIF-la DNA binding. Cells were pre-
incubated in the absence (-) or in the presence (+) of 5 uM YC-1 for 24 h and then incubated
with rhFSH for 24 h. The figure is representative of three experiments performed in duplicate.*
p< 0.001 compared to untreated; ° p< 0.001 rhFSH with YC-1 vs rhFSH without YC-1; # p<
0.001 vs SK-BR-3, MDA-MB231 and MCF-7 untreated. (D) Detection of HIF-1lo. DNA
binding. Cells were pre-incubated in the absence (-) or in the presence (+) of 5 uM DOX and
with or without of rhFSH for 24 h. The figure is representative of three experiments performed
in duplicate. * p< 0.001 vs untreated; ° p< 0.001 vs untreated; § p< 0.01 and 88 p< 0.001 vs
rhFSH in absence of DOX; # p< 0.001 vs SK-BR-3, MDA-MB231 and MCF-7 untreated.
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Figure 7. Effect of rhFSH on nuclear HIF-1a activation in human breast cancer cells. The
binding of HIF-1a to PDK1, PGK1 and VEGF gene promoters after FSH incubation was
measured by ChIP assay. RT-PCR analysis for PDK1, PGK1 and VEGF promoter region
containing (+) or not (-) a HRE was performed on samples immunoprecipitated with anti-HIF-
la antibody (anti-HIF-1a ) or 1gG (negative control). Measurements (n = 6) were performed in
triplicate and repeated two times, and data are presented as means £ SEM. ** p< 0.0001 and *
p< 0.001vs untreated.
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Figure 8. Effect of rhFSH on HIF-1a target genes expression in human breast cancer
cells. After 24 h of incubation with FSH the expression of HIF-1a target genes PDK1, PGK1,
VEGF was checked by quantitative PCR analysis. The figure is representative of three
experiments performed in duplicate. Data are expressed as fold changes versus SKBR3
utreated and are the mean £ SEM. *** p< 0.0001, ** p< 0.001 and * p< 0.01 after rhFSH
exposure vs no exposure; § p< 0.001 vs SK-BR-3 untreated.
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Figure 9. Effect of YC-1, an HIF-1a inhibitor, on the induction of the MDR phenotype
triggered by rhFSH in human breast cancer cells. Three assays were carried out after pre-
incubation in the absence (-) or in the presence (+) of 5 uM YC-1 for 24 h followed by
treatment with rhFSH for 24 h. Measurements were performed in triplicate and repeated two
times (n = 6), and data are represented as fold change vs control. (A) DOX accumulation assay
was carried out The ATP binding cassette transporters activity was evaluated by intracellular
fluorescence of cells exposed to (B) rhodamine 123 (to assess Pgp and MRP activity) or (C)
Hoechst 33342 (to assess BCRP activity). The cells were lysed and the intracellular
fluorescence, inversely related to fluorescence efflux, was assessed fluorimetrically.
Measurements (n = 6) were performed in triplicate and repeated two times. The absorbance
values of the treated cells are expressed as fold change versus control. * p< 0.001 and ** p<
0.001 vs control; ° p< 0.001 vs rhFSH alone.
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