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1. Review mechanisms of iatrogenic ovarian 
injury 

2. Discuss limitations of current approaches 
to fertility preservation 

3. Examine experimental approaches on the 
horizon for pharmacologic fertoprotection 

Goals and objectives 
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Cancer survivorship among 
reproductive-aged women 

U.S. cancer survivors by year of diagnosis 

https://seer.cancer.gov/archive/csr/1975_2013 
Miller et al, Am J Clin Oncol 2015  3



Delayed childbearing in the context of 
a cancer diagnosis 

Mean age by birth order: United States, 2000-2014

Adapted from CDC.gov

Increasing numbers of 
women childless at time of 
cancer diagnosis 

4



5

Impact of treatment on 
ovarian reserve 

De Vos et al. Lancet 2010



ASRM Practice Committee, Fertil Steril 20136

Established  

Investigational/ experimental 

Options for female fertility preservation 

Oocyte cryopreservation Embryo cryopreservation

Ovarian tissue cryopreservation
Pharmacologic fertoprotection



Goldman et al. Fertil Steril 2013 7

Limitations of oocyte/embryo cryopreservation

80% oocyte 
survival 

80% 
fertilization

30% blastocyst 
formation

80% 
fertilization

50% blastocyst 
formation

Hypothetical 35yo woman

Euploidy? 
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Mechanisms of iatrogenic ovarian injury 

9 Spears et al. Hum Reprod Update 2019



ASRM Practice Committee, Fertil Steril 201310

Established  

Investigational/ experimental 

Options for female fertility preservation 

Oocyte cryopreservation Embryo cryopreservation

Ovarian tissue cryopreservation
Pharmacologic fertoprotection



GnRH agonist mechanism of action in fertility 
preservation 

11 Lambertini et al, Cancer Treatment Reviews 2019



GnRH agonist pre-clinical data: murine models 

12 Lambertini et al, Cancer Treatment Reviews 2019



GnRH agonist pre-clinical data: rat models

13 Lambertini et al, Cancer Treatment Reviews 2019



Pre-clinical data: female primates, human models 

14 Lambertini et al, Cancer Treatment Reviews 2019



Moore et al, NEJM 2015
DeMesteere et al, J Clin Oncol 2016
Behringer et al, Ann Oncol 2010
Lambertini et al, Cancer Treatment Reviews 2019
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5

30 + years of clinical data in GnRH agonists: 

• 14 randomized studies in breast cancer: 

– Potential prolongation of ovarian function/ possible decreased POI

– No clear benefit in fertility preservation 

• 2 RCTs in lymphoma: No benefit

• 12 meta-analyses: Potential benefit in preventing POI 

• Clear benefit: menstrual suppression in women at bleeding 
risk 
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Loren et al, J Clin Oncol 2013
www.nccn.org16

ASCO statement 2013

NCCN revised guidelines 2015:
“Randomized trials have shown that suppression with GnRH agonist therapy during adjuvant chemotherapy in 
premenopausal women with ER-negative tumors…may preserve ovarian function and diminish the likelihood of 
chemotherapy-induced amenorrhea”… “smaller historical experiences in patients with ER-positive disease… 
conflicting results regarding protective effect on fertility”  

Gonadotropin releasing hormone agonists 
(GnRHa)



Physiologic ovarian folliculogenesis 
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Primordial Primary Secondary  Antral 

17

FSH-sensitive 
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Primordial Primary Secondary  Antral 

Mechanisms of ovarian damage 

Vasculature Stroma

18 Kalich-Philosoph et al. Sci Transl Med 2013  



Promoting and inhibitor factors 

19

Primordial Primary Secondary Antral 

Adapted from Wood-Trageser M, Rajkovic A. Sem Reprod Med 2013 

Promoting
mTOR
AKT/PIK3C
Nobox
Kit/KitLG
GDF9

IGF1
GDF9

LH/LHR
FSH/FSHR
ESR1/2
CYP19A1
FMR1
GDF9

PTEN
S6K1
FOX03
AMH
FOXL2

Inhibiting TP53
BAX
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AKT

mTORC1 mTORC2

S6K1 4EBP1

20

Primordial Primary Secondary  Antral 

Reddy et al., Science, 2008; Adhikari et al., Mol. Hum. Reprod. 2009; 
Zhang et al., Gene, 2013; Castrillon DH et al., Science, 2013 

Nutrients
Growth factors
Chemotherapy
Cancer  

mRNA translation
Cell growth 
Survival
Proliferation 

PI3K

20

mTOR pathway



mTOR pathway critical to primordial follicle activation 

AKT

mTORC1 mTORC2

S6K1 4EBP1
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Primordial Primary Secondary  Antral 

Reddy et al., Science, 2008; Adhikari et al., Mol. Hum. Reprod. 2009; 
Zhang et al., Gene, 2013; Castrillon DH et al., Science, 2013 

PI3K
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Up-regulated PI3K/AKT results in follicular depletion 

PI3K

AKT

mTORC1 mTORC2

S6K1 4EBP1

22

Primordial Primary Secondary  Antral 

Reddy et al., Science, 2008; Adhikari et al., Mol. Hum. Reprod. 2009 

PTEN

TSC1/2
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Potential clinical implications 

23vat

Primordial Primary Secondary  Antral 

Primary ovarian insufficiency 

Fertility preservation 
Ovarian aging 
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Primordial Primary Secondary  Antral 

PI3K

AKT

mTORC1

S6K1 4EBP1

Hypothesis: mTOR inhibitors preserve ovarian 
reserve and fertility in mice treated with CY 

mTORC2
INK 128,  
RAD001

INK128

24



mTOR inhibitors widely used for 
benign and malignant conditions 

mTORC 1 Inhibitors 
(Everolimus, RAD001) 

• Breast cancer (ER+, HER2 neg) **
• Advanced renal cell carcinoma **
• Subependymal Giant Cell Astrocytoma **
• Tuberous Sclerosis **
• Metastatic pancreatic neuroendocrine 

tumors **
• Diffuse Large B-Cell Lymphoma
• Epilepsy
• Melanoma 
• Cholangiocarcinoma 

mTORC 1/2 (Dual) Inhibitors 
(INK128, MLN0128)

• Breast cancer 
• Neuroblastoma 
• Pancreatic cancer 
• Renal cell carcinoma 
• Thyroid cancer 
• Acute lymphoblastic leukemia
• Non-Hodgkin’s Lymphoma 

Rahmani et al.,  Clin Cancer Res, 2014; Nguyen et al. Epilepsia 2015; Rosenberg et al. Transl Oncol 2015; Yang et al. Oncotarget 2015; 
Strosberg et al. World J Gastroenterol 2015; Zhang et al. Apoptosis 2015; Lou et al. Biochem Biophys Res Comm 2014; 
Ingels et al. Int J Cancer 2014; Gild et al. Endocr Relat Cancer 2013; Janes et al. Leukemia 2013

**FDA approved: trade name Afinitor (Novartis) 

25



C57BL/6  
8 weeks

Control (PVP) *
RAD001 2.5mg/kg * (mTORC1 inhibitor) 

Cyclophosphamide (CY 75mg/kg)
INK128 0.3 mg/kg * (mTORC1/2 inhibitor)

RAD + CY 
INK + CY 

CY
Daily RAD

Weeks 1-3
Daily INK

Daily RAD

Week 4

Sacrifice 

Daily INK

* Oral gavage

Aim 1: 
Ovarian reserve 

Daily RAD

Daily INK

Aim 2: 
Fertility 
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Weeks 1-4



Down-regulation of mTOR activity in whole ovary 
lysates of co-treated mice 

27 Goldman et al. PNAS 2017



Phosphorylation of 4EBP-1 and S6 kinase within 
primordial follicles is decreased after mTOR inhibition 
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Two-fold increase in PMFs per surface area 
when CY-treated mice are co-treated with 

mTOR inhibitors 

*



Cytoxan causes follicular burn-out; co-treatment with RAD 
and INK attenuate this effect
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C57BL/6  
8 weeks

Control (PVP) *
RAD001* (mTORC1 inhibitor) 

Cyclophosphamide (CY 75mg/kg)
INK128 * (mTORC1/2 inhibitor)

RAD + CY 
INK + CY 

CY
Daily RAD

Weeks 1-3
Daily INK

Daily RAD

Week 4

Sacrifice 

Daily INK

* Oral gavage

Aim 1: 
Ovarian reserve 

Daily RAD

Daily INK

Aim 2: 
Fertility 
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Weeks 1-4



32 Goldman et al. PNAS 2017
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Growing landscape of pharmacologic 
fertoprotection 

33 Spears et al. Hum Reprod Update 2019



Growing landscape of pharmacologic 
fertoprotection 

34 Spears et al. Hum Reprod Update 2019



Kalich-Philosoph et al. Sci Transl Med 2013 35



Kalich-Philosoph et al. Sci Transl Med 2013 



37 Jang H et al. J Pineal Research 2016
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39 Kano M et al. PNAS 2017



Treatment with MIS protects the ovarian reserve from the primordial follicle depletion induced by 
chemotherapy 

Motohiro Kano et al. PNAS 2017;114:9:E1688-E1697

©2017 by National Academy of Sciences
Kano M et al. PNAS 2017



Growing landscape of pharmacologic 
fertoprotection 

41 Spears et al. Hum Reprod Update 2019



42 Gonfloni S et al. Nat Med 2009
Woodruff TK Nat Med 2009



43 Kim SY….Woodruff et al. Cell Death Differ 2013

Cisplatin-treated ovaries 
with damaged follicles (pink 
cytoplasm, condensed 
nuclei)

Co-treated mice with healthy 
appearing PMFs



• In vitro evaluation of the effect of CY 
metabolites in 3 murine strains
– identified primordial follicle apoptosis
– Identified phospho-AKT and cleaved PARP 

within primordial oocytes 3 days after CY 
injection

44 Luan Y et al. J Endocrinol 2019



Growing landscape of pharmacologic 
fertoprotection 

45 Spears et al. Hum Reprod Update 2019
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S1P mediated 
CY-induced 
apoptosis 

Li F et al. Hum Reprod 2014 



• Intra-bursal S1P 
and S1P mimetic 
FTY720 via 
osmotic mini-
pump 
– attenuates 

radiation-
induced 
oocytes loss in 
primates 

47 Zelinski et al. Fertil Steril 2011



Oxidative stress, apoptosis, and mTOR

48

• Oxidative stress 
induces mitochondrial 
dysfunction; leads to 
activation of caspase-3

• S1P may inhibit 
oxidative stress-induced 
granulosa cell apoptosis 

• suppressing 
caspase-3 release 
via PI3K/AKT 
signaling pathway 

Nakahara 2012 Fertil Steril
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and reduced CY-induced stromal vascular damageC1P decreased CY-induced apoptosis



50 Ting and Petroff. JARG 2010
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Rapidly growing field 
of fertoprotection 

Spears et al. Hum Reprod Update 2019



• Pre-clinical 
• Highly heterogeneous studies 

– Timing of administration 
– Animal models
– Chemotherapy regimens 

Limitations of existing data 
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Cost 

Tolerability 

Efficacy Availability

Route of 
administration 

53

Re-purposed drugs? 

Qualities important in a fertoprotective agent 
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“In the case of a fertoprotective therapy… we may protect 
the oocyte from death but damage to the germline may 
persist, increasing the likelihood of birth defects.”
- Teresa K. Woodruff, PhD 

(and a word of cautious optimism): 

Woodruff TK. PNAS 2017
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