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Course coordination 

 
Johnny Awwad (Lebanon) and Mohammad Aboulghar (Egypt) 
 
 

Course type 
 
Advanced 
 
 

Course description 
 

The oocyte is the key player in the sperm‐egg interaction and the major determinant of embryo 
developmental potential. In addition to transmitting the maternal chromosomal complement, it also 
contributes the mitochondrial genome to the developing embryo. Surprisingly little research have 
focused on studying the oocyte contribution to a successful implantation. Determining oocyte quality 
remains restricted to a morphological analysis, a well‐proven inaccurate science. 
Alternative innovative strategies, the outcome of extensive research, could prove useful in enhancing 
the ability of the treating team to select the most competent oocytes for fertilization and subsequent 
embryo transfer. In addition to advancing our ability to alter reproductive pathways, such 
technologies have also greatly expanded our understanding of the biology of reproduction.  
Oocyte competence could hence be better identified on the basis of minimally invasive enhanced 
diagnostic modalities, such as distribution pattern and function of mitochondria, polar body genomic 
analysis, cumulus cell molecular signature and many others. Some of these developments have also 
led to focused interventions designed to improve oocyte reproductive performance, namely 
mitochondrial enhancement and androgen priming.  
This pre‐congress course discusses biologic pathways which influence oocyte competence and 
evaluates diagnostic and therapeutic interventions designed to promote oocytes with the highest 
reproductive potential.  
 
 
 

Target audience 
 

Fertility Specialists and Reproductive Endocrinologists 
 
 
 

Educational needs and expected outcomes 
 
At the completion of this pre‐congress course, participants should be able to: 
Describe the biologic pathways which determine oocyte competence 
Evaluate the merits of minimally invasive diagnostic modalities in enhancing the selection of the 
most competent oocyte for fertilization 
Develop an evidence‐based assessment of the value of proposed interventions in improving the 
reproductive capability of women 
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Scientific programme 
 

 

Chairman:   Mohamed A. Aboulghar, Egypt 
 
09:00 ‐ 09:30   Oocyte competence: The mitochondria hypothesis 
  Dagan Wells, United Kingdom 
09:30 ‐ 09:45   Discussion 
09:45 ‐ 10:15   Does oocyte mitochondrial injection improve outcomes in women with multiple  
  IVF failures? An assessment of biological rational and clinical data 
  Kutluk H. Oktay, U.S.A. 
10:15 ‐ 10:30   Discussion 
 
10:30 ‐ 11:00   Coffee break 
 
Chairman:   Michel Abou Abdallah, Switzerland 
11:00 ‐ 11:25   Oocyte competence: The hypoxia hypothesis 
  Jeremy G. Thompson, Australia 
11:25 ‐ 11:50   Oocyte competence: The androgen hypothesis 
  Wiebke Arlt, United Kingdom 
11:50 ‐ 12:15   Androgen priming of antral follicles prior to assisted reproduction: An oocyte  
  rejuvenating therapy? 
  Johnny Awwad, Lebanon 
12:15 ‐ 12:30   Discussion 
 
12:30 ‐ 13:30   Lunch break 
 
Chairman:   Johnny Awwad, Lebanon 
13:30 ‐ 14:00   Oocyte competence: The aneuploidy hypothesis 
  Elpida Fragouli, United Kingdom 
14:00 ‐ 14:15   Discussion 
14:15 ‐ 14:45   Does polar body analysis accurately predict the aneuploidy status of the  
  developing embryo? 
  Alan H. Handyside, United Kingdom 
14:45 ‐ 15:00   Discussion 
 
15:00 ‐ 15:30   Coffee break 
 
Chairman:   Mohamed A. Aboulghar, Egypt 
15:30 ‐ 16:00   Oocyte competence: The follicle environment hypothesis 
  Jeremy G. Thompson, Australia 
16:00 ‐ 16:15   Discussion 
16:15 ‐ 16:45   Human cumulus cells molecular signature: Does it predict oocyte competence and  
  embryo implantation potential? 
  Samir Hamamah, France 
16:45 ‐ 17:00   Discussion 
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Oocyte competence: The mitochondria hypothesis 

Dagan Wells, United Kingdom 

 

Contribution not submitted by the speaker 
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Does oocyte mitochondrial injection 
improve outcomes in women with 

multiple IVF failures? An assessment of 
biological, translational  and clinical data

Kutluk Oktay, MD, PhD, FACOG

Professor of Obstetrics & Gynecology, Medicine, Cell 
Biology & Anatomy, and Pathology

Vice Chair, Department of Obstetrics & Gynecology

New York Medical College

Director, Division of Reproductive Medicine and 
Innovation Institute for Fertility Preservation and IVF

Disclosures

• Nothing to disclose (No conflicts pertinent to 
this presentation.
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Objectives

• To update the audience on 
mitochondria physiology

• Discuss whether mitochondrial 
dysfunction is relevant to 
reproduction

• Review proposed treatments for 
mitochondrial dysfunction

Mitochondria: Battery  for the Living

• Multicopy genome, circular ds‐DNA molecule 
Anderson et al., 1981

• Codes for 13 essential subunits of the 
respiratory chain complexes Wallace, 1992

• Maternally‐inherited

• 10x more prone to DNA damage
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Striking Differences Between 
Mitochondrial and Nuclear Genome

Taylor and Trumbull, Nature Review Genetics 2005

• Most genes needed for mitochondrial function 
are coded by the nucleus; traverse 
mitochondrial membrane to function

• Mitochondrial numbers can change depending 
on energy needs:

– High energy need: grow and divide

– Low energy need: destroyed and become inactive

Peculiarities of Mitochondria

Wallace, 1992
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Mitochondrial Function not Limited to 
Just Being an “Energy Plant”

• Redox functions

• Oxygen sensing

• Fatty‐acid oxidation (B‐oxidation)

• Calcium hemostasis

• Cell Signaling

• Programmed Cell Death

Van Blerkom J Mitochondrion 2011

http://www.mitocanada.org/about‐mitochondrial‐
disease/what‐are‐the‐signs‐and‐symptoms/

When mitochondria do not function…
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• Normally O2 is reduced to H20 through redox reactions
• ~ 0.1–2% of electrons passing through the chain oxygen 
is prematurely and incompletely reduced to give rise to 
superoxide radical (*0‐2)

• The pronated form hydroxyperoxyl (HO*) inactivates 
enzymes or initiate lipid peroxidation

How do ROS Form in Mitochondria?

Novo and Parola Fibrogenesis & Tissue Repair 2008 1:5 doi:10.1186/1755‐1536‐1‐5

Mitochondrial Theory of Aging

Induces mtDNA
Mutations

Impaired RedOx
Function

Accumulation of 
more mtDNA
Mutations

ROS 
Generation 

during 
Mitochondrial 

Function

Loss of Cellular and Tissue Functions

Reduced Energy & Signaling Functions
Apoptosis and Cell Senescence
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Tilly and Sinclair, Cell Metabolism 2013

Mitochondrial Function and Oocyte 
Quality: Is there a Connection?

Mitochondria in Oocytes

• Large endowment of mitochondria: 100K‐>600K

• Round/few cristae in oocytes vs. elongated/many 
cristae in morula/blastocyst

• Localization changes based on stage:

– GV/M‐I perinuclear (to support meiotic activities, 
spindle formation, chromosomal segregation?)

– More peripheral in M‐II

– Perinuclear at 2‐PN stage

– Transient microzonation

Va Blerkom, RBM Online 2008
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Mitochondrial Threshold for Viable 
Embryo Development in Mice

Spont Ab

Failed organogenesis

BCB: Brilliant Cresyl Blue Dye
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Shift in Mitochondria Function in 
Bovine Oocyte?

et al
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Oocyte Mitochondrial DNA Copy Number 
is Reduced in Ovarian Insufficiency

Male Factor
Idiopathic
Fert. Failure Normal
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Alistair T. Pagnamenta et al. Hum. Reprod. 2006;21:2467-
2473

© The Author 2006. Published by Oxford University Press on behalf of the European Society of 
Human Reproduction and Embryology. All rights reserved. For Permissions, please email: 
journals.permissions@oxfordjournals.org

Premature Ovarian Failure in Women with 
Mitochondrial Mutations
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Clues from Women with Mitochondrial Diseases

.

Menopause Timing is Tied to 
Mitochondrial Dysfunction

• Meta‐analysis of 22 
genome‐wide association 
studies (GWAS) in 38,968 
women of European 
descent, with replication in 
up to 14,435 women. 

• Gene‐set enrichment 
pathway analyses using the 
full GWAS data set 
identified exoDNase, NF‐κB
signaling and mitochondrial 
dysfunction as biological 
processes related to timing 
of menopause
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Summary

• Indirect evidence in human and some direct 
evidence in animals support essential role for 
intact mitochondrial function in oocyte health.

• Because mitochondria plays a multitude of 
functions in cell viability, the impact of 
mitochondrial dysfunction may not just be 
through reduced energy production.

• Direct evidence that mitochondrial function 
declines with age in human oocytes is missing.

qRT‐PCR Analysis Indicates Age‐
Induced Increase in Mitochondrial 
DNA Damage in Mouse Oocytes

Bahar Kartal, PhD, Thesis Work, Oktay Lab
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Library preparation for 
Next generation sequencing

Laser capture of Primordial Follicles
from donor ovarian tissue

RNA-Seq of laser captured PFs from young and old human 
ovarian donor tissues
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transcript per million mapped reads

MtDNA Damage in Human Primordial 
Follicles: RNA Sequencing

Results are the average of 3 biological replicates
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Proposed ART Treatments for 
Mitochondrial Disorders

• Donor cytoplasmic transfer

• Pronuclei transfer

• Spindle transfer

• Autologous mitochondria injections

Abandoned

Treatment for Mitochondrial Diseases

Egg Quality
Treatment?

Autologous Mitochondria from 
Oogonial Precursor Cells (OPCs)

• Described in cortical tissue of the ovary

• Unipotent, germline cells

• Because of slow self‐renewing nature, proposed to be 
less predisposed to age‐related mitochondrial damage

Nature Med. 2004
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Neo‐oogenesis Has been Refuted by
Neo‐oogenesis Has Been Refuted

Fidelity of DDX4 Ab Questioned
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Debate on DDX4

Indirect Evidence Supporting OPC May 
Have Healthy Functional Mitochondria

Human Oocyte

OPC
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Autologous Germline Mitochondrial 
Energy Transfer

Tilly and Sinclair, Cell Metabolism 2013

Ovarian 
Stimulation

Oocyte 
retrieval

CELL SORTING

MITOCHONDRIA ISOLATION

ICSI

Oogonial  
Precursor Cells

Laparoscopic 
ovarian biopsy
(Three 5x5 mm)
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Ovarian Tissue Harvesting for AMI/Augment
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17 with 2≤ IVF failure

15 underwent COH

2 excluded due 
to lack of prior 
IVF outcomes 

• 3 oocyte pooling
• 2 cancellation (1 

arrest at 2pn, 1 
aneuploidy after 
PGS)

10 underwent ET

4 with PGS        6 without PGS

AMI Study‐Flow chart

Oktay et al Reprod Sciences, 2015;22(12):1612‐7

Characteristics of Patients

Age 
(years)

D2-3 FSH           
(IU/ml)

D2-3 E2
(pg/ml)

AMH 
(ng/ml)

N of IVF 
failures

27 6.1 57 2.5 6

31 7.2 39 3.5 3

32 5.9 36 NA 2

34 15.2 100 1.4 7

35 7.4 47 1.8 5

35 6.9 NA NA 4

36 NA NA NA 2

36 5.5 134 1.1 3

40 9 NA NA 7

41 5.6 39 0.7 3
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AMI Impact on Oocyte Quality

Pregnancy outcomes

Age
(years)

Fresh/ Frozen PGS 
(N of embryos)

N of
embryos 

transferred

Pregnancy 
outcome

27 Fresh NA 2 -

31 Frozen- thawed 2 normal out of 7 2 -

32 Frozen-thawed 4 normal out of 8 1 Pregnancy loss

34 Frozen-thawed 1 normal out of 3 1 Live birth

35 Fresh NA 2 -

35 Fresh NA 2 -

36 Frozen-thawed 1 normal out of 7 1 Ongoing Pregnancy

36 Frozen- thawed NA 2 -

40 Fresh NA 2 -

41 Frozen- thawed NA 1 Pregnancy Loss
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17 patients with 2≤ IVF failure

15 underwent COH

2 excluded due to lack 
of prior IVF outcomes 

3 oocyte pooling
2 cancellation (1 arrest at 
2pn, 1 aneuploidy after 
PGS

10 underwent ET

4 with PGS       6 without PGS

1 live birth
1 on-going pregnancy
1 pregnancy loss 

1 pregnancy loss

AMI Study-Flow chart

Oktay et al Reprod Sciences, 2015;22(12):1612-7

Clinical pregnancy rate: 40%
Live/On-going pregnancy rate: 20%

Pregnancies After OPC‐Derived AMI

Pre (a,c) and post‐AMI (b,d) embryo development of pregnant patients. First 
(b) has delivered and the second  (d) resulted  in a first trimester pregnancy 

loss.

PRE‐AMI POST‐AMI

34 yo,
7 IVF Failures
Single FET
Normal PGS

41 yo,
3 IVF Failures
Single FET
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“Augment” Baby: Elanur

Comparison Of Augment with Age 
Matched Historical Control Group

Augment 
(n=10)

Control 
(n=20)

P 
value

Mean Age 34.7±4.1 35.1 ±3.6 0.91

# Previous IVF Failures 4.3± 2.0 3.4± 0.5 0.53

# Embryos Transferred 1.6± 0.5 1.6± 0.5 1.00

Clin. Pregnancy Rate (%) 4/10 (40) 3/20 (15) 0.18

Live/Ong. Birth Rate (%) 2/10 (20) 1/20 (5) 0.25
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Data From other Augment Centers

Fakih MH, Shmoury MEl, Szeptycki J, dela Cruz DB, Lux C, et al. (2015) The AUGMENTSM 
Treatment: Physician Reported Outcomes of the Initial Global Patient Experience. JFIV Reprod
Med Genet 3: 154. doi:10.4172/2375‐4508.1000154 

Data From other Augment Centers

• No Control group

• Patients with single IVF failure treated

Fakih MH, Shmoury MEl, Szeptycki J, dela Cruz DB, Lux C, et al. 
(2015) The AUGMENTSM Treatment: Physician Reported Outcomes 
of the Initial Global Patient Experience. JFIV Reprod Med Genet 3: 
154. doi:10.4172/2375‐4508.1000154 
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Augment: Lack of Livebirths > Age 40

Data From other Augment Centers

• Aug group received 1.7x oocytes
• Non‐blinded or randomized
• No IRB; “clinical experience”

Fakih MH,, et al. (2015) JFIV Reprod Med Genet 
3: 154. doi:10.4172/2375‐4508.1000154 
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Sumary & Conclusions

• Initial non‐randomized studies suggest some 
improvement in fertilization, embryo quality 
and possibly pregnancy rates < age 40 with 
OPC‐derived mitochondria injection.

• Specifity of these improvements cannot be 
proven from the current data

• Further prospective‐randomized data are 
needed before this treatment can be 
considered effective and safe.

Future Work

• Comparative data on mitochondrial health: 
OPC‐derived vs. aged oocyte

• Better quantification and correlation with 
outcome of mitochondria numbers placed in 
the oocyte

• Randomized‐blinded study:
– Straight randomization of oocytes vs. patients

– Cross‐over design?

• A registry of children born from “Augment”
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Mitochondrial Treatments: There is a 
Responsible Way

Oocyte 
Aging

Mitochondrial Treatments

IRB Oversight Long‐term Follow Up

Data Safety Boards & Public Transparency

Rigorous Case Selection

 Past Fellows:

Fernanda Pacheco, MD
Biran Musul, B.Sc.
Youn Chung, MD
Volkan Emirdar, MD
Jhansi Reddy, MD
Kyungah Jeong, MD
Volkan Turan, MD
Enis Ozkaya, MD
Ozgur Oktem, MD

Erol Arslan, MD

Kenny Rodriguez, MD, PhD
Elke Heytens, PhD
Aylin Cil, MD
Murat Sonmezer, MD
Sanghoon Lee, MD
IlginTurkcuoglu, MD
Margalida Sastri, MD
Sinan Ozkavukcu, MD, PhD
Heesuk Chae, MD

 Past Fellows:

Fernanda Pacheco, MD
Biran Musul, B.Sc.
Youn Chung, MD
Volkan Emirdar, MD
Jhansi Reddy, MD
Kyungah Jeong, MD
Volkan Turan, MD
Enis Ozkaya, MD
Ozgur Oktem, MD

Erol Arslan, MD

Kenny Rodriguez, MD, PhD
Elke Heytens, PhD
Aylin Cil, MD
Murat Sonmezer, MD
Sanghoon Lee, MD
IlginTurkcuoglu, MD
Margalida Sastri, MD
Sinan Ozkavukcu, MD, PhD
Heesuk Chae, MD

Extra‐Mural Collaborators:
 Sumanta Goswami, PhD,  
(Yeshiva Univ/AECOM)
 Maura Dickler, MD & Mark Robson,MD,
(Memorial Sloan Kettering Cancer Center)

 Laboratory of Molecular 
Reproduction & Fertility 
Preservation
– Shiny Titus, PhD

– Fred Moy, PhD (Biostat)

– Enes Taylan, MD

– Yodo Sugishita, MD, PhD

– Robert Stobezki, PhD

– Tai Kawahara, MD

– Kutluk Oktay, MD, PhD

– Enes Taylan, MD

– Giuliano Bedoschi, MD

– Allison Rosen, PhD

– Anitra Miraglia

Supported by R01 HD053112
and R21 HD061259

www.fertilitypreservation.org
Contact: info@fertilitypreservation.org 
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• Molecular Reproduction & Fertility 
Preservation Laboratory at NYMC:

– Shiny Titus, PhD

– Fred Moy, PhD (Biostat)

– Robert Stobezki, PhD

– Biran Musul, B.Sc.

– Yodo Sugishida, MD, PhD

– Heesuk Chae, MD

 Innovation Institute for 
Fertility Preservation
– Kutluk Oktay, MD, PhD

– Giuliano Bedoschi, MD

– Allison Rosen, PhD

– Enes Taylan, MD

– Carmen Dabao

 Past Fellows:
– Fernanda Pacheco, MD

– Youn Chung, MD

– Volkan Emirdar, MD

– Jhansi Reddy, MD

– Kyungah Jeong, MD

– Volkan Turan, MD

– Enis Ozkaya, MD

– Erol Arslan, MD

– Aylin Cil, MD

– Murat Sonmezer, MD

– Sanghoon Lee, MD

– Ozgur Oktem, MD

– Kenny Rodriguez, MD, PhD

– Elke Heytens, PhD

– IlginTurkcuoglu, MD

– Margalida Sastri, MD

– Sinan Ozkavukcu, MD, PhD

Extra‐Mural Collaborators:
Sumanta Goswami, PhD,   

Yeshiva/AECOM
Maura Dickler, MD & Mark Robson, MD,       

Memorial Sloan Kettering Cancer Ctr
Evrim Unsal, PhD, & Volkan Baltaci, MD, 

PhD,  Yeni Yuzyil Univ, Istanbul, TR 
Turkey         

Supported by R01 HD053112 and
R21 HD061259

i‐fertility.netfertilitypreservation.org 
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Learning objectives

• Have an understanding of  the paradox of antral follicle 
oxygenation

• Brief overview of Hypoxia Inducible Factors (HIFs) and how they 
are activated

• Examine the evidence for the potential role of HIFs in the 
follicle

• Examine the evidence that haemoglobin is a follicular and 
oocyte protein

• Explore the role for HIF and haemoglobin in regulating oocyte 
competence
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Is the antral follicle hypoxic?
8‐10% 

pO2?

Oocytes need O2

• Totally dependent on oxidative 
phosphorylation – little glycolytic capacity

– Biggers et al (1967) PNAS

– Thomson (1967) J Exp Zool

• Low follicular O2 associated with poor 
development

– Van Blerkom et al (1997) Hum Reprod
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pO2

Follicular pO2

pO2 <2.5% O2 associated with:
developmental competence
 meiotic spindle defects

Van Blerkom et al Hum Reprod (1997)

Intrafollicular pO2 determines 
developmental competency

(Berg et al. 2003)
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Redding et al (2007) Reproduction

Mathematical modelling

Cumulus cells consume relatively small amounts of 
oxygen.

The follicular fluid oxygen concentration is close to 
what the oocyte sees. 

- 0.5 %2 – 20% O2

Clark et al (2006) Reproduction
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Metabolism of the Cumulus‐oocyte Complex

Bound NADH = Oxidative metabolism
Free NADH = Glycolytic metabolism

• Hypoxia inducible factors (HIFs)

• bHLH-PAS transcription factors
•Heterodimeric proteins
•HIF-1, -2, -3
•HIF-1(ARNT)
•Binding to HRE’s (5’-RCGTG)

• Activates transcription of genes involved in 
response to low oxygen

Oxygen-regulated gene expression
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NUCLEUSCYTOPLASM

HIF Regulation
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NUCLEUSCYTOPLASM

GFP Reporter

Stabilisation

HIF-1

Hypoxic induction of
oxygen regulated genes

HRE

Palladino et al (2004) BoR Thompson et al, unpublished

Epididymis
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HIF1 protein is found in both follicle and CL, 
but….

Thompson et al unpublishedeCG/hCG treated SCID mouse ovary: mAB HIF1 Tam et al (2010) Mol Cell Endo

Is HIF regulated by gonadotrophins?

• FSH
– No evidence that FSH influences HIF1

• LH/hCG
– Combination of hCG and low O2 stabilises HIF1 
protein

– Temporally regulated by LH in vivo

Tam et al (2010) Mol Cell Endo
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GFP increases following LH surge

Tam et al (2010) Mol Cell Endo

The paradox of HIF activity in the ovary

• Large antral ovarian follicles are supposed to 
be hypoxic, or at least close to hypoxia?
– No measurable HIF‐induced response in both pre‐
antral and antral

• The developing corpus luteum is HIF active
– Does this mean the developing CL is hypoxic? 

– CL formation is dependent on VEGF

• Is there a further regulatory mechanism that 
could help explain this paradox?
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In vivo/
In vitro 
(20% O2)

2% O2

cumulus cells

oocyte

Low O2 IVM turns on HIF

• Low O2 IVM increases mRNA of many classic HIF1/2 
regulated genes in cumulus cells, but not in vivo

Kind et al (2014) RFD
Banwell et al unpublished

Kind et al (2013) RFD
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Haemoglobin mRNA regulated in the 
mouse follicle

GRANULOSA CELLS

Brown et al (2015) BoR

• Pooled human granulosa and cumulus cells collected 
from women undergoing ART.

Human granulosa and cumulus cells
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Haemoglobin lost during IVM

BF                           DAPI                         HBA                       MERGE

Ovulated
(hCG 16 h)

IVM
(17 h)

60X

Protein aberrantly located in cumulus cells and lost 
from oocyte 

Conclusions
• Follicular O2 is:

– Correlated to oocyte health
– Difficult to measure
– Oocyte most likely in a “hypoxic” range – but not hypoxic

• Hypoxia Inducible Factors in antral follicles
– Do not appear to regulate pre‐LH surge follicle growth
– Regulates post‐LH surge differentiation

• Haemoglobin present in follicular cells
– Gas transport? – but which gas? Or other function?

• HIF and Haemoglobin
– How does Hb interact with HIF, if at all?
– Not present at all during IVM ‐ what does this mean for 
oocyte in vitro maturation?

– Present during embryo development? Yes!
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ANDROGEN PRIMING OF ANTRAL FOLLICLES PRIOR

TO ASSISTED REPRODUCTION: 
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ADJUVANT THERAPYADJUVANT THERAPY

Management of Poor Response

July 2, 2017 Pre-Congress Course / ESHRE 2017 

STUDY QUESTIONSTUDY QUESTION

ANDROGENS in the ovarian micro milieu 
potentiates FSH action

Follicle numberFollicle number

Oocyte quality Oocyte quality 

INTERVENTIONS

Do Androgens and Androgen-modulating 
Agents benefit POR

July 2, 2017 Pre-Congress Course / ESHRE 2017 

Live birthsLive births
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

A 38 year old woman G0P0 was referred to you for primary infertility 
of 8 years duration.
AMH 0.9 ng/dl.  CD3 FSH 13.0 IU/l. E2 45pg/ml. AFC 5.

She reports a previous ART cycle failure in which she received 300 IU 
daily dose of rec‐FSH, developed 2 pre‐ovulatory follicles and 
produced 2 oocytes. 

She is planning her third ART cycle, and has heard about androgen 
therapy. To maximize benefit, you propose testosterone 
transdermal patches should be started: 

A. On the first day of ovarian stimulation and until hCG.
B. Two weeks prior to ovarian stimulation and until hCG.
C. Six weeks prior to ovarian stimulation and until hCG.  
D. Twelve weeks prior to ovarian stimulation and until hCG. 

July 2, 2017 Pre-Congress Course / ESHRE 2017 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Testosterone-treated women achieved significantly
higher live birth rate, clinical pregnancy rate and

required significantly lower doses of FSH.

July 2, 2017 Pre-Congress Course / ESHRE 2017 

Testosterone-treated women achieved significantly
higher live birth rate, clinical pregnancy rate and

required significantly lower doses of FSH.
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

When the clinical pregnancy rate was adjusted per
embryo transferred, differences among the two groups were

not statistically significant.

July 2, 2017 Pre-Congress Course / ESHRE 2017 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

When compared with placebo or no treatment, pre-treatment with 
DHEA was associated with higher live birth rates.

July 2, 2017 Pre-Congress Course / ESHRE 2017 

When compared with placebo or no treatment, pre-treatment with 
testosterone was associated with higher rates of live birth.
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

July 2, 2017 Pre-Congress Course / ESHRE 2017 

Testosterone treatment increased
 Ovarian size
 Follicular number
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Testosterone treatment
 Significantly increased the numbers of small 

follicles (primary to small antral)
 Did not increase the abundance of large antral 

follicles (pre-ovulatory)

Androgen treatment stimulated early stages of primate ovarian 
follicular growth, independently of cycle stage or gonadotropin effect.

July 2, 2017 Pre-Congress Course / ESHRE 2017 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Androgens promoted follicular growth indirectly by amplifying FSH 
effect.

FSHR mRNA expression was 
 Significantly increased following testosterone treatment
 Only modestly increased following FSH treatment

July 2, 2017 Pre-Congress Course / ESHRE 2017 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Equivalent to ovarian follicular fluid 
concentrations:
 PCOS - 10-5 M
 Healthy women - 10-9 M

In 10-5 M androstenedione-treated follicles,
 Follicular diameter significantly larger

Lack of cumulus Misshapen oocyte

Lack of mural granulosa 

In androstenedione-treated follicles,
 Survival rate of follicles decreased in a dose-dependent manner
 Rate of follicles with abnormal morphology higher
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Following hCG/EGF treatment, in 
10-5 M androstenedione-treated 
follicles,
 Oocyte meiotic maturation 

lower
 Failure of spindle assembly 

higher
 Misaligned chromosomes more 

frequent

Excess androgen induced abnormalities in the morphology and 
function of developing oocytes, which impairs oocyte meiotic 

competence.

July 2, 2017 Pre-Congress Course / ESHRE 2017 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Does clinical research follow principles of 
ovarian physiology

The transition from preantral to antral follicular stage ≈ 70 days

July 2, 2017 Pre-Congress Course / ESHRE 2017 

Testosterone in excess to 5.5 mg/d may be detrimental to follicle development
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

July 2, 2017 Pre-Congress Course / ESHRE 2017 

Serum testosterone and DHEA-S levels were statistically significantly
higher after DHEA supplementation 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

Median follicular DHEA-S level, but not testosterone, was statistically 
significantly higher in the DHEA group.

July 2, 2017 Pre-Congress Course / ESHRE 2017 

No significant difference in the oocytes obtained, clinical
pregnancy, ongoing pregnancy, live birth or miscarriage was observed. 
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

July 2, 2017 Pre-Congress Course / ESHRE 2017 

The non-significant increase in the number of COCs, following 
transdermal testosterone pretreatment was not associated

with the probability of embryo transfer.
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July 2, 2017 Pre-Congress Course / ESHRE 2017 

TAKE HOME MESSAGESTAKE HOME MESSAGES

Does ANDROGEN supplementation benefit POR

Dose threshold

LIKELY

WHEN

July 2, 2017 Pre-Congress Course / ESHRE 2017 

HOW WHICH

Duration threshold

T vs A adjuvant

T 5.5mg/d > 72 days
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Oocyte competence: The aneuploidy 
hypothesis 

Elpida Fragouli, PhD, FRSB

Scientific Director, Reprogenetics UK

Disclosure

Employee (scientific director) of Reprogenetics UK, a PGD service provider
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Learning objectives

• Origin of aneuploidy & relevance to reproductive failure 

• Oogenesis & meiosis 

• Mechanisms leading to aneuploidy of female meiotic origin: 

1. Whole chromosome non-disjunction 
2. Unbalanced chromatid pre-division 

• Methods employed for oocyte/ PB analysis: 

Advantages & disadvantages 

• Oocyte analysis data: 

1. Karyotyping & FISH 

2. Comprehensive molecular cytogenetic methods (CGH & aCGH) 

• Why is female meiosis so error prone?  

Recombination 

The impact of aneuploidy in reproductive success & 
failure

• Numerical chromosome abnormalities: common & clinically significant 

• 5% of clinically recognised pregnancies carry a trisomy or monosomy

• Aneuploid pregnancies mostly miscarry

• A few trisomies & sex chromosome abnormalities lead to live births

Hassold and Hunt, 2001: Hassold et al., 2007 

• Relevance of aneuploidy to IVF

1. Embryonic arrest

2. Implantation failure

3. Spontaneous abortion
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Origin of aneuploidy

Female age
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• Aneuploidies arise during oogenesis (mostly) & post-fertilization

• Meiotic aneuploidy principally influenced by female age

Reprogenetics UK data from > 2000 oocytes

Meiosis

• Specialised cell division taking place in reproductive tissue

• Reduces diploid chromosome number by half- haploid gametes created

Page 65 of 135



Oogenesis

• Females born with complete oocyte set 

• Oogenesis starts during fetal development 

• Mitotic divisions form primordial follicles containing diploid

primary oocytes   

• MI begins on 12th week of fetal development   

• Diplotene prophase I arrest: 

homologous chromosome recombination

germinal vesicle (GV) formation

• Puberty & menstrual cycle: 

one oocyte released each month

uterus prepares for implantation

Jones, 2008 

Whole chromosome non-disjunction

• Takes place during MI or MII 

• Oocyte with extra chromosome & 1st or 2nd PB with missing chromosome or 

vice versa 

• Homologous chromosomes move towards same meiotic spindle pole 

• Due to reduced or no recombination & position of chiasmata

• Female age affects recombination patterns
Delhanty, 2005: Hassold et al., 2007 
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Unbalanced chromatid predivision

• Takes place during MI

• Lead to aneuploidy in 50% of cases 

• Sister chromatids divide prematurely & segregate randomly 

• Due to reduced or no recombination & female age 

Angell et al., 1993 

Cytogenetic analysis of oocytes & polar bodies
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Oocyte & polar body fixation on a slide

• Required for karyotyping or FISH analysis

• Involves hypotonic treatment followed by fixation on slide

• Enables visualisation of chromosomes & chromatids 

Picture from Mahmood et al., 2000; Fragouli et al., 2011 

• Risks artefactual chromosome loss 

• Accurate hyperhaploidy scoring only 

Oocyte analysis via classical cytogenetic methods

• Pellestor et al. (2003) analysed 1397 oocytes via R banding 

• 792 women of average age 34 years

• Modified fixation minimised artefactual chromosome loss

• 10.8% oocytes abnormal

• Aneupoidy increased with advancing female age

• Unbalanced chromatid pre-division affected by advancing female age

• IVF indication did not influence aneuploidy rates

Pellestor et al., 2003 
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• Karyotyping results conclusions:

1. Determined how advancing female age affects whole chromosome non-
disjunction & unbalanced chromatid pre-division 

2. Smaller chromosome groups D-G malsegregated more frequently 

Pellestor, 1991; Zenzes and Casper, 1992; Angell, 1997; Pellestor et al., 2002

Oocyte analysis via classical cytogenetic methods

• Poor oocyte metaphase morphology meant that specific chromosomes could
not be identified 

• FISH enabled assessment of polar bodies

• FISH probes targeted smaller chromosomes

• FISH provided results for ALL types of oocyte metaphase spreads

• Limited number of chromosomes assessed

Oocyte analysis via fluorescent in situ hybridisation

Picture from Mahmood et al., 2000
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Oocyte analysis via fluorescent in situ hybridisation

• Mahmood et al. (2000) & Cupisti et al. (2003) 
analysed 236 oocyte-PB complexes via FISH 

• 124 women of average age 32.5 years  

• Chromosomes 1, 9, 12, 13, 16, 18, 21, X assessed  

• Chromosome gains assessed only 

• Hyperploidy rate: 4% 

• Chromosomes 13, 16, 18 and 21 malsegregated more frequently 

• Chromosome non-disjunction, chromatid predivision, germinal/gonadal 
mosaicism identified 

Mahmood et al., 2000; Cupisti et al., 2003

Oocyte analysis via FISH/ clinical results

• Verlinsky et al. assessed first & second PBs for PGS purposes

Kuliev et al., 2003; Kuliev and Verlinsky, 2004

• Chromosomes 13, 16, 18, 21, 22 targeted

• Data from 7,103 first and second PB pairs: 

1. Chromatid errors more frequent than whole chromosome errors in older women 
( 27.1% vs. 2.4%) 

2. MI and MII abnormality rates similar in older women (42% vs. 38%)  

3. Malsegregation affecting chromosome 16 taking place mostly in MII  

4. Malsegregation affecting chromosome 18 taking place mostly in MI  

5. MII correction of MI chromatid error for 33% of oocytes 
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• Karyotyping and FISH technical issues

Oocyte analysis via comprehensive molecular cytogenetic 
methods

1.    Artefactual loss of chromosomes due to slide spreading- inability to determine
global oocyte aneuploidy rate 

2. Inability to examine entire chromosome complement 

• Combination of whole genome amplification & comparative genomic 
hybridisation overcame issues

Wells et al., 1999; Wells and Delhanty, 2000

Oocyte & 1st PB analysis via CGH 

• Fragouli et al. (2006) analysed 107 oocyte-
PB complexes via CGH 

• 46 women of average age 32.5 years  

• Reciprocal chromosome & chromatid errors
identified in oocyte-PB pairs 

• Aneuploidy rate: 22% 

• Malsegregation affected all chromosome groups 

• Larger chromosomes (1-12) affected by whole chromosome non-disjunction 
only 

• Smaller chromosomes (13-22 & X) affected by whole chromosome non-
disjunction & unbalanced chromatid pre-division 

• Smaller chromosomes (13-22 &X) more frequently abnormal 

• Structural abnormalities identified
Fragouli et al., 2006
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Oocyte analysis via CGH/ clinical results

• Fragouli et al. (2011) analysed 308 first &
second PB pairs via CGH for PGS purposes

• 70 women of average age 41 years  

• Total aneuploidy rate: 70% 

• MI aneuploidy rate: 40% vs. MII aneuploidy rate: 50% 

• Unbalanced chromatid pre-division more frequent than
whole chromosome non-disjunction during MI (62% vs. 38%) 

• Chromosome losses more frequent than chromosome gains (MI 68% losses 
vs. 32% gains; MII 60% losses vs. 40% gains ) 

• Malsegregation affected all chromosome groups 

• Smaller chromosomes (13-22 &X) more frequently abnormal 

• Advancing female age affected MII more  

Fragouli et al., 2011

1st PB

2nd PB

Is analysis of both PBs predictive of embryo’s 
chromosome complement?

• Christopikou et al. (2013) analysed 34 first & second PB pairs & 
corresponding cleavage stage embryos via aCGH

• Aim: determine predictive ability of PB1 & PB2 analysis for corresponding 
embryo’s chromosome status   

• 30/34 cleavage stage embryos confirmed as aneuploid- 100% concordant 
with PB1 & PB2 results  

• 12% PB copy number changes were not detected in corresponding embryos 

• False positive copy number changes were more common in PB1

Christopikou et al., 2013
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Why is female meiosis so error prone?

• Female meiosis stops & starts during foetal & adult life 

• Strict regulation of oocyte nuclear & cytoplasmic maturation essential

• Recombination patterns predisposing to aneuploidy: 

• Advancing female age & aberrant genetic recombination affect accurate 

oocyte chromosome segregation

Why is female meiosis so error prone?

1. Chiasmata formation absence

2. Chiasmata formation too close or too far from chromosome centromere 

Fisher et al., 1995; Hassold et al., 1995; Nicolaidis and Petersen, 1998 ; Sherman et al., 2005

Page 73 of 135



• Ottolini et al., (2015) mapped 2,032 female & 1342 male crossovers to infer   
529 chromosome pair segregations

• 23 sets of PB1, PB2 & corresponding oocytes/embryos & 29 embryos analysed 
by karyomapping

• > 4 million SNPs genotyped after sample WGA

Recombination rates in oocytes

• 39 instances of whole chromosome aneuploidy & 3 segmental errors identified

• Unbalanced chromatid pre-division as main MI aneuploidy causing mechanism

• New “reverse” segregation detected

• Normal oocytes/embryos with ~6x more recombination events than aneuploid

• Higher global recombination rates protect again chromosome malsegregation

Ottolini et al., 2015

Crossover maturation in oocytes

• Wang et al. (2017) examined male and female meiosis via computer modelling 
approach

• Oocyte & sperm crossover patterns simulation analysis

• Female recombination affected by crossover maturation inefficiency

• Phenomenon not observed for male recombination

• Phenomenon creates vulnerable chromosome configurations

• Phenomenon contributes significantly to oocyte aneuploidy

• Is aneuploidy an evolutionarily favoured trait?

Wang et al., 2017
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Conclusions

• Chromosome abnormalities of female meiotic origin contribute significantly to 
reproductive failure

• Crossover frequency & maturity influence meiotic chromosome segregation

• Is aneuploidy an evolutionarily favoured trait?

• Large numbers of oocytes/PBs examined with various cytogenetic methods

• Main mechanisms of female meiotic aneuploidy:

• All chromosomes affected by aneuploidy, but smaller groups (D-G) more 
frequently abnormal

1. Whole chromosome non-disjunction 
2. Unbalanced chromatid pre-division 
3. Germinal/gonadal mosaicism (?) 

• Advancing female age affects both meiotic divisions, but MII especially

• Does the use of PB1 & PB2 provide accurate representation of embryo?
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Does polar body analysis accurately 
predict the aneuploidy status of the 
developing embryo?

Alan Handyside
The Bridge Centre, London, University of Kent, 
Canterbury and Illumina, Cambridge, UK

Disclosure
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manufactures equipment and reagents for DNA sequencing, 

diagnostics and preimplantation genetic testing
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Learning objectives

• Normal and abnormal patterns of chromosome segregation 
in female meiosis

• Basis of polar body analysis, advantages and disadvantages

• Principles of copy number analysis by array comparative 
genomic hybridisation (array CGH) or next generation 
sequencing (NGS)

• Principles of genome‐wide single nucleotide polymorphism 
(SNP) and meiomapping for polar body analysis

• Accuracy of polar body analysis for maternal aneuploidies
arising in female meiosis

Chromosome segregation in female meiosis

Prophase I arrest
Fetal ovary

Metaphase II arrest
Ovulation post puberty

Page 79 of 135



Kuliev and Verlinsky (2004) Hum Reprod Update 10, 401

Meiosis II

Multicolour FISH analysis of polar bodies

Meiosis I

Non‐disjunction

Non‐disjunction

Premature division

Polar body testing for detection of
female meiotic errors

Advantages
• Relatively non‐invasive
• Early diagnostic results
• Direct detection of female meiotic errors
• Female meiotic errors 10x > paternal meiotic errors
• Highly likely to affect whole embryo
• No confusion with mitotic (mosaic) errors

Disadvantages
• Need to test first (PB1) and second (PB2) polar bodies
• Copy number analysis by array CGH less reliable
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Single cell genomics

Single cell (or 3-10 cells)
~ pg DNA

>ug DNA

Whole genome amplification 
(WGA)

PGD
SNP genotyping arrays

and karyomapping

PGS
BAC arrays for Array CGH

Low read depth NGS

NGS based solutions for 
combined PGD and PGS

24 chromosome copy number analysis by array 
comparative genomic hybridisation (array CGH)
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13 previous failed IVF cycles

7/9 first polar bodies aneuploid

September 2, 2009

New IVF test–Array CGH

Produces baby Oliver,
offering hope to infertile

• 41 patients, 42 ICSI cycles

• Mean maternal age 40 years

• 226 oocytes/zygotes biopsied

• Array CGH of both polar bodies and the corresponding zygote 
analysed blind to confirm the diagnosis 

• 55 (28%) euploid, 140 (72%) aneuploid

• All aneuploid in 19/42 cycles (42%)

• 8 clinical pregnancies, 1 livebirth, 7 ongoing

• 19% per cycle, 33% per ET

ESHRE PGS Task Force: Handyside et al (2012) EJHG 20, 742

PGS for 24 chromosomes by array CGH of the first 
(PB1) and second polar bodies (PB2) in advanced 
maternal age
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Zygote   Origin  Pattern  Cause 
No with different patterns per chromosome 

1  2  3  4  5  6  7  8  9  10 11 12 13 14 15 16 17 18 19 20 21  22  XY  Total  %* 
                                                         
    NNN    98  91  99  92 93 96 95 85 90 96 80 94 83 96 81 76 86 88 79 85 77  71  92  2023   

                                                         

G
A
IN
  MI 

LGG  NDJ  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  1  0  1  0  0  0  0  0  2  1 
LNG  PD  0  0  0  3  1  1  0  1  3  0  3  1  1  1  4  3  1  2  6  2  4  5  0  42  23 
LLG    0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0   

MI/MII  LGN    0  1  0  1  0  0  0  4  1  1  1  2  4  1  3  2  0  0  1  1  2  2  1  28   
MII  NLG    0  2  0  1  1  1  0  2  1  2  4  1  4  0  4  6  3  1  4  3  9  6  0  55  31 

Other  NNG    0  0  1  1  1  0  0  0  1  1  2  1  1  1  0  1  0  0  2  1  3  0  1  18   

                                                         

LO
SS
  MI 

GLL  NDJ  1  0  0  0  0  0  0  0  0  0  0  0  0  0  1  0  0  0  0  0  0  0  0  2  1 
GNL  PD  0  1  0  3  0  0  2  0  1  0  2  2  1  0  3  3  2  1  2  1  2  1  2  29  16 
LGL    0  0  0  0  0  0  0  2  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  2  1 

MI/MII  GLN    1  0  0  1  0  0  1  1  2  1  0  0  1  1  3  3  1  2  1  0  0  1  0  20   
MII  NGL    0  1  0  0  2  1  1  1  0  1  5  1  2  3  1  5  3  4  4  4  2  6  0  47  26 

Other  NNL    0  1  1  2  0  0  2  1  0  0  1  2  0  2  2  0  4  0  1  3  0  3  5  30   
Total maternal 

aneusomies (excluding 
MI/MII compensation) 

  1  4  0  7  4  3  3  6  5  3  14 5  8  4  13 18 9  9  16 10 17  18  2  179   

 

Segregation patterns of copy number gains and losses in the first 
and second polar bodies and corresponding zygotes 
(PB1/PB2/Zygote)
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Polar Body Biopsy With Follow Up
at Cleavage Stages on Day 3

Christopikou et al. (2013) Hum Reprod 28, 1426
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• 30/30 (100% concordant) embryos predicted to be 
aneuploid by array CGH of both polar bodies confirmed in 
day 3 embryos

• 69/73 (93%) of aneuploidies associated with copy number 
changes in polar bodies

• 68/69 (98.5%) of aneuploidies correctly predicted

• 19/20 reciprocal copy number changes in the first and 
second polar bodies resulted in normal copy number in 
the embryo

• 17 (12%) false positive copy number changes in polar 
bodies not associated with aneuploidy in the embryo

• Only 12/17 of these predicted aneuploidy

Fechtinger et al (2015) PLoS One 10 (5)
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Retrospective study of 351 patients

Control PB aCGH p

n 240 111

Maternal age 38.4 39.5 <0.001

Live birth per embryo 14.9 26.4 0.015

Live birth per patient 22.7 35.7 0.031

Fechtinger et al (2015) PLoS One 10 (5)

36 nucleotides

1 2

24 chromosome copy number analysis 
by low cost, low read depth (0.1x)
next generation sequencing (NGS) and 
mapped fragment counting
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Trisomy 13

Trisomy 
13

Trisomy 
21

1

2

3

Increased ratio change as 
relationship between 
mapped fragment counts
and copy number is linear

G

PB1

PB2

Embryo

G G L

L L N G L

N

L N L N G

Whole chromosome (two sister chromatids)

Single chromatid Single chromatid
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Ottolini et al (2015) Nature Genetics 47, 727
Ottolini et al (2016) Nature Protocols 11, 1229

Analysis of all three products of meiosis:
both polar bodies and oocyte (oocyte‐PB trios)

• Sequential polar body and oocyte biopsy
• Whole genome amplification (WGA)
• SNP genotyping
• Phasing of SNPs using a haploid reference
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Typical MeioMap Visualisation

Segregation – homologous 
chromosomes

Recombination – PB1/PB2

Recombination – PB1/Oocyte

Both haplotypes 
present in PB1

p ter

Centromere

q ter

Maternal haplotype 1

Maternal haplotype 2

Maternal haplotype 1 and 2

PB1    PB2   Oocyte

Chr 1

Genome‐wide Meiomap

• Mendelian segregation of homologs
• Both non‐sister and sister recombination events 

identified
• Harlequin pattern – unique oocyte/embryo and 

chromosome specific fingerprint

PB1    PB2   Oocyte
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Examples of typical non‐canonical segregation patterns in the pericentromeric region

• Non‐disjunction (NDJ) relatively rare
• Premature separation of sister chromatids (PSSC) common
• Reverse segregation also common (not detectable by copy number analysis)

Oocytes responded in a highly 
heterogeneous fashion to 

rescue AOA

= MII NDJ = Other errors

Page 90 of 135



Summary

• Most aneuploidies in the human embryo arise as 
chromosome segregation errors in female meiosis

• Accurate diagnosis of maternal meiotic errors in the 
fertilised oocyte requires analysis of both the first and 
second polar bodies

• Copy number analysis by array CGH can result in false 
positives

• NGS based copy number analysis allows accurate 
discrimination of chromosome and chromatid gains and 
losses

• Meiomapping of all three products of meiosis allows 
accurate analysis of the mechanism of chromosome 
segregation errors
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Learning objectives

• Role of gap junctions in follicle communication with oocyte 
and its importance to oocyte competence

• Role of cAMP/cGMP in determining oocyte competence

• Role of oocyte secreted factors in determining oocyte 
competence

• Role of metabolism

• Question: is there such a thing as post‐ovulatory follicular cell 
signalling?

Communication in the follicle is everywhere

Communication across
 Stroma
 Basal lamina
Mural granulosa cells
 Antral fluid 
 Cumulus 
 Oocyte
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Cumulus – oocyte communication
It’s a conversation…..and both sides benefit!

• Gap junctions are key to oocyte 
competence

• cAMP/cGMP – keeping the 
junctions open during IVM

• Oocyte Secreted Factors
‐ new insights on structure and 
function

• COC metabolism

• Something unknown ‐
Post‐ovulatory communication?

Cumulus cell – oocyte communication
Gap junctions are key

Gilbert et al. Anim Reprod
(2015) 12: 397‐407

Gilchrist et al. (2008) Hum 
Reprod Upd. 14: 159‐77.

R. Rose, unpubl.
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Gap junction communication can be measured

Li et al. (2016) Hum 
Reprod. 31:810‐821

0h IVM

24h IVM

Control        Pre-2h          Pre-4h           Pre-6h

Gap junctions allow molecules to accumulate 
from cumulus to oocyte

IVM (h)

Li et al. (2016) Hum 
Reprod. 31:810‐821
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Gap junction communication can be blocked

Campen et al. (2016) 
Mol Cell Endo 420:46‐56

More than small molecules from the 
cumulus to oocyte?

Macauley et al. 
(2016) Biol Reprod. 
94: 16

Cumulus‐enclosed Hemi‐denuded

Macauley et al. 
(2014) Biol Reprod. 
91: 90

RNA’s
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Keeping the gap junctions open
during IVM

Straus & Williams. In: Yen & Jaffe's Reproductive 
Endocrinology (Seventh Edition), 2014.

Keeping the gap junctions open
during IVM

Romero et al. 2016 Biol Reprod 95:64

20%

80%

80%50%
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Oocyte Secreted Factors 
‐ their structure is important

75%

35%

In vivo

In vitro

Maturation system

60%In vitro
+ OSFs

Mester et al (2015) 
RFD 27: 801‐11

BMP15

recombinant 
GDF9 or BMP15COC + DO

OSF

• Bovine: 
• Hussein TS (2006) Dev. Biol. 
• Hussein TS (2011) RFD
• Sutton-McDowall ML (2012) BOR 
• Sugimura S (2014) MHR
• Sudiman J (2014) PLoS1
• Sutton-McDowall ML (2015) BOR

• Murine:
• Yeo CX (2008) Hum. Reprod.
• Sudiman J (2014) JARG

• Porcine:
• Li JJ (2014) Mol. Endocr.
• Sugimura S (2015) Dev. Biol. 

• Bovine: 
• Hussein TS (2006) Dev. Biol.
• Hussein TS (2011) RFD
• Dey SR (2012)
• Sugimura S (2014) MHR

• Murine:
• Sudiman J (2014) JARG

• Caprine: 
• Romaguera R (2010)

• Porcine:  
• Gomez MNL (2012)
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Gilchrist RB et al (2008)  
Hum. Reprod. Update 14:159‐177

GDF9 & BMP15 secreted as pro‐mature protein

Simpson et al. (2012) 
Endocrinology 153:1301–10

GDF9 BMP15

All TGFβ family 
proteins secreted as 
pro‐mature proteins

pro‐region

mature
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Mature proteins increase granulosa cell 
proliferation

Mouse: Sudiman et al, (2013) 
PLoS ONE 9(7): e103563

Mature homodimers of GDF9 and/or BMP15 do 
not improve oocyte quality

Mouse: Sudiman et al, (2014) J. 
Assist. Reprod. Gen. 31:295‐306

Processing Site

Pro‐region Mature

BMP15 or GDF9 
mature region dimer

(R&D Systems)
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Bovine: Sudiman et al. (2014) 
PLoS One 9(7):e103563 

pro‐BMP15 or 
pro‐GDF9 

(by David Mottershead ‐
Uni Adelaide)

BMP15 or GDF9 
mature region dimer

(R&D Systems)

Form Cleavage (%) Blastocyst (%)

Control ‐ 94 43a,b

GDF9 mature 89 36a

BMP15 mature 92 50b,c

BMP15 pro‐mature 89 58c

But pro‐proteins improve oocyte quality

Processing Site

Pro‐region Mature

Low dose Pro‐GDF9 and Pro‐BMP15 synergism

•+ +

Mottershead DG, et al (2015) 
J Biol Chem 290:24007–20
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Pro‐cumulin – A new potent OSF heterodimer

Mottershead DG, et al (2015) 
J Biol Chem 290:24007–20

Pro‐cumulin is a potent stimulator of gilt oocyte 
developmental competence

•

Mottershead et al (2015) J 
Biol Chem 290:24007–20
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Pro‐cumulin effective in other species: 
Embryo development in cow and human

Pre‐IVM:

FSK+IBMX

ICSI

IVF

*P<0.05

IVM: FSH or
FSH + pro‐cumulin

cattle

human
IVM: FSH or

FSH + pro‐cumulin

*

human
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e 

Control Treatmentcattle

*

Thompson et al 
unpublished

Gilchrist et al 
unpublished

Is cumulin a natural GDF9 & BMP15 heterodimer?

GDF9

BMP15

• Genetic evidence:

– McNatty KP (2004); Yan C (2001); 
Hanrahan JP (2004)

• Physical interactions of proteins:

– Liao WX (2003); McIntosh CJ (2008)

• Functional studies:

– McNatty KP (2005a, 2005b); 
Mottershead DG (2012);  Wigglesworth K 
(2013); Peng J (2014); Reader K (2016) 

from Ken McNatty, NZ

HOWEVER

A natural GDF9 and BMP15 form of a stable 

heterodimer, such as “Cumulin”, has not been 

isolated from in vivo as yet
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The metabolic environment via FLIM

Bound NADH = Oxidative metabolism
Free NADH = Glycolytic metabolism

Post‐ovulatory cumulus‐oocyte communication?

Kindly provided by Irina Larina, Baylor College of Medicine, Houston,  USA

Optical coherence tomography of mouse COCs in ampulla
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Conclusions

• Cumulus‐oocyte communication is key to optimal oocyte 
competence

• Factors that enable prolonged cumulus‐oocyte communication 
are:
– Managing cGMP/cAMP levels during maturation – Pre‐maturation is 
an additional step to achieve this

– Oocyte secreted factors enhance communication ‐ for IVM 
“Cumulin” is a new, powerful OSF

• Metabolic health of the COC is important
– Also regulated by OSFs

• What communication occurs between cumulus‐oocyte post 
ovulation?

Many thanks to:
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Learning objectives

 The interest of cumulus cells (CCs)

 The knowledgment on human CCs

 The micro-RNA expression in CCs

 The impact of female aging on gene expression in
human CCs

 The CCs as biomarkers of oocyte competence and
pregnancy outcome

At the conclusion of this presentation, participants should be 
able to understand:

. Oocyte is not passive in ovarian follicule

. Fundamental regulator of somatic cell differentiation and function

. Oocyte-CC plays a central role in the regulation of folliculogenesis 

Concept to emerge today 

Oocyte-cumulus complex

Ovarian follicular microenvironment and maternal signals, 
mediated through GCs and CCs, are responsible for the 

gradual acquisition of oocyte competence
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Why cumulus cells?

- Coordinates follicle 
development with oocyte 
maturation
- Provides energy substrate for 
oocyte meiotic resumption
- Regulates oocyte transcription
- Promotes nuclear and 
molecular maturation of the 
oocyte

Assou et al. 2010, MHR

Why cumulus cells?
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Cumulus
cells

Endometrial
tissue

Day 3 
EmbryoMII 

Oocyte
Blastocyst

Somatic microenvironment

23%

77%

Cumulus cells vs. endometrial tissue

Differentially
expressed

Both common and specific molecular signature between the 
two niches

Transcriptom
eTr

an
sc

rip
to

m
e

Oocyte and embryo within their niche 

The human-cumulus oocyte complex gene expression profile

Where ?
Surrounding oocyte cells

When ?
During oocyte maturation and 
first embryo cleavage

What role ?
Bi-directional communication 

CC mirror of oocyte quality and competence

WHAT ARE THE CUMULUS CELLS ?WHAT ARE THE CUMULUS CELLS ?

Assou et al. 2006 HR
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Knowledgment on human CCs

MicroRNAs: regulators of cellular 
functions

Background
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MicroRNAs: biosynthesis and function

MicroRNAs are non coding sequences which are approximately 19-25 
nucleotides in length 

Joshi et al., 2011, modified

Page 111 of 135



MicroRNA expression in cumulus cells and oocyte
Important facts

non coding 
RNA 

small RNA 

microRNA 

piRNA 

Read length (nucleotides) 

R
ea

d
 n

u
m

b
e

r 

Mir-100 

Mir-184 

Mir-10A 

MicroRNA expression in cumulus cells and oocyte
Important facts

3 miRNAs in MII oocytes

32 miRNAs in cumulus cells

MIR184 (1988 reads)    
MIR10A (555 reads)

LET7b (51 reads) 
MIR21 (28 reads)

most 
abundant

most 
abundant
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Identified microRNAs: 32 in CCs and 3 in the oocyte

GeneGo MetaCore software
568 predicted miRNA target genes are retrieved
538 for the cumulus cells and 30 for the oocyte

Potential gene targets of the miRNAs identified 
by sequencing

Among these genes, how many are differentially expressed 
between cumulus cells and the oocyte ?

?

Oocyte (n=10) Cumulus cells (n=10)

Cumulus-Oocyte Complex 

RNA Extraction

Amplification & labelling

Hybridization on chip
microarray

5962 genes up-
regulated in the CCs

Bioinformatic data analysis

SAM software

Comparison with the 568 predicted miRNA 
target genes retrieved by GeneGo MetaCore 

software

224 differential genes that are 
potential targets of the identified 

miRNAs

4207 genes up-
regulated in the MII 

oocytes

Hierarchical Clustering

Transcriptomic analysis

Study design
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Important genes for chromosome or chromatin functions are up-
regulated in the MII oocyte and are predicted targets of CC-

miRNAs 

This suggests a dialogue between the cumulus cells and the oocyte through 
microRNA action 

Genes involved in a crosstalk between cumulus cells 
and oocyte are predicted targets of CC-miRNAs

GDF9 is known as a regulator of PTGS2, CTGF, BMPR1B  and to be essential in oocyte-
cumulus cells crosstalk

Cumulus cells 

PTGS2 

miR542 

CTGF 
BMPR1B 

MIR21 

GDF9 
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Conclusions

 We have reported the first sequencing data of small non
coding RNAs in the human cumulus cells and oocyte.

 Our results illustrate the cellular specificity of the
microRNAs. Some miRNAs are highly abundant in the
oocyte and not even detected in the cumulus cells.

 CC-miRNA may be regulators of mRNAs over-expressed
in the oocyte, illustrating the dialogue between cumulus
cells and oocyte trough miRNA action.

The impact of female aging on gene expression in human cumulus cells
 Molecular signature according to female age
 Pathways significantly affected by female aging
 Predicted miRNAs that target genes impacted by female age

Female aging alters expression of human cumulus cells genes that are essential for oocyte quality. 

Al-Edani, et al, 2014 
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Impact of female aging on oocyte quality

Decrease of proteins stored in the oocyte

mtDNA damage, reduction  of ATP production

Increase of oxidative stress and apoptosis
Increase of oocyte aneuploidy

Reduction of oocyte metabolic function
these modifications affect oocyte 
competence and quality

The question is: which molecular changes account for these physiological changes ?
Impact of aging on gene expression in the cumulus cells

Bentov et al., 2011; Fragouli et al., 2010

Blue: Up-regulated genes 
Pink: Down-regulated genes

Molecular signatures reveal that CC >37 years are distantly located from the other groups

CC <30 years

CC 31-34 years

CC >37 years 

Identification of genes 
differentially 
expressed in the 3 age 
groups of cumulus cells

20 genes of each class
with highest expression

Hierarchical Clustering

Al-Edani, et al, 2014 

Molecular signature of cumulus cells according to female age
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Inflammatory 
genes

Insulin signaling 
pathway

Angiogenesis

The 35/36 group behaves as the 31-34 group illustrating a molecular change at 37

CC-3
5/

36
 

CC <30
 

CC 3
1-

34
 

CC >37
 

CC-3
5/

36
 

CC <30
 

CC 3
1-

34
 

CC >37 

CC-3
5/

36
 

CC <30
 

CC 3
1-

34
 

CC >37 

A molecular change occurs at age of 37 for essential 
biological processes

Genes that play an essential role in the cumulus-oocyte dialogue 
and oocyte quality are down-regulated in older cumulus cells 

Many genes of the TGF-b pathway are down-regulated 
(green), a few of them are up-regulated (red)

AMH

Oocyte 

INHA  

CD200  

IL6ST  

Cumulus  
cells 
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Transcriptomic data show that:

 aging widely impacts gene expression
 the decrease in fertility that occurs at 37 is supported by a dramatic

molecular change after the age of 36
 the physiological impact of aging is underlied by an alteration of

expression of genes and pathways that are critical for oocyte quality and
competence (insulin,TGF-beta etc)

 Genes that are essential to buffer the effect of hypoxia (angiogenic
genes), which is linked with aging, are up-regulated in older CCs

Conclusions

CC-miRNAs are validated regulators of the genes involved in pathways altered with aging
These miRNAs are potential biomarker candidates of follicle aging

Genes impacted by aging in relation to CC-miRNAs

Oocyte 

IGFBP3   

IGFBP5  

FGF2  TGFBR3   

CC <30 years 

MIR140 

MIR210 

CC 31-36 years 

CC >37 years 

MIR21 MIR424 

TGFB1   MIR744 

LEPR   MIR21 

Insulin signaling 
pathway 

Angiogenesis 

TGF-β signaling 
pathway 
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Diagnostic tool in 
cIVF/ICSI

As biomarker 
of oocyte 

potential and 
pregnancy 
outcome

Cumulus cells
(CC)

Oocyte

Cumulus cells predictive value

COX2: cyclooxygenase 2
indicative of oocyte and embryo quality

GREM1 : gremlin 1, 
HAS2 : hyaluronic acid synthase 2 , 
STAR : steroidogenic acute regulatory protein, 
SCD1, 5: stearoyl-co-enzyme A desaturase 1 and 5, 
AREG: amphiregulin,
PTX3: pentraxin 3 

McKenzie et al. Hum Reprod 2004
Zhang et al. Fertil Steril 2005

Feuerstein et al., 2007
van Montfoort et al., 2008

positively correlated with embryo quality
GPX3: glutathione peroxidase 3, 
CXCR4: chemokine receptor 4, 
CCND2: cyclin D2,
CTNND1: catenin delta 1

inversely correlated with embryo quality

Expression of several genes in cumulus cells
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During IVM
According to female age

Under in vivo or vitro conditions
In PCOS patients

Assou et al. 2010, HRU

Gene expression profiling of human oocyte

Assou et al. 2010, HRU

Studies analysing the genomics of CC or granulosa cells to identify 
reliable biomarkers for oocyte quality and competence, and for 

embryo development predictors
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: non-invasive approach
for competent embryo selection

Genomic TEST

NON INVASIVE TEST FOR EMBRYO SELECTION
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Cumulus 
cells

Pa
tie

nt
 X

Algorithm prediction

Cumulus cells

Embryo scoring (1 to 100) rank embryo 
accordind its competence for transfer

Assou et al. Mol Hum Reprod 2008

What is the 
best embryo ?

45 biomarkersRT-qPCR

Patent EP2010/054714 : « Methods for 
selecting oocytes and competent embryos 
with high potential for pregnancy » 

G-TEST :  
A NON INVASIVE TEST TO SELECT EMBRYO(S) WITH THE BEST POTENTIAL

G-TEST :  
A NON INVASIVE TEST TO SELECT EMBRYO(S) WITH THE BEST POTENTIAL

45 biomarkers

 Identify potential biomarkers of oocyte competence and 
pregnancy outcome that are expressed in CC

No pregPreg
Clinical applications

36 genes
UP

9 genes
Down

Cumulus cells biomarkers reflect oocyte and embryo 
developmental competence
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Embryo QualityPregnancy No pregnancy

Grade 1

Grade 3

Grade 3

PREDICTIVE MODELPREDICTIVE MODEL
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Cumulus 
cells

Scor
e

Error

COC n° 5 90 0,18 %

COC n ° 3 80 0,22 %

COC n° 1 60 0,19 %

COC n° 4 56 0,30 %

RNA extraction
RT-qPCR

ALGORITHM

EMBRYO SCORING

Patient X

45 genes

Internal control

Duplicat 1 Duplicat 2

REAL TIME PCR TECHNOLOGYREAL TIME PCR TECHNOLOGY

OOCYTE MATURATION

EMBRYO DEVELOPMENT

PREGNANCY

LIVE BIRTH

13 STUDIES

15 STUDIES

15 STUDIES

4 STUDIES

STATE OF THE ARTSTATE OF THE ART
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Comparaison of 29 studies

No common gene 
in microarray analysis

11 genes in common 
in RT-qPCR analysis

META-ANALYSISMETA-ANALYSIS

Oocyte 
maturation

Embryo 
competence Pregnancy Live 

birth
VCAN + + + +
PTGS2 + + +
PTX3 + + +
ALCAM + +
GREM1 + +
HAS2 + +
RGS2 + +
BMP15 + +
GDF9 + +
STC2 + +
SERPIN2 + +

Heterogeneous populations
Patient characteristics (age, BMI, diagnosis…)

Multiple stimulation types

Technical aspects
Number of samples

Type of DNA microarrays
Fold change thresholds 

Statistical methodologies
Variability inter-platform

Variability inter-laboratory
Microarrays vs. selected candidates

…

Reasons for this discrepancy between
studies

Reasons for this discrepancy between
studies
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CumulusOocyte
Cumulus

Oocyte

No competent cumulus 
cells

No competent 
oocyte

Competent 
oocyte

Cumulus

Oocyte

Cumulus

Oocyte

Pregnancy

No Pregnancy

No Pregnancy

Competent cumulus cells

No Pregnancy

G-test: is a novel concept, providing a new potential strategy for competent
oocyte and embryo selection

Analysis of CC surrounding the oocyte can be a non-invasive approach for
oocyte, embryon selection and pregnancy outcome

Conclusions

Omics provides us with the opportunity to analyse human oocytes and CCs
expression profiles on a genome scale and permitted significant progress in
the understanding of the molecular events involved in the processes
governing oocyte maturation.

Many of the genes described here are biomarkers to monitor health, viability
and competence of oocytes.
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To improve efficiency of IVF (higher pregnancy rates, 
lower cost per child born), by the establishment of 

SET and improved cIVF/ICSI results

From basic discoveries into clinical applications

Conclusions
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NOTES 
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