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Reproductive aging
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Reproductive aging

** Quantitative ovarian aging

- age-related exhaution of ovarian
reserve
- continuous process

- markers:

Age (chronological vs. biological)
Menstrual cycle characteristics
FSH

Estradiol (E2)

LH/FSH ratio

Inhibin B

Antimillerian hormone (AMH)
Basal antral follicule count (AFC)
Basal ovarian volume

Basal stromal blood flow

- age at menopause is highly heritable
- extreme malnutrition related to earlier
menopause
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Reproductive aging

¢ Qualititative ovarian aging

- diminishing of oocyte quality with advanced age

Reduced
Mitochondria vascularization and
dysfunction tissue remodelling

e.g. mtDNA . .
mutation, lack of ATP l Oxidative stress
production, ROS Q ¢  andinflamation
production

e.g. endometriosis, repeated
ovulation
Metabolic 0 ()
ocyte (l)
deficiency ﬂ uaIYt (R
e.g. malnutrition, ‘ q y

overglycation, impaired
ubiquitinilation,

lipoperoxidation, ER stress ’ ‘

Granulosa cell
deficiency

Epigenetic changes
and translational
decline

Environmental and Insuficient
life style factors DNA damage
e.g. smoking, polutants, repair

toxicants, medication
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Aneuploidy

= presence of abnormal number of chromosomes
- chromome gain/loss resulting from unequal chromosome segregation

Non-cancerous somatic cells <1%
Sperm 1-4%
Human MIl oocyte ~20%
Mouse MIl oocyte <5%
fetal losses 50% Vi
still births 4% \? it ] i i o it
live births 0.3% ‘l! ‘M' \as. i !n‘ i)
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- incidence of oocyte aneuploidy increases with age

in women in their early 30s
in women above 40 years

= maternal age effect

@

Incidence of trisomy (% of clinically recognized pregnancies)

Hassold and Hunt 2001

~10-25%
~ 50-90%

M trisomic pregnancies
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Maternal age

Errorsin
maternal
meiosis

Oocyte aneuploidy and maternal age
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Maternal age

Prevalence of the common aneuploidies in newborns

»

Trisomy 21 (Down syndrome) 1:700

Trisomy 18 (Edwards syndrome) 1:7.000
Trisomy 11 (Patau syndrome) 1:20.000

47, X (Turner syndrome) 1:2.5000

47, XXX ("super female") 1:1.200 females
47, XXY (Klinefelterlv syndrome) 1:900 males

47, XYY ("supermale") 1:1000 males



Segregation errors in female meiosis

recombination defects predisposes oocytes
to chromosome segregation errors

- recombination failure
- inadequate number and position of crossovers

PREMATURE or NO
separation of homologous chromosomes

e

random segregation of univalents

Origin of extra chromosome Maternal age curve Association with recombination
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Segregation errors in female meiosis

Most chromosome segregation errors occurr in meiosis |

Meiosis |

Normal segregation

Nondisjunction (NDJ)

Some Ml erros may be
balanced in meiosis Il

Premature separation of
sister chromatids (PSSC)

Euploid
embryo

H

WS

Reverse segregation

Oocyte PB1 Oocyte PB1
100% 50%

Embryonic aneuploidy

Webster and Schuh 2017




Origin of human egg aneuploidy

.
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Gruhn et al, Science 2019 A
’ Meiosis errors and aging
REPRODUCTIVE BIOLOGY § \)
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Cohesion deterioration

- age-dependent loss of cohesins from chromosome arms

Cohesin is loaded
in the embryo

Cohesin holds
bivalents together
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Cohesin dissociates

Abnormal interactions

in older oocytes with spindle microtubules
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Separated sister
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Aged
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Compact
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Correct
Compact Microtubule
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CENP-A Chromatin
High Cohesin

Levels

OR Experimentally Induced
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Fragmented
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Fragmented Microtubule
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\‘gﬁ’ LIFE Zielinska et al 2015.
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Sister kinetochore splitting and
precocious disintegration of bivalents
could explain the maternal age effect

Agata P Zielinska', Zuzana Holub ', Martyn Blayney?, Kay Elder?,
Melina Schuh™**

Melina Schuh

'Medical Research Council Laboratory of Molecular Biology, Cambridge, United S~
Kingdom; 2Bourn Hall Clinic, Cambridge, United Kingdom; *Max Planck Institute for tsfl
Biophysical Chemistry, Goettingen, Germany %

- precocious splitting of \U
sister kinetochores
during meiosis |
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Cohesion deterioration

Meiosis | amphitelic attachments

Correct alignment in meiosis | . , _ :
* In meiosis |, sister kinetochores of a single

chromosome should act as one functional unit.

* |n this way, sister kinetochores face the same

unified
kinetochores

= \ spindle pole and whole chromosomes can
Two sister segregate in anaphase .
kinetochores

lateral attachments

Sister kinetochore separation
« Sister kinetochores separate as women
become older.

s = » Separated sister kinetochores interact with
: microtubules independently.

separated
kinetochores

Merotelic attachment

* Separation of kinetochores increases the
ﬂ N probability of merotelic attachments.

distinct
kinetochores

* Merotelic attachments increase with maternal
age.

Thomas et al 2021. Zielinska et al 2015.

Separation of sister kinetochores in meiosis | promotes abnormal
kinetochore-microtubule attachments




Cohesion deterioration

Meiosis |

=
2 | microtubules
©
2|
; ; . 4 , 2| =i
Bivalent rotation « Separation of sister kinetochores allows 3 Kineto-
. » £
bivalents to rotate on the spindle. chiomogomes
* Here, sister kinetochores orient like in mitosis. 3
* This could result in the reverse segregation e ST
pattern of chromosome segregation. 5|3 T————
©
.E
el
2 o
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5 —9g
g A{(
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B Kinetochores 00 Chromosomes B Kinetochores 00 Chromosomes
@ Microtubules B Shugoshin-1
.
Bivalent splitting _ . H
* Bivalents may prematurely separate into '
% univalents prior to anaphase |. .
f?} * These univalents can align on the spindle and
could give rise to PSSC and reverse
segregation.
m Kinetochores m Microtubules @ Chromosomes
Thomas et al 2021. Zielinska et al 2015.

Anomalous attachment of separated sister kinetochores may
cause bivalent rotation, twisting and splitting in meiosis |




Cohesion deterioration

Meiosis Il D Human

Kinetochore fragmentation _ s , )
+ Kinetochores fragment into multiple lobes in

oocytes.

* Fragmented kinetochores frequently form
incorrect attachments with spindle
microtubules in meiosis Il.

Thomas et al 2021.
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Loss of cohesion induces kinetochore fragmentation in aged MIl eggs.




Cohesion deterioration

no bridge

SGO2/CENP-C/Hoechst

METAPHASE I

- reduced Sgo2 location
at the pericentromeric
bridge is associated with
increased inter-sister
kinetochore distance and
incidence of single
chromatids in MIl oocytes
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A Current Biology Mihalas et al. 2024
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Age-dependent loss of cohesion protection
in human oocytes
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Chromosome lagging

- merotelic attachments promote
chromosome lagging

Erroneous (merotelic)
kinetochore-microtubule Lagging chromosome
attachment

£3 _ &5

- distinct Velocity Lagging chromosomes
80% 1 e O Class-lI
types Of é oo 66.7% ;‘gg:s.l
o] Other
chromosome 8
. O 40% A
laggards with 8 | 2
different risk to g m
. . o 0%
result in aneuploidy Young  Aged

- controlled prolongation of meiosis |
specifically lessens class-I lagging to
prevent aneuploidy

Developmental Cell @ @ CelPress I
"

Distinct classes of lagging chromosome underpin
age-related oocyte aneuploidy in mouse

1. Mil ; ield,” and Greg FitzHarris'-**"
'Centre de Recherche CHUM, 900 Rue St Denis, Montreal, QC H2X0A9, Canada
2Department of Obstetrics and Gynaecology, University of Montreal, 2900 Boul Edouard Montpetit, Montreal, QC H3T 1J4, Canada
3Lead contact
*Correspondence: greg.fitzharr

Greg FitzHarris
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Class-I lagging

Aneuploid

Class-Il lagging

Lagging

Ex

Mihajlovic et al 2021




Chromosome lagging

.. Science Takenouchi et. 2024
- flourescent probes for invidual chromosomes
- 3D tracking of meiosis | in live mouse oocytes _ S _
Live chromosome identifying and tracking
@ Large chromosome @ Small chromosome Stronger bipolar force reveals size-hased Spatia' pathway of meiotic
X errors in oocytes Tomova Kitajima
S o @  Size-based spatial A " . N
[:\j = \( i arrangement Osamu Takenouchi*, Yogo Sakakibara}, Tomoya S. Kitajima
/ / inward_ ":-7/ n N - smaller chromosomes actively moved to the
& | & o i a2 a A
[ 8 NN L E center of metaphase plate
i /.L ﬁd/ ;'I - ? n 4 a Wﬂ_ aneuigloidy p p
S 3 e _ . . .
\\ o s U U - inthe inner region, the chromosomes are
e T e N\ ¥ pulled by the stronger bipolar MT forces,
Ll - 7 7 which facilitates premature chromosome

separation

- risk of chromosome missegregation
in aged oocytes with weakend cohesins

Prometaphase Metaphase
Large ) o Earlier 0
chr b stretching ° Q
small ewr ¥ -C-,o o =
chr I Inward '
W movemen
. S|ze based

spatial arrangement

Segregation error of smaller chromosomes in aged oocytes

Aging associated Metaphase plate

cohesion Ioss Premature

> m chromosome
separat\on
Segregatlon

error
(Egg aneuploidy)

Young Aged




Origin of human egg aneuploidy

Mihalas et al 2023 (preprint)
eine ol 2015 Premature
separation Spindle

Sakakibara et al., 2015
Patel et al. 2016
Ottollini et al. 2015

Holubcova et al. 2015
So et al. 2022.

of sister instability
chromatids

Sub-proficient

Chromosome Spindle

Assembly
Checkpoint

nondisjunction

Human egg

aneuploidy

Grugn et al 2019 Zielinska et al. 2015




DNA damage response

meiotic recombination induced DNA damage

N 0w
DSB

[ E

DNA repair tolerance

- O 0

genetic mutations

ROS
uv
Chemical toxicants

apoptosis

loss of ovarian reserve

U U

developmental arrest reduced reproductive lifespan
misscarriage
birth defects

Low tolerance for DNA damage
Stringent quality control




Sensitiveness to

DNA damage survey
DNA damage ‘

‘ —p‘ —)‘ Apoptosis
Primordial follicle

‘ TAp63

Primary follicle

expression

Pre-antral follicle

TAp63

- isoform of p63
- homologue of p53
- proapoptotic factor

Role of p53 and p73?

DNA repair Antral/pre-ovulatory follicle

- stage-dependent vulnerability to DNA damage



DNA damage response

DNA repair proteins are organized into distinct repair compartments in GV oocyte nucleus @

Oocyte Oocyte Nucleus Nuclear Chromatin- Chromatin- Nucleoplasmic Nucleofilament-
- g speckles associated bodies associated foci foci like structures
" 3
b ® .
. .

¢
Merge

o L3
Nuclear Chromatin-
Speckles associated
s BRCA1 bodies
BRCA2 FANCI
XRCC4 HP1a §
LIG4 DNA PolR =
TOP2A Smc3
DNA PK-cs
Chromatin-
Nucleoplasmic associated foci
foci Rad51
2os, KuTO YH2AX
*%’s Mih1 Nucleofilaments
BRCA1 Rad51 B DNAPK-cs [l DNA Pol} B Rad51 W Ku70 M Rad51
BRCA2 WRN B Chromatin

Sharma et al 2024



DNA damage response

A DNA yH2AX MDC1 yHZADXr\,bla\\/iDC1
- detection of DSBs by prophase | oocyte s
3
- increased DSBs during meiotic maturation
result in segregation errors due to £
chromosome fragmentation 5
3
. .ps . =
- no cell cycle arrest or significant delay in ra P
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Ovarian surface
epithelium

- age-related deterioration
of DNA damage sensing
and repairing machinery

complex
‘ ~"‘l,‘A

Oocyte DNA double- o Repair
stranded breaks —{ ATN

3 \
Rate of oocyte loss in [ Unresolved DNA ] mediated DNA repair

docyte expression of DNA
repair genes (BRCAT) ps:u:::, ;I&XA l
ey [
{/j /

Compromised BRCA-

mouse and human damage activates

apoptotic machinery

results in errors and
possibly tumorigenesis

Age




DNA damage response during aging

@ Changes in DNA
repair proteins and
compartments

@ Slower and error-
prone DNA repair

via NHEJ

€ Conhesin loss
with advancing
maternal age

O

Current Biology

Changes in DNA repair compartments and cohesin
loss promote DNA damage accumulation

@ CelPress .

! L) « ' ALK 3G in aged oocytes
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\ l / (’ .. Aged oocytes accumulate DNA damage and
. \ 8 take longer than young oocytes to repair
High levels of DNA damage See-

DNA damage

DNA repair proteins are organized into
distinct nuclear DNA repair compartments

N
% & %::vf

Aged oocytes show changes in DNA repair

Oocyte Higher susceptibility to X machinery, favoring error-prone NHEJ repair
loss chromosome fragmentation/ -
segregation defects pathway
fé‘. Age-related cohesin loss results in reduced
w 4 . . .
x5 812 (11) "= DNA damage repair efficiency
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Epigenetic regulation

x Chromatin Nucleus Cytoplasm
' mRNA degredation . )
%1 ) - :rlranslahonalreplession - I"egU|at|0n Of gene eXpreSSIOn
Chromosome 3 - < vy ) o .
Mickeonii m AT without DNA sequence modifiation

Ubiquitylation Sumoylation

D O ) - affect DNA accessibility for
Histone Modifications Target mRNA transcription factors
5mC/5hmC [
CpG ot ‘@ - gene trascription switched ,ON“
DNA Methylation A and ,,OFF“ depending on cell needs
Pol

GENE SILENCING

PRC2

ONMT r : G9a
' : /HDAC
_~1 [ kDm1
L |
.~ " KDM4
. . . ~ PRC1 | KDMS
explains complexity of multicellular . |
organism from a single genetic blueprint ‘
GENE ACTIVATION R :
’ [ s |
enables cellular plasticity/genomic =T
integrity during development and in e Fnmanaon s
. H3K9 and H3K27 demethylation
response to environmental factors \ DKM6



% CpG methylation

FERTILIZATION

N
100 WA= Somatic /f - /N>
tissues :
- 75 : Gametes
l
I
I
[ I
[ I
| |
| |
| @ [
i I @@ | )
° | o0e |
l EEIJ.5 E§.5 E§.5 E1|3,5 l I Ovullation
I 4
fertilization PGCs

Transgenerational epigenetic
inheritance??

@)
o €
(In)complete erasure?

Global erasure
of epigenetic marks



.l
a2'A

LA
oM LU

19-30um S 40-80pum
Primordial Primary Preantral Early antral Mid antral
Global changes -
-
-
-
-
- -=" -
DNA methylation - .
——————— — — —
-
-
- -=" -
- —
-
--
--
Histone acetylation — — — — — — — - _
-
- - - i
-
-
- -
- - ’ ’
Histone methylation — — — — = = = = = = = = = = = = = = = = — — — -

Epigenetic marks established during oogenesis
Specific heterochromatin profile
Different histone variants and epigenic modifiers



Translational decline

-  mRNA polyadenylation, translation and protein

levels are decreased in old mouse

- oocytes premature CDK1 activation, and
accelerated reentry into meiosis

- dysfunction in the oocyte translation program
associated with the decline in oocyte quality

during aging in mouse

Young
ovary

Aged

ovary

Time from primordial follicle activation
to oocyte meiotic maturation

Oocyte ribosome and mRNA “health” is maintained

Slower follicle development leads to aging of mRNAs and ril

L,

nature communications

Article

hitps:/{doi

CPEBI1-dependent dlsruptlon of the mRNA

translation program in oocytes during

maternal aging

Received: 12 April 2022

Accepted: 11 January 2023

Bipolar Spindles

- reduced translation in late-stage oocytes during
ovarian aging might contribute to meiotic defects

ashi ®'23, Federica Franciosi ®*>#, Enrico Maria Daldello ®'%3%,
Xuan G. Luong***, Peter Althoff ®'7, Xiaotian Wang'** & Marco Conti ®**

GO analysis translauon changes
in oocytes during maternal aging

MuItipoIar/UnipoIar Spindles
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Danielson et al 2024




Radiation

Air pollution

PFAS

Endocrine disruptors
Plastics

Heavy metals

etc....

100.000 human-made chemicals released to environment

70.000 unknown effects

Biphenyls (PCB)



< PFAS

= per- and polyfluoroalkyl substances
- synthetic chemicals containg carbone-fluorine bonds
- low biodegradability (,,forever chemicals®)

(. FRFR FR F F FF, FF F O
SoH F OH

F FF FF FF F F FF FF FF F

Perfluorooctanesulfonic Acid (PFOS) Perfluorooctanoic Acid (PFOA)

¢ Plastics
- Microplastics
- particles5 mm-1pum
- Nanoplastics
- particles<1 pm
& degradation of plastics

- foundin human blood, milk, urine, placenta,
meconium, follicular fluid, altered microbiome,...

- difficult identification, classification and
guantification

- unknown effect on environment and human health

Toxicants

altered

epigenetics —/

Disrupted Oocyte Maturation




**Endocrine disruptors

= natural or man-made chemicals that
may mimic or interfere with synthesis,
secretion, transport, bidning, action or
elimination of hormones in the human
or animal body

(A) Bisphenol A (B)Bisphenol S  (C) 17p-Estradiol

‘.
Herbicides

Pesticides” |

-

. Industrial
Endocrine
solvent

Disrupting
Chemicals



limited oocyte pool hypothesis
(Warburton 1989)

poor quality oocyte would not
become dominant in young
female ovary because of
abundance of better quality
oocytes

in older women with small ovarian
reserve a defective oocyte would
be more likely ovulated
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Primordial follicles (Type 1 or 1a): Largest
population of follicles present, oocyte and granulosa
cells have receptors for some growth factors, but not
LH or FSH

Committed follicles (Types 2 and 3; primary and small
preantral): FSH and LH not essential; continuous

growth controlled by the oocyte; low rate of atresia,
development of zona pellucida

Gonadotrophin-responsive follicles (Types 4

and 5; large p | Il-medi tral):

I of LH-responsive theca interna and

FSH-responsive granulosa cells; oocyte-mediated
differentiation of a cumulus phenotype; increasing

\ atresia and progressive increase in requirement
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Gonadotrophin-dependent follicles (Type 5+;
medium-large antral): Become atretic if FSH

concentrations are low before granulosa cells
develop LH receptor; high rate of atresia
associated with emergence of ovulatory follicles

Ovulatory follicle(s): have LH
receptors on granulosa cells; can
survive low FSH concentrations

Ovulation
Induced by the LH
surge about 72 h after
emergence of the

Atres ia ovulatory follicle(s)

Scaramuzzi et al 2011



Human egg misery?

Evolutionary advantage of female subfertility?

Preference of quality over quantity?
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