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Abstract

The objective of my research was to investigate the rare and very-rare genetic
factors influencing female reproductive ageing in humans using large-scale
population exome-sequencing data. Over the past decade, most studies have
relied on non-sequencing genomic data, which only allowed analysis of
common genomic variants. However, these genome-wide array studies have
limitations in capturing the complete range of genetic variation. Consequently,
our understanding of the role of rare genomic variants, which may have a
significant impact on menopause timing, has been limited. Furthermore,
comprehensive studies exploring genetic factors associated with menopause
age, particularly early and very early menopause, have been limited by the lack
of large-scale sequencing genomic data, such as population-based datasets.
Most of the previously published research has been derived from clinical and
family studies, and there has been a dearth of population-based studies that
can validate and identify novel genomic factors using a cohort of healthy
individuals. Consequently, my aim was to utilise population whole-exome
sequencing data for the first time to advance our understanding of genomic

factors that impact female reproductive lifespan.

In Chapter 1, | provide an introduction to the biology of menopause. |
emphasise the importance of studying menopause timing and the revolutionary
impact of using population sequencing genomic data to improve our

understanding of the underlying genomic causes of menopause timing.

Chapter 2 comprises analysis focusing on the correlation between bone
morphogenetic protein 15 (BMP15) and its previously reported variants in
relation to menopause timing. The BMP15 gene and its missense variants have
been identified as a potential candidate for premature ovarian insufficiency
(POI) based on prior investigations. However, our study revealed no evidence
of the previously reported variants being causative factors for POI. Furthermore,
when conducting a gene burden association test, we found no significant

association between various types of BMP15 variants and early menopause.

Chapter 3 builds based on the previous chapter, which presents an in-depth
analysis aimed at assessing the penetrance of over 100 genes associated with
premature ovarian insufficiency (POI). The findings of this investigation provide

limited evidence supporting the existence of autosomal dominant effects in the
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reported POI genes. Surprisingly, the vast majority of heterozygous effects on
these genes were ruled out, with 99.9% of all protein-truncating variants being
observed in women with normal reproductive health. However, we did observe
evidence of haploinsufficiency effects in certain genes, including TWNK and
SOHLH2.

Chapter 4 is an exome-wide association study to identify rare genetic variants
associated with menopause timing. We identified effects ~5 times larger than
previously discovered in analyses of common variants, highlighting protein-
coding variants in ETAAL, ZNF518A, PNPLAS8, PALB2 and SAMHD1. We found
rare loss-of-function variants in the ZNF518A gene, which reduced menopause

age by approximately six years.

Chapter 5 culminates by assessing the significant contributions made by this
study in advancing our comprehension of the variation in genetic risk factors
associated with female reproductive lifespan. Additionally, it outlines potential
directions for future research in this field, highlighting areas that warrant further

exploration and investigation.
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Chapter 1:

Introduction

Introductory notes

Chapter 1 provides an overview of menopause biology within the context of the
female reproductive lifespan. | describe the importance of age at menopause in
relation to female fertility. |1 present current knowledge regarding genetic risk
factors that influence age at menopause. Additionally, the importance of
population sequencing data for analysing female reproductive traits is
discussed, emphasising the role of comprehensive genomic studies in
advancing our knowledge of reproductive ageing.

Age at menopause as a marker of female reproductive lifespan

The age at which menopause occurs is an important indicator of a woman's
reproductive lifespan. It signifies the end of her natural ability to conceive.
Menopause is a natural biological process in a woman's life when menstruation
stops permanently. As women age, they will generally go through this natural
process, typically taking place between the ages of 50 and 52 years?!. This
excludes those who undergo non-natural menopause due to factors like
surgery, chemotherapy, and other medical interventions. However, it is
imperative to note that our understanding of the age at natural menopause
(ANM) is hindered by a paucity of information from developing and economically
challenged nations. Contradictory perspectives exist regarding the uniformity of
ANM across populations. While some argue that ANM exhibits no significant
differences, others contend that substantial variations persist. Notably, there is
discernible diversity in ANM across racial, ethnic, and regional groups, a
phenomenon that persists even after adjusting for influential factors. Recent
studies have shed light on this variability, indicating that South Asian, Middle
Eastern, Southeast Asian, and African American/Black women experience the
youngest mean ages at natural menopause, ranging between 48.8 and 49.8
years. These differences remained evident even after further adjustments for

menarche and parity. In contrast, Japanese (USA/UK) and Japanese (Japan)
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women demonstrated the highest mean ages at natural menopause, with
figures reaching 51.4 and 51.9 years?. This intricate interplay of factors
underscores the need for a more comprehensive and inclusive approach to
menopausal research, considering the diverse contexts in which women

experience this crucial life transition.

Many women assume that once they reach a certain age, their natural fertility

declines rapidly until it completely disappears at menopause. However, this is

only partially accurate because while menopause marks the end of a woman's
reproductive lifespan, natural infertility can occur ten years prior to

menopause?3.

Human ovarian reserve from 6 months gestation to menopause

The human ovarian reserve refers to the number and quality of oocytes present
in the ovaries. It is a critical factor in female reproductive health, as it
determines a woman's ability to conceive naturally. The ovarian reserve is
established during fetal development and gradually declines with age until

menopause*.

During fetal development, the ovaries contain approximately 6-7 million
oogonia, the precursor cells that give rise to oocytes. However, this number
decreases rapidly, and by the time of birth, the ovaries contain approximately 1-
2 million oocytes>®. Throughout a woman's life, spanning from before birth
through adolescence and beyond, there is a gradual decrease in the number of
oocytes due to a process called atresia. Atresia refers to the degeneration and

reabsorption of immature oocytes’.

Throughout puberty, a woman's reproductive potential reaches its full
development, and a regular monthly process of ovulation takes place, wherein
mature oocytes are released from the ovaries. However, the ovarian reserve
still decreases even at this stage due to follicular atresia®. During each
menstrual cycle, multiple follicles are initially recruited for development.
However, it is noteworthy to mention that recruitment does not occur on a
monthly basis; rather, it spans a period of approximately 12 months®. Ultimately,
only one follicle will undergo maturation and ovulate, while the rest of the
recruited follicles will undergo atresia, a process of degeneration and

reabsorption by the body™°. It is essential to expand on this aspect, as it

10



highlights the temporal dynamics and complexity involved in the selection and

maturation of the dominant follicle leading to monthly ovulation?.

As women age, the rate of follicular atresia, the natural degeneration of ovarian
follicles, increases. Notably, after week 25 of gestation, the decline in the
ovarian reserve becomes more pronounced %12, This decline accelerates
further in the years leading up to menopause, which is marked by the cessation
of ovulation and a significant decrease in the number of remaining follicles?.
Upon reaching menopause, the oocyte count in the ovary is bound to dip below
the critical threshold level of 1000%2 (Figure 1).

Figure 0—1:Dynamic Changes in the Ovarian Reserve Throughout a Woman's Life.

The Number of oocytes at each stage of life

WEEK 25 OF GESTATION

MENARCHE
MENOPAUSE

i i i |
7,000,000 1,000,000 400,000 1,000

NUMBER OF OOCYTES

Importance of studying age at menopause in population

According to the World Health Organization (WHO), approximately 1 in 6 adults
worldwide experience infertility'4. Infertility can be influenced by a multitude of
factors, and among them, a significant contributor at the population level,
particularly in high- and middle-income countries, is the increasing trend of
women postponing childbirth until their 30s and beyond>-1’. This decision can
be influenced by a variety of personal, social, and economic factors, such as
carrier and education, financial security, social norms, expectations and etc'&-2°,
This shift in childbirth patterns can be attributed to several societal changes,
including advancements in women's education, career opportunities, and
access to effective contraception?®>2%, As women prioritise their personal and

professional aspirations, they often choose to postpone starting a family.

In contemporary society, the issue of infertility associated with delayed childbirth

has become a prominent concern in numerous developed countries??23,
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Simultaneously, young women in their 20s often experience apprehension
regarding the limited duration of their reproductive lifespan as they embark on
their professional journeys?42°. The awareness of a finite fertility window,
societal expectations, and the fear of potential infertility create a unique
psychological burden. The pressure to balance personal and professional
aspirations with the desire for motherhood can significantly impact the mental

well-being and decision-making processes of young women?6.

At the population level, investigating the age of natural menopause and its
associated factors presents a promising strategy to address concerns regarding
reproductive timing. Viewing menopause as an indicator of the conclusion of the
female reproductive lifespan and examining factors linked to early and
premature menopause provide an opportunity to identify optimal reproductive
timelines for women, potentially mitigating challenges related to delayed
childbirth and infertility.

Distinguishing early and premature menopause as distinct phenotypes offers
valuable insights into the contributing factors that lead to variations in
menopausal onset. These variations significantly impact women's reproductive
health and fertility prospects. With this research, we can establish correlations
between specific factors and early or premature menopause, yielding crucial

knowledge for identifying risk factors and potential interventions.

Consequently, this research could offer women and healthcare practitioners
important guidance regarding reproductive choices and family planning to
optimize fertility potential and address fertility challenges associated with
delayed childbirth. Additionally, the investigation sheds light on the factors
influencing menopause timing, contributing to a deeper understanding of the
biology of female reproductive ageing and its relevance to the broader field of

reproductive medicine and women's health.

Factors influencing age at menopause.

The age at which women experience menopause can vary widely and is
influenced by a complex interplay of genetic, lifestyle, and reproductive factors.
Various environmental factors play a crucial role in shaping the age at
menopause. Notably, early and late-life events, encompassing aspects like

multiple births, an earlier age at menarche, and a lower educational level, have
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been identified as influential contributors?’. Lifestyle choices, including smoking
and alcohol consumption, have also demonstrated associations with the timing
of menopause?®. Additionally, non-genomic factors such as social influences,
body mass index (BMI), and smoking duration have emerged as significant
determinants?®-3L, Intriguingly, even early-life experiences, such as parental
divorce during childhood and weight at 2 years, have been shown to exert
discernible impacts on the age at menopause, emphasizing the multifaceted
interplay between environmental circumstances and reproductive aging.2’:32.
Other factors that have been associated with earlier menopause include
exposure to certain environmental toxins, such as pesticides and
Polychlorinated biphenyls (PCBs), and certain medical treatments, such as

chemotherapy and radiation therapy33.

One of the most well-established predictors of age at menopause is genomics3*
38, Empirical investigations have provided evidence supporting the familial
nature of the age at menopause, indicating a heritable component in this
biological phenomenon®®. Furthermore, numerous specific genetic variants have
been discovered through genomic research, showing significant associations
with either earlier or later onset of menopause 34°. A noteworthy aspect of
studying genomic factors that influence menopause timing is the ability to
approximate a woman's reproductive timeline from birth. This predictive
capability enables young females to gain an overview of their fertility timeline
and potentially manage it in conjunction with other lifestyle factors. Such
insights can facilitate informed decision-making regarding family planning and
reproductive health strategies.

Genomic factors

Recent studies have elucidated the impact of genomic factors on menopause
timing, offering compelling evidence and highlighting a substantial heritability
rate for menopause. Researchers have estimated the heritability rate to be
approximately 40%, signifying a significant genetic influence on the timing of
menopause?®®4!, Several genomic factors have been firmly established as
potential contributors to early menopause. Among these factors, chromosomal
abnormalities account for approximately 13% of early menopause cases, while
the fragile X premutation is associated with about 2% of early menopause

occurrences#247,
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Chromosomal abnormalities and menopause timing

Chromosome abnormalities have been associated with alterations in the timing
of menopause. Specifically, women with certain X chromosomal abnormalities,
namely aneuploidies and rearrangements, experience earlier menopause*?.
One of the most well-known chromosomal abnormalities associated with
menopause timing is Turner syndrome, which occurs when a female is born
with only one X chromosome instead of two. Women with Turner syndrome
often experience early menopause*?.Conversely, women with trisomy X, or the
presence of an extra X chromosome, have been observed to undergo
menopause either earlier or later than women without this chromosomal

abnormality#344,

Fragile X premutation and menopause

The fragile X premutation is a genetic condition that is caused by a repeat
expansion in the Fragile X Mental Retardation 1 (FMR1) gene. Normally, the
FMR1 gene contains up to 44 CGG repeats, but in individuals with the
premutation, the gene contains between 55 and 200 CGG repeats*6. While
individuals with the premutation do not typically exhibit the full-blown symptoms
of Fragile X syndrome, which is caused by over 200 CGG repeats in the FMR1
gene, they are still at risk for developing certain health problems#8-51,

One of the most well-known health risks associated with the Fragile X

premutation is an increased risk of premature ovarian insufficiency (POI), which
can lead to early menopause?*’. Women with the premutation have been found
to have an increased risk of POI, with some studies estimating that up to 20% of

women with the premutation experience early menopause?.

Premature ovarian insufficiency (POI)

Premature ovarian insufficiency (POI) is a condition characterized by the loss of
normal ovarian function before the age of 40%2. This condition affects
approximately 1% of the population and it is a significant cause of female
infertility>>->5. POI can be either syndromic, occurring alongside other
phenotypic features like in Turner's syndrome, or non-syndromic with various
aetiologies®®-58, While genetic causes are reported in 1-10% of cases, other
causes include autoimmune and iatrogenic factors. Idiopathic cases account for
50-90% of POI%®, with 10-30% of those being familial, suggesting a genetic

basis®°. Moreover, estimates show that menopausal age has a heritability
14



ranging from 44% to 65%, and daughters of affected mothers have a six-fold
increased risk of early menopause3+38.61.62 This genetic component adds to our
understanding of the mechanisms underlying POI, providing valuable insights

into potential genetic contributors to this condition.

More than 100 monogenic causes of POI have been documented, where a
single genetic variant is sufficient to cause the phenotype (Table 1). To compile
a comprehensive list of monogenic causes of POI, we primarily relied on the
Genomics England Panel App. The Genomics England POI panel represents a
cutting-edge initiative in advancing our understanding of the genetic
determinants of POI. This panel is derived through a meticulous process that
begins with an exhaustive literature review, identifying genes previously
associated with POI. Expert consultation ensures the inclusion of genes with
well-established connections to ovarian function, and rigorous validation
processes confirm their relevance to the condition. The panel's dynamic nature
allows for continuous updates, aligning with the evolving landscape of genomic
research. By leveraging state-of-the-art sequencing technologies and
methodologies, the Genomics England POI panel contributes significantly to the
precision and efficiency of genetic screening efforts, facilitating a more nuanced
comprehension of the genetic factors influencing POI. This resource employs a
traffic light system, categorising genes as "GREEN" (high evidence), "AMBER"

(moderate evidence), or "RED" (insufficient evidence).

Our analysis identified 67 genes, supplemented with 38 manually curated POI
genes from literature up to June 2022. Selection criteria included a focus on
POI phenotypes, discovery through family segregation studies, consanguineous
pedigree analysis, and validation in animal models or cell-based assays. Our
focus was on non-syndromic POI genes (details provided in Chapter 3). The
gene list categorised by their mode of inheritance. Approximately half of these
cases demonstrate an autosomal dominant (AD) inheritance pattern. Other
genes show an autosomal recessive (AR) inheritance pattern, necessitating
disruption of both gene copies to manifest the phenotype. Additionally, X
chromosome genes have long been implicated in maintaining ovarian
development and function. Structural variants on the X chromosome account for

about 13% of POI cases in certain published series®%-0.
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Table 0-1: Genes reported as associated with premature ovarian insufficiency.

Reported gene

Gene Gene Name inheritance Reference
AARS2 alanyl-tRNA synthetase 2, mitochondrial AR 63,64
AIRE autoimmune regulator AD 65
ALOX12B arachidonate 12-lipoxygenase, 12R type AD 66
AMH anti-Mullerian hormone AD 67
ANKRD31 ankyrin repeat domain 31 AD 68
AR androgen receptor X-linked 69
ATG7 autophagy related 7 AD 70
ATG9A autophagy related 9A AD "
ATM ATM serine/threonine kinase AR 72
BLM BLM RecQ like helicase AR 73,74
BMP15 bone morphogenetic protein 15 X-linked 75-89
BMPR1A bone morphogenetic protein receptor type 1A AD 90
BMPR1B bone morphogenetic protein receptor type 1B AD 70,90
BNC1 basonuclin 1 AD 91
BRCA2 BRCA2 DNA repair associated AR 92
BUBLE BUB1 mitotic checkpoint serine/threonine kinase AD o
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C140rf39

CDKN1B

CLPP

CPEB1

CYP17A1

CYP19A1

DACH2

DIAPH2

DMC1

EIF2B2

EIF2B4

EIF2B5

EIF4ENIF1

ERAL1

ERCC6

FANCA

FANCC

FANCG

17

chromosome 14 open reading frame 39

cyclin dependent kinase inhibitor 1B

caseinolytic mitochondrial matrix peptidase

proteolytic subunit

cytoplasmic polyadenylation element binding

protein 1

cytochrome P450 family 17 subfamily A member
1

cytochrome P450 family 19 subfamily A member
1

dachshund family transcription factor 2

diaphanous related formin 2

DNA meiotic recombinase 1

eukaryotic translation initiation factor 2B subunit

beta

eukaryotic translation initiation factor 2B subunit
delta

eukaryotic translation initiation factor 2B subunit

epsilon

eukaryotic translation initiation factor 4E nuclear

import factor 1

Era like 12S mitochondrial rRNA chaperone 1

ERCC excision repair 6, chromatin remodeling

factor

FA complementation group A

FA complementation group C

FA complementation group G

AR

AD

AR

AD

AR

AR

X-linked

X-linked

AR

AR

AR

AR

AD

AR

AD

AR

AR

AR

94,95

96

97-99

100-102

103

103

104

105,106

107,108

72,109

109

109

110

111

112

72,113

114

115



FANCL

FANCM

FIGLA

FMN2

FMR1

FOXL2

FOX04

FSHB

FSHR

GALT

GDF9

GGPS1

HARS2

HFM1

HROB

HSD17B4

HSF2BP

IGSF10

18

FA complementation group L

FA complementation group M

folliculogenesis specific bHLH transcription

factor

formin 2

fragile X messenger ribonucleoprotein 1

forkhead box L2

forkhead box O4

follicle stimulating hormone subunit beta

follicle stimulating hormone receptor

galactose-1-phosphate uridylyltransferase

growth differentiation factor 9

geranylgeranyl diphosphate synthase 1

histidyl-tRNA synthetase 2, mitochondrial

helicase for meiosis 1

homologous recombination factor with OB-fold

hydroxysteroid 17-beta dehydrogenase 4

heat shock transcription factor 2 binding protein

immunoglobulin superfamily member 10

AD

AR

AD

AD

X-linked

AD

X-linked

AR

AR

AR

AD

AR

AR

AR

AR

AR

AR

AR

117,118

80,119-121

122

123

72,80,124-128

130

102,131,132

133

85,134-137

138

72,140-142

142

143,144

145,146

147



KASHS

KHDRBS1

LARS2

LHCGR

LHX8

LMNA

LRPPRC

MCM8

MCM9

MEIOB

MRPS22

MSH4

MSH5

NANOS3

NBN

NHEJ1

NOBOX

NOG

19

KASH domain containing 5

KH RNA binding domain containing, signal

transduction associated 1

leucyl-tRNA synthetase 2, mitochondrial

luteinizing hormone/choriogonadotropin receptor

LIM homeobox 8

lamin A/C

leucine rich pentatricopeptide repeat containing

minichromosome maintenance 8 homologous

recombination repair factor

minichromosome maintenance 9 homologous

recombination repair factor

meiosis specific with OB-fold

mitochondrial ribosomal protein S22

mutS homolog 4

mutS homolog 5

nanos C2HC-type zinc finger 3

nibrin

non-homologous end joining factor 1

NOBOX oogenesis homeobox

noggin

AR

AD

AR

AR

AD

AD

AR

AR

AR

AR

AR

AR

AR

AD

AR

AD

AD

AD

148

149

150

151,152

80

153

72

142,154-162

72,157,162-169

170

147,171

172,173

102,174

175,176

177

178

80,168,179-184

185



NOTCH2

NR5A1

NUP107

PGRMC1

PMM2

POF1B

POLG

POLR2C

POLR3B

POLR3H

POU5F1

PRDM9

PSMC3IP

RAD51

RCBTB1

REC8

RECQL4

SALL4

20

notch receptor 2

nuclear receptor subfamily 5 group A member 1

nucleoporin 107

progesterone receptor membrane component 1

phosphomannomutase 2

POF1B actin binding protein

DNA polymerase gamma, catalytic subunit

RNA polymerase Il subunit C

RNA polymerase Il subunit B

RNA polymerase Il subunit H

POU class 5 homeobox 1

PR/SET domain 9

PSMCS3 interacting protein

RAD51 recombinase

RCC1 and BTB domain containing protein 1

REC8 meiotic recombination protein

RecQ like helicase 4

spalt like transcription factor 4

AD

AD

AR

X-linked

AR

X-linked

AD

AD

AR

AR

AD

AD

AR

AD

AR

AD

AR

AD

70,186,187

102,167,188-

200

102,142,201,202

203

165,204,205

102,142,196,206

169,207-213

214

215

216

68

99,165,217-219

220

221

80,102,142

222

223,224



SGO2

SMC1B

SOHLH1

SOHLH2

SPATA22

SPIDR

STAG3

SYCE1

SYCP2L

TP63

TRIM37

TWNK

WDR62

WRN

WT1

YTHDC2

ZSWIM7

21

shugoshin 2

structural maintenance of chromosomes 1B

spermatogenesis and oogenesis specific basic

helix-loop-helix 1

spermatogenesis and oogenesis specific basic

helix-loop-helix 2

spermatogenesis associated 22

scaffold protein involved in DNA repair

stromal antigen 3

synaptonemal complex central element protein 1

synaptonemal complex protein 2 like

tumor protein p63

tripartite motif containing 37

twinkle mtDNA helicase

WD repeat domain 62

WRN RecQ like helicase

WT1 Transcription Factor

YTH domain containing 2

zinc finger SWIM-type containing 7

AR

AD

AR

AD

AR

AR

AR

AR

AR

AD

AR

AR

AD

AR

AD

AR

AR

80

226

227

228

102,229,230

102,142,231-

240

95,102,241

242

243,244

245

246-251

254,255

256

257,258



Decoding the complexity of genomic factors involved in female
reproductive ageing.

Understanding the genetic architecture involved in female reproductive ageing
has been a crucial area of research in recent years. Scientists have undertaken
extensive studies to unravel the intricate genetic mechanisms underlying the
process of age-related decline in female fertility and menopause. One
extensively studied approach is the genome-wide association study (GWAS),
which focuses on low frequencies and common genetic variations and has
successfully identified numerous genetic variants associated with age at

menopause (Figure 2).

In a recent publication in Nature by Ruth et al. (2021), GWAS involving a large
cohort of more than 200,000 women revealed the presence of 290 common
genetic variants that collectively account for 10% to 12% of the variation in age
at natural menopause (ANM). These variants were found to have effects
ranging from a difference of approximately 3.5 weeks to 1.3 years in ANM 3,
The researchers investigated the genetic factors underlying menopause timing
and identified several biological mechanisms associated with this process.
Through their study, they found that genetic variants associated with DNA repair
mechanisms, estrogen signalling, and follicle development played significant
roles in determining the timing of menopause®2. These findings provide valuable
insights into the intricate biological pathways involved in menopause timing and
deepen our understanding of the underlying genetic mechanisms in this

complex process.

Notwithstanding the significant advancements achieved through GWAS, it is
imperative to recognise their primary focus on the assessment of common
genetic variants (with an allele frequency exceeding 0.1%) utilising genome-
wide arrays. This approach, however, bears limitations in its ability to
encapsulate the entirety of genetic diversity. Array-based investigations are
intrinsically constrained by their predetermined design, thereby restricting their
capacity to only detect previously identified variants that are intentionally
included on the array?>®261, Conversely, the utilisation of sequencing data
introduces a markedly broader spectrum of genetic exploration. This technology
facilitates the identification of an extensive repertoire of genetic variants,

spanning single nucleotide polymorphisms (SNPs), insertions, deletions, and

22



even structural variations that can exert profound influences on the
genome?62263 This heightened versatility in variant detection underscores the
potential for a more holistic comprehension of the genetic landscape in contrast

to the constrained scope of array-based studies.

For a more comprehensive elucidation of the loci associated with diseases, an
enhanced comprehension of disease pathogenicity, and a deeper insight into
disease heritability, the integration of sequencing data emerges as an
indispensable facet. Sequencing data provides a pivotal avenue for the
exploration of rare and very rare variants, thus augmenting the breadth and
depth of our understanding of the genetic underpinnings of complex
diseases?642%5, By studying rare variants in large cohorts, there is potential to
identify novel genes and variants associated with the trait of interest66.
Therefore, a complementary approach that combines exome sequencing with
array-based GWAS holds promise for a biological explanation of genetic
architecture involved in female reproductive lifespan®®’ (Figure 2). The figure
depicting the genetic architecture of female reproductive ageing and the effect
sizes of variants on early menopause illustrates a compelling opportunity to

uncover novel genes and variants associated with this trait.
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=10 years
Vary-rare
o variants
@ causing early
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o Years POI 6,
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Q A n &
c variants with
> intermediate
S effect on
2 menopause
) timing
o Months Common
UED variants with
3 small effect on
% menopause
timing
Weeks
%0.01 %0.1 %0.5 %1 %5

Allele Frequency

Figure 2-1: lllustrates the genetic architecture of early menopause.
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Population sequencing is the "gold standard” for genomic analysis.
Population sequencing is considered the gold standard for genomic analysis
because it provides a comprehensive view of genetic variation in a given
population?826°_ This approach involves sequencing the protein-coding region
of it in a population of individuals, allowing for a complete assessment of

genetic variation and its impact on human health and disease.

Population sequencing data offers several advantages over targeted
sequencing or array data. Firstly, it provides a comprehensive picture of genetic
variation by enabling the identification of both common and rare variants across
the entire genome?%°, This allows researchers to capture a more complete
spectrum of genetic diversity and understand the full range of genetic
contributions to complex traits and diseases?’%271, In contrast, targeted
sequencing focuses on specific genomic regions of interest, limiting the scope

of genetic variation analysis.

Furthermore, population sequencing data enhances our understanding of
population genetics and evolutionary patterns?’?. Researchers can investigate
population structure, migration patterns, and genetic adaptations by studying
genetic variation across diverse populations. This broader perspective provides
insights into human populations' demographic history and evolutionary
dynamics, shedding light on the genetic factors underlying population-specific

traits and disease susceptibilities?’3.

Recent advances in sequencing technologies, such as whole exome
sequencing (WES), have made population sequencing more accessible and
affordable. For example, the 1000 Genomes Project was a large-scale effort to
sequence the genomes of over 2,500 individuals from diverse populations
worldwide, providing a comprehensive reference dataset for human genetic
variation?°, The UK Biobank is another large-scale population sequencing
effort, involving the sequencing of over 500,000 individuals to study the genetic

basis of common diseases?’4.

Comparing clinical and population sequencing data: Advantages of
studying healthy individuals
Population sequencing data from healthy individuals provides a unique and

valuable resource for the study of human genetics. Unlike traditional
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approaches such as clinical and family studies, population sequencing data can
reveal the full spectrum of genetic variation in a diverse and representative
sample of individuals?’®. This can provide insights into the genetic basis of
complex traits and diseases that may not be apparent in smaller, more

homogeneous study populations.

Population sequencing studies involve the analysis of genetic data from large
population-based cohorts, typically without a known family history of disease.
This approach makes it possible to detect new genomic variations that may be
linked to disease susceptibility among the general population. Furthermore,
unlike clinical and family studies, which may be affected by selection bias,
population genomic studies aim to be more unbiased in their representation of
the overall population?%427¢, This reduces potential confounding factors and
improves the reliability of results. Additionally, it enables the validation of
previously reported variants for their actual impact on disease development.
Furthermore, the use of healthy individuals as controls in these studies can
increase the statistical power to detect genetic associations with disease.

UK Biobank is the largest population sequencing databases.

The UK Biobank was established in 2006, and it is a large-scale population
sequencing effort that has become one of the largest databases of genetic and
health data in the world. This project involves the collection of biological
samples, health information, and lifestyle data from over 500,000 individuals
aged between 40 and 69 years in the United Kingdom?74, These participants
have consented to the use of their data for research purposes, including genetic
analysis, which has resulted in the creation of a comprehensive resource for

studying the genetic basis of common diseases.

The UK Biobank has been instrumental in identifying genetic variants
associated with a wide range of diseases, including cardiovascular disease,
cancer, endometriosis, and polycystic ovary syndrome (PCOS). This resource
has enabled researchers to investigate the genetic basis of these diseases in
large, well-characterised populations, which can help to identify novel targets for
drug development and personalized treatment strategies. Furthermore, the UK
Biobank is a publicly accessible resource, and data access is granted to
researchers worldwide through a formal application process. This has facilitated

collaboration and enabled researchers to undertake large-scale genomic
25



studies across diverse populations and diseases. As such, the UK Biobank
serves as a powerful tool for accelerating medical research and improving

human health.
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Summary

The importance of age at menopause as an indicator of female reproductive
lifespan is emphasized, along with an examination of various factors that impact
the timing of menopause. Menopause signifies the conclusion of a woman's
natural fertility, yet natural infertility may arise a decade before menopause sets
in. The timing of menopause is influenced by genetics, lifestyle choices, and
reproductive factors. Genetic factors, such as chromosomal abnormalities and
the fragile X premutation, have been linked to alterations in menopause timing.
GWAS have identified common genetic variations associated with age at
menopause and reproductive ageing.

To further advance our understanding of the genetic basis of complex traits like
female reproductive lifespan, comprehensive genomic analysis is vital, with a
specific focus on rare and very rare genomic variants. Examination of
population sequencing data, particularly from healthy individuals, allows the
identification and capture of variants related to menopause timing, offering
valuable insights into the underlying genetic mechanisms. Additionally,
validating previously reported variants as monogenic causal genes for POl is
essential to elucidate the causality of this condition, primarily studied through
family and clinical data from limited cases.

Combining findings from both common and rare genomic variations derived
from population sequencing data enables a more comprehensive understanding
of how genomic factors influence female reproductive ageing. Ultimately, this
knowledge facilitates more accurate predictions of young women's reproductive
lifespan from birth. My PhD projects aimed to contribute to a deeper
comprehension of the genetic determinants of female reproductive ageing,

benefiting future healthcare and personalised reproductive planning.
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Main text

Abstract

Premature Ovarian Insufficiency (POI) has been linked to deleterious genetic
variations in more than 100 genes, including BMP15 an X-linked gene with an
important role in female ovarian development and folliculogenesis. More than
20 genomic variants in BMP15 have previously been associated with POI, but
the strength of evidence to support pathogenicity differs between variants. To
examine the impact of BMP15 gene genomic variants on ovarian function, we
utilized exome sequence data from approximately 105,000 women in the UK
Biobank.

We examined the association between 16 previously reported variants and age
at natural menopause (ANM), as well as 143 rare protein-coding variants in

BMP15. These rare variants were annotated as either predicted loss-of-function
(LOF) or missense, and their implications in POI were previously unknown. We
assessed the genomic variations individually and also employed a gene burden

test.

Our findings revealed three novel heterozygous LOF variants in BMP15, and
interestingly, neither carrier had an ANM less than 40 years, providing
additional evidence that haploinsufficiency of BMP15 does not cause POI.
Furthermore, none of the 16 BMP15 variations previously reported in the
literature exhibited an association with early menopause in our cohort.
However, after adjusting for multiple testing, rare missense variants in BMP15
were not found to be related to ANM in the UK Biobank.

Our findings indicate that heterozygous missense variants in the BMP15 gene
should be approached with caution and are unlikely to be causative factors for
POI or early menopause. This study significantly enhances our comprehension
of the involvement of BMP15 genomic variants in ovarian function. Moreover, it
emphasizes the importance of meticulous evaluation of the pathogenicity of

specific variants within the context of POl and early menopause.

This study represents one of the largest population genomic analyses of POI to

date, comprising 113 clinical POI cases and 2,231 non-clinical POI cases.
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Introduction

Premature ovarian insufficiency (POI), defined as menopause before the age of
40, has been associated with chromosomal abnormalities and variation single
gene in over 100 genes, but the evidence to support causality of individual
variants varies between studies 3. POI occurs in 1 in 100 women 4, is a major
cause of female infertility and is characterised by increased follicle-stimulating
hormone (FSH) levels and hypoestrogenism. Single-gene causes of POI can be
used within families to predict ovarian insufficiency in other family members,
enabling women to make informed reproductive choices. As large-scale,
population genomic data becomes more accessible, it is also essential to
ascertain the penetrance of genomic variants in the absence of family history °.

BMP15 (Bone Morphogenetic Protein 15) is an X-linked gene that was first
reported to be associated with hypergonadotropic ovarian failure in two sisters
who were heterozygous for a paternally inherited missense variant-
NP_005439.2: p.(Tyr235Cys)-, with a suspected dominant-negative effect °.
Subsequently, family and cohort studies have reported the association of
BMP15 variants with female ovarian development and folliculogenesis, with
supporting evidence from animal models 18, The majority of the previously
reported variants are heterozygous missense variants in the mature BMP15
protein, although there are three cases where individuals were homozygous for
loss-of-function (LOF) variants 1°2°. Haploinsufficiency of BMP15 is not thought
to be pathogenic, as, in all three homozygous cases, the mother carried one of
the LOF variants but was obviously fertile and did not have POI. BMP15 is an
oocyte-specific growth factor and member of the transforming growth factor-8
superfamily, which regulates granulosa cell proliferation and differentiation
during folliculogenesis?'23. Animal models have further characterised the
biological function of BMP15 in mammalian reproduction 6242°, However, there
are differences between species; for example, mice with BMP15 inactivating
mutations show minor defects in follicular growth?®, while sheep with BMP15
knock-out are infertile?°.

We sought to explore the pathogenicity of BMP15 genomic variants reported as
associated with POI in females who were not selected through clinical features
but from the general population by using age at natural menopause (ANM). We
report BMP15 genomic variation in 104,733 females from the UK Biobank with
53



whole exome sequencing (WES) data. We evaluated previously reported
individual BMP15 variants from the literature and also all variants that were

predicted as LOF, or non-synonymous variants in aggregate, using gene
burden tests.

54



Materials and methods

Exome sequencing in UK Biobank

We tested the effect of individual variants in BMP15 plus combined variant
burden analyses in Whole Exome Sequencing data (WES) from 454,787
individuals in the UK Biobank study 2. Details of this study, including data
collection and processing, are described elsewhere 2. Informed consent was
provided by all participants. Study approval was received from the National
Research Ethics Service Committee North West—Haydock and all study
procedures were performed according to the World Medical Association
Declaration of Helsinki ethical principles for medical research. WES data were
generated with the IDT xGen Exome Research Panel v1.0, which targeted
39Mbp of the human genome with mean coverage exceeding 20x on 95.6% of
sites. The OQFE protocol was used for mapping and variant calling to the
GRCh38 reference. Quality control filters applied by UK Biobank were individual
and variant missingness <10% and Hardy Weinberg Equilibrium P-value >10-
15. In addition to UK Biobank quality control filters described previously, we
excluded variants with <10X coverage in 90% of the samples that were
provided by Backman et al. 32, We selected variants in BMP15 MANE transcript
(ENST00000252677), and variants were annotated using the Ensembl Variant
Effect Predictor 34 and LOFTEE plugin (https://github.com/konradjk/loftee).
Minor allele frequency (MAF) and allele count analysis was calculated using
PLINK 3. Furthermore, we manually assessed the variants using Integrative
Genomics Viewer (IGV) 3637, Analyses were performed on the UK Biobank
Research Analysis Platform (RAP; https://ukbiobank.dnanexus.com/) using
Compressed Reference-oriented Alignment Map (CRAM) and Variant Call

Format (VCF) sequence data files.

Phenotype definition

UK Biobank provided phenotypic data (e.g., health status, lifestyle and
demographics) for ~500,000 individuals aged 37-73 years at the time of
recruitment from across the UK °. ANM was derived from self-reported
guestionnaire data as the age at last naturally occurring menstrual period,
excluding those with surgical menopause (field 2824 and 3882) or taking

hormone replacement therapy (field 3536), as described previously 3°. There
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were 104,733 European female participants with ANM (range 18 to 65 years,
mean=50.1, SD=4.5); of those, 2,231 individuals reported ANM<40 years which
we refer to as non-clinical POI cases. Participants who reported ANM < 40
years during the questionnaire were asked to confirm their ANM. Controls had
ANM = 40, plus those who were pre-menopausal and older than 40 at the time
of participation (n=192,438).

We identified primary and secondary amenorrhea cases from UK Biobank
primary care data of 230,060 participants (field 42040). We selected severe
ovarian failure GP codes (more than 30 codes) and excluded participants with X
chromosomal aneuploidy using UK Biobank SNP array data, as described
previously3l. We further excluded women who self-reported ANM 240 or had
cancer <40, leaving 113 clinical POI cases, including 10 primary and 103
secondary amenorrhea cases. However, among all clinical cases that were
identified, a total of 95 cases also were included in our ANM cohort and had
undergone menopause before the age of 40 (non-clinical cases). All
manipulations were conducted in R (v4.0.3) on the UK Biobank Research

Analysis Platform (RAP; https://ukbiobank.dnanexus.com/).

Analysis of previously published BMP15 variants associated with ANM.
From the literature, we identified 25 variants in BMP15 (Supplementary Table
1) that were reported as risk alleles for POI®8, In addition, there were four LOF
variants reported in the literature in women with POI, two in homozygotes, two
in a compound heterozygote and one heterozygous carrier. Each variant with a
minor allele count (MAC) of more than 5 was tested individually for association
with ANM. In addition to testing each variant individually, we investigated the
effect of having any of these variants on menopause timing by aggregating
them into a single unit by coding an individual carrying any variant as 1 and
non-carriers as 0.

We used REGENIE to implement a generalised mixed-model region-based
association test that can account for population stratification and sample
relatedness in large-scale analyses. We applied an inverse normal rank
transformation to ANM and included recruitment centre, sequence batch and 40
genetic principal components as covariates. The decision of whether to adjust

for certain variables, such as age and BMI, in a study involves a careful
56


https://ukbiobank.dnanexus.com/

consideration of the research objectives, potential confounding factors, and
statistical implications. Adjusting for variables is often done to isolate the
specific effect of the variable of interest. However, in our study, the primary
focus was on understanding the pure genetic effect without the influence of
other factors.

In cases where age and BMI were not adjusted for, the goal was to avoid
overadjustment and maintain a clear focus on the unadulterated impact of
genetic factors. Overadjustment, or controlling for variables on the causal
pathway, can distort results, particularly when those variables are intricately
linked to the genetic effect under investigation. By excluding adjustments for
age and BMI, we aimed to simplify the analysis and directly examine the genetic
component, aligning with our study's central objective of emphasizing the
unadjusted, intrinsic genetic effects on the outcome variable. This intentional
choice streamlines the investigation, providing a more straightforward and
transparent exploration of the genetic factors in question.

To estimate the approximate effect on ANM per year, we multiplied the
estimated effect on inverse normalised ANM by the standard deviation of ANM
(SD = 4.53). For gene burden tests, REGENIE runs in two steps 3, which we
implemented on the UK Biobank RAP. Firstly, genetic variants are aggregated
into gene-specific units and then, secondly, these units are tested for
association with ANM.

Testing of all rare variants in BMP15 in UK Biobank

We tested the association with ANM of all variants in BMP15 with MAF less
than 0.1%, both individually (AC 25) and by aggregating them into gene-specific
units, using REGENIE as described. Gene-specific units included in our
analysis were: high-confidence LOF, including stop-gain, frameshift, or
abolishing a canonical splice site (-2 or +2 bp from exon, excluding the ones in
the last exon); missense variants; damaging variants that included high-
confidence LOF variants or/and missense variants with REVEL score >0.7; and

synonymous variants.
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Results

Previously published BMP15 variants are not associated with ANM in UK
Biobank

Of the 25 variants identified in the literature as associated with POI, 24 were
exonic, and there was a non-coding 5 prime untranslated (5' UTR) variant that
was previously reported as being possibly or likely pathogenic. Of these, 19
were missense variants reported to be risk alleles in the heterozygous state, of
which there was evidence that two were acting via a dominant-negative
mechanism (Supplementary Table I). For five of the 19 missense variants plus
the 5" UTR variant, there was functional evidence in the literature that the
variant had a deleterious effect on the protein through reporter assays and
Western blots (Supplementary Table ) 1915, An additional missense variant
was reported in a homozygous state in a POI proband, while her mother was
heterozygous and did not have POI 8, We were able to identify 16 out of the 25
variants in UK Biobank. In total, 104,489 women carried one or more previously
reported variants in BMP15 and found out that the control group has at least
one BMP15 variant that has been reported before (as shown in Figure 1 and
Supplementary Table 1). Figure 1 illustrates the distribution of previously
reported variants within ANM cohorts, accompanied by summary statistics.
However, out of the 16 detected variants, two were found exclusively in the
control cohort and thus were excluded from Figure 1 (Supplementary Table 1).
Among the remaining variants, four were identified in both heterozygous
(represented by blue colour bars) and homozygous (represented by red colour

bars) states.

However, none of the four previously reported homozygous or compound
heterozygous LOF variants were present in our data, even in a heterozygous
state. Among the 2,231 cases of non-clinical POI, a total of 1,180 females were
identified as carriers of five previously reported variants (p.Arg68Trp,
p.Asn103Ser, p.Alal80Thr, p.Phel94Ser, and c.-9C>G) in a heterozygous
state. Out of these, 56 POI cases identified by health records were found to be
carriers for three of these variants (p.Asn103Ser, p.Alal180Thr and c.-9C>G).
However, all five variants were also found in controls (103,134 heterozygotes
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and 11,303 homozygotes) and were present in the Genome Aggregation
Database (gnomAD) 3 with similar allele frequencies. An analysis that
considered the combined effects of all five variants found no evidence of earlier
menopause (Beta = 0.07 years later menopause per allele, SE =0.02, P =
0.0015). The remaining 11 previously published variants were only detected in

controls in the UK Biobank, with 175 heterozygous carriers.

Figure 0-1: Previously reported BMP15 variants that were detected in UK Biobank.
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Note: Count and distribution of ANM in individuals carrying 14 previously reported
BMP15 missense/5’UTR variants (further details in supplementary table 1). The blue
and red bars are for heterozygous and homozygous carriers, respectively. AF = allele
frequency; 5’UTR = 5' untranslated region.

Rare missense variants in BMP15 are not associated with ANM.

In addition to the 16 previously published variants, there were 191 additional
rare variants (MAF<0.1%) in the protein-coding region of BMP15 detected in the
104,733 European ancestry females with ANM. Of the 191 variants, three were
deletions which were predicted to result in loss of functional protein; one
removing a splice site acceptor sequence (¢.329-10_338del) and two frameshift
variants (c.131del - p.Leud44ArgfsTer6; c.1138del - p.Glu380SerfsTer5). A
further 140 variants were missense (Supplementary Table 2, figure 2), and 48
were synonymous. None of the carriers of heterozygous LoF variants in BMP15
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were a clinical POI case or had ANM<40, nor was there evidence of an effect
on menopause timing based on the gene burden tests (P>0.05; Table 1 and

Supplementary Table 3).

Figure 0—2: Comparison of ANM in BMP15 LOF and missense carriers compared to
controls.
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© BMP15 rare heterozygous missense carriers

¢ BMP15 rare heterozygous LOF HC carriers

Note: Distribution of ANM for 104,733 women in UK Biobank, with number of LOF
(N=4) and missense (N=605) variant carriers indicated with red diamonds and blue
circles, respectively.

Table 0-1: REGENIE burden testing for rare variants in BMP15.

VARIANT  VARIANT ALLELE BURDEN BURDEN  BURDEN
CLASS S (N) COUNT (N) P.VALUE BETA SE
LOF \ 3 4 0.95 0.13 2.16
MISSENSE 140 605 0.54 -0.11 0.18
DAMAGING 14 92 0.82 -0.1 0.45
SYN. 48 676 0.74 0.05 0.17

Note: LOF= Loss-of-function; Syn= synonymous; Bonferroni corrected p-value for 5
tests; 0.05/5 = 0.01.

There were 605 women with ANM who were heterozygous for the 140
missense variants with MAF <0.01%. There was no evidence that rare
missense variants combined in a burden test were associated with ANM as a
guantitative trait (Burden P=0.54, Beta=-0.11 years earlier per allele) (Table 1).
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We further tested a subset of the predicted most damaging variants by
combining missense variants with a REVEL score > 0.7 (n=11) with LOF

variants (n=3). There was no association of ‘damaging’ variants with ANM
(P=0.82).
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Discussion

Previous studies have reported more than 20 BMP15 genetic variants as likely
to cause or contribute to POI in either an X-linked dominant negative or
recessive inheritance pattern 618, Numerous studies have focused on POI
cases identified in clinical or family settings. However, our study examined a
population-based cohort of over 2000 women with ANM under 40 and
discovered that many of the pathogenic variants previously reported were
common in controls. We found little evidence that these variations reduce
menopause age. Additionally, all previously reported variants found in women
with a clinical diagnosis of POI from health records and women with menopause
<40 were also present in controls, indicating that they are not a monogenic

cause of POI, at least in the heterozygous state.

Complete biallelic loss of BMP15 in humans has been reported in several
cases. Two sisters inherited compound heterozygous LOF variants; one had
primary amenorrhea and the other POI at age 17; however, their (heterozygous)
mother was fertile with at least three children °. There are two further examples
of probands with POl and homozygous LOF variants in BMP15, but
heterozygous mothers with menopause at 50 and 56 years of age 2°. We did not
find any of the previously reported LOF variants in our study, but the three novel
heterozygous LOF variants in 4 carriers we did detect were found in controls,
supporting previous reports that haploinsufficiency of BMP15 is not a causal

mechanism for POI 1920,

Most heterozygous missense variants previously reported as pathogenic
localise to key functional elements of the N-terminal prodomain of the BMP15
protein and may affect how BMP15 interacts with GDF9 (Growth Differentiation
Factor 9) to regulate granulosa cell growth in a dominant negative fashion 5. In
our study, all of the previously reported missense variants were found in
controls, suggesting that they are either not pathogenic or incompletely
penetrant in the heterozygous state. We categorised the heterozygous variants
depending on the strength of previous evidence that the variant affected the
function of the protein. The group with functional evidence in the literature
included a variant in the 5’UTR (c.-9C>G) of the gene that has been analysed in
vitro with luciferase assays to determine its potential for changing the
expression level of BMP15 protein 7-°. The BMP15 ¢.-9C>G was identified in
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approximately 40% of both clinical and non-clinical POI cases and controls, with
9,938 in control exhibiting homozygosity for the variant. A further four variants
with experimental evidence for an effect on the protein function were also
detected (p.Arg68Trp; p.Argl38His; p.Leul48Pro; p.Phel94Ser), but none were
associated with ANM. The two variants with functional evidence of a dominant
negative effect (p.Tyr235Cys; p.Arg329Cys) were not detected in our study. A
further five missense variants were not detected in the UK Biobank, and we
were, therefore not able to draw any conclusions about the pathogenicity of

these variants.

Previous studies have mostly included relatively small cohorts of POI cases
(between 50-300 women) and often have had similarly small numbers of
controls. Our study included more than double the number of cases, plus tens
of thousands of controls, which enabled more robust statistical comparisons to
be made. There are some limitations to our study. Other published studies
reported families with POI, often consanguineous, where they could assess co-
segregation of variants, which we were not able to do in our cohort study. Our
cohort of POI cases was mostly based on self-reported menopause age,
although participants were asked to confirm that age if it was <40 years. There
was no clinical assessment of reproductive status in UK Biobank participants,
including appropriate hormone measures, which may have resulted in inclusion
of cases in addition to those with ANM <40. Women with primary amenorrhea
were unlikely to be included in our study, because they wouldn’t have an age at
menopause recorded. Our non-clinical POI cohort may therefore not be
completely comparable to the previously reported clinically ascertained series of
cases. We were able to identify 113 cases of primary and secondary
amenorrhea based on UK Biobank GP and hospital record data, but this is likely
to be an under-estimate of cases. The UK Biobank is known to have a bias
towards healthier individuals #°. Our POI cohort may therefore not be completely
comparable to the previously reported clinically ascertained series of cases. We
and others have shown previously that the penetrance of rare Mendelian
disease variants can be lower in population-based cohorts compared to

clinically ascertained cohorts °.

As genetic tests have become more accessible it is increasingly important to

ascertain the penetrance of genetic variants in the general population in
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addition to clinical cases. Robust statistical evidence plus functional supporting
data should be used to assess pathogenicity. Finding the causative gene and
variant for women with POI is important to enable appropriate risks to be given
to other family members who may be able to take steps to preserve fertility.
Understanding the underlying causative mechanism also has the potential to

drive therapeutic strategies in the future.

In conclusion, our results indicate that many of the previously published variants
in the BMP15 gene are not sufficient to cause POI when heterozygous and that
heterozygous BMP15 missense variants do not cause monogenic POI.
Therefore, although BMP15 remains a gene of interest in POI due to its role in
ovarian function, clinicians should be cautious when attributing causality to

heterozygous variants found in the gene.
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Main text

Abstract

Premature ovarian insufficiency (POI) affects 1% of women and is a leading
cause of infertility. It is often considered to be a monogenic disorder, with
pathogenic variants in ~100 genes described in the literature. We sought to
systematically evaluate the penetrance of variants in these genes using exome
sequence data in 104,733 women from the UK Biobank, 2,231 (1.14%) of whom
reported natural menopause under the age of 40. We found limited evidence to
support any previously reported autosomal dominant effect. For nearly all
heterozygous effects on previously reported POI genes we ruled out even
modest penetrance, with 99.9% (13,699/13,708) of all protein truncating
variants found in reproductively healthy women. We found evidence of
haploinsufficiency effects in several genes, including TWNK (1.54 years earlier
menopause, P=1.59*10-6) and SOHLH2 (3.48 years earlier menopause,
P=1.03*10-4). Collectively our results suggest that for the vast majority of
women, POI is not caused by autosomal dominant variants either in genes
previously reported or currently evaluated in clinical diagnostic panels. Our
findings, plus previous studies, suggest that the majority of POI cases are likely
oligogenic or polygenic in nature, which has major implications for future clinical

genetic studies, and genetic counselling for families affected by POI.
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Introduction

Premature ovarian insufficiency (POI) is the loss of ovarian activity and
permanent cessation of menstruation occurring before the age of 40%. It
represents a major cause of female infertility, affecting 1 in 100 women'4. Some
POI cases are syndromic, in which POI accompanies other phenotypic features,
such as in Turner's syndrome. Genetic causes of POl have been reported in 1-
10% of cases, while other causes include autoimmune and iatrogenic®”.
Approximately 50-90% of POI cases are idiopathic®®, 10-30% of those being
familial, suggesting a genetic basis. Furthermore, heritability estimates of
menopausal age from mother-daughter pairs range from 44% to 65%%11, and
there is six times increased risk of early menopause in daughters of affected
mothers!?13, A genetic diagnosis can provide important information to families

about the risks of POI as well as the aetiology of the condition.

More than 100 monogenic causes of POI have been reported, where a single
genetic variant is sufficient to cause the phenotype, with approximately half
showing an autosomal dominant (AD) inheritance pattern (e.g., BNC1, FANCA
and NOBOX). Variants in other genes are described as being inherited in an
autosomal recessive (AR) manner, requiring both copies of the gene to be
disrupted in order to cause the phenotype (e.g., HFM1, LARS2 and MCM8). In
addition to the autosomal genes, X chromosome genes have long been
suggested to play an essential role in the maintenance of ovarian development
and function, with X chromosome structural variants representing about 13% of

POI cases in some published series?1415,

More recently, GWAS have identified ~300 common genetic variants associated
with population variation in the timing of menopause!!*é. These studies have
provided evidence that some POI cases may be polygenic in nature!!, where
women inherit large numbers of common alleles associated with earlier
menopause that, when combined with other risk factors, could push them into

the extreme end of the phenotypic distribution.

With decreasing cost and improved analytical pipelines, whole exome
sequencing (WES) is increasingly being used in clinical settings as a powerful
diagnostic tool, including for POIY"-?1, However, the reported evidence for causal
POI genes and variants is inconsistent, often based on small numbers of

families or individuals and with variable degrees of functional validation?. As
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genetic testing becomes more widespread in both clinical and non-clinical
settings, there is an increasing need to better understand the phenotypic
consequences of finding variants in these genes to help ensure appropriate
advice and treatment is offered to women. Therefore, we aimed to assess the
penetrance of variants in genes previously reported to cause POI in a general
population study. We focused on the POI genes that are part of the Genomics
England diagnostic gene panel for POI, an expert-reviewed and publicly
available panel database, which we additionally supplemented with literature-
reported POI genes. Our results indicate that the reported autosomal dominant
(AD) causes of POI are likely to be either only partially penetrant or not
pathogenic. Furthermore, we conclude that most cases of menopause under 40

years are likely to be multifactorial.
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Methods

Identification of reported POI genes

In order to identify relevant gene candidates reported to cause POI, we initially
focused on the POI gene panel available through Genomics England Panel
App, a publicly accessible virtual panel database
(https://panelapp.genomicsengland.co.uk/panels/155/). This panel was selected

as the 'gold standard' resource as it is the most thoroughly curated one,
reviewed by 12 professional clinical geneticists. We considered the following
evidence as part of our gene evaluation: (1) Selection and categorisation:
inheritance and phenotype, and (2) Number of reviews and gene ranking based
on their traffic light system. This includes "RED" genes that do not have enough
evidence for the association with the condition and should not be used for
clinical interpretation, "AMBER" genes with moderate evidence that should not
be yet used for the interpretation, and "GREEN" genes with high level of
evidence, which demonstrates the confidence that this gene should be used for
clinical interpretation (Supplementary Table 1). In total, we identified 67 genes:
28 green, 23 amber and 16 red. We reviewed the evidence provided on the
Genomics England Panel App webpage for these genes and identified the
specific genetic variants reported as associated with the phenotype

(Supplementary Table 2).

This list was additionally supplemented with 38 manually curated POI genes
reported in the literature. The search was performed using PubMed and Google
Scholar, focusing on original articles published up to June 2022. The keyword
combinations included ‘premature ovarian failure', ‘primary ovarian
insufficiency’, 'premature ovarian insufficiency’, 'early menopause’, 'premature
menopause’, 'POI', 'POF, 'infertility’, 'hypergonadotropic hypogonadism’,
'ovarian dysgenesis', 'genetic variants', 'sequencing', and 'primary amenorrhea'.
Studies were also identified by a manual search of original publications
described in review articles. Where appropriate, reference lists of identified
articles were also searched for further relevant papers. Identified articles were
restricted to English-language full-text papers. Studies were included according
to following criteria: (1) the phenotype of interest was described as POI, primary
or secondary amenorrhea, (2) one or more affected individuals for particular
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causal variant were identified, (3) the focus was on either the autosomes or the
X chromosome, (4) genetic variants were discovered by traditional family
segregation studies, consanguineous pedigree analysis, unrelated cohort
studies on whole exome (WES)/targeted next-generation sequencing data, (5)
variant discovery was supported by validation in animal models and/or cell-
based assays. We excluded studies that: (1) described hypothalamic pituitary
adrenal axis and/or puberty-related phenotypes, (2) genes that were discovered
through genome-wide association studies due to the lack of statistical power as
a result of small sample sizes and the challenge to locate causative genes, and
finally (3) genes that were discovered through array analysis due to the high
inconsistency of the results coming from varied resolution of arrays across
studies and thus uncommon replications. We recorded and analysed genes
described for either non-syndromic or syndromic POI, however, the main focus
of our paper was on genes associated with non-syndromic POI. Papers that
exclusively reported the role of candidate genes in animal models were only
used as supporting evidence when assessing the functional evaluation of the
gene and to guide our conclusions. Following information was extracted from
each study: (1) Publication info: PMID, (2) Inheritance: autosomal dominant
(AD), autosomal recessive (AR) or X-linked, (3) Sample size: number of the
genetic variant carriers, cases versus controls, if reported, and (4) Genetic
variant info: genomic position, transcript and protein sequence (Supplementary
Table 2). If the data were missing from published papers, relevant information
was obtained by direct communication with the corresponding authors. In cases
where response was not received, the information was recorded as NA. All data
were extracted independently by two authors (S. Shekari and S. Stankovic).

Overall, we identified 105 unigue POI genes that we classified according to their
mode of inheritance. This includes 67 validated genes rated as either 'GREEN'
(high level of evidence for disease association), 'AMBER' (moderate evidence)
or 'RED' (not enough evidence) on the Genomics England POI Panel App
(version 1.67). We also identified a further 38 genes reported as being causal

for POI (Supplementary Table 1).

Genes were considered as inherited through the AD pattern if the reported
variants in the heterozygous state were sufficient to cause POI, leading to 40

genes in total. Of those, seven were reported to act through the LoF mechanism
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only, while in 34 genes, both LoF and missense genetic alterations caused the
phenotype. If variants in both copies of the gene were necessary for the
phenotype development, the gene was classified as AR (N=57). For two genes
(POLG, RECB8), both dominant and recessive causes were identified, and so we
investigated them with other AD genes, while seven genes had an X-linked

inheritance pattern.

Constraint metric of pathogenicity

We annotated each gene identified with the Genome Aggregation Database
(gnomAD) v2.1.1 predicted constraint metric of pathogenicity to identify genes
that are subject to strong selection against PTV variation?*. The metric
encompassed observed and expected variant counts per gene,
observed/expected ratio (O/E) and probability of loss of function intolerance
(pLI) (Supplementary Table 1). In short, the observed count represents the
number of unique SNPs in each gene (MAF < 0.1%), while expected count
relies on a depth-corrected probability prediction model that takes into account
sequence context, coverage and methylation to predict expected variant count.
The O/E is a continuous measurement that assesses how tolerant a gene is to
a certain class of variation. Low O/E value indicates that the gene is under
stronger selection for that class of variation. Finally, the pLI score reflects the
constraint or intolerance of a given gene to a PTV variation, with a score closer

to 1 indicating that the gene cannot tolerate PTV variation.

UK Biobank Data Processing and Quality Control

To perform rare variant burden analyses described in this study, we accessed
Whole Exome Sequencing data (WES) for 454,787 individuals from the UK
Biobank study*. Details of this study, including data collection and processing,
are extensively described elsewhere®. Informed consent was provided by all
participants. Study approval was received from the National Research Ethics
Service Committee North West—Haydock and all study procedures were
performed according to the World Medical Association Declaration of Helsinki
ethical principles for medical research.
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WES data were generated with the IDT xGen Exome Research Panel v1.0,
which targeted 39Mbp of the human genome with mean coverage exceeding
20x on 95.6% of sites. The OQFE protocol was used for mapping and variant
calling to the GRCh38 reference. Quality control filters applied by UK Biobank
were individual and variant missingness <10% and Hardy Weinberg Equilibrium
P-value >101. In addition, we excluded variants with <10X coverage in 90% of
the samples that were provided by Backman et al. 4. We selected variants in
the Consensus CDS (CCDS) transcripts and variants were annotated using the
Ensembl Variant Effect Predictor*® and LOFTEE plugin
(https://github.com/konradjk/loftee). Minor allele frequency (MAF) was
calculated using PLINK#’. Furthermore, for homozygous variants, we manually
assessed the variants using the Integrative Genomics Viewer*4?. Analyses
were performed on the UK Biobank Research Analysis Platform (RAP;

https://ukbiobank.dnanexus.com/).

Phenotype derivation

ANM was derived from self-reported questionnaire data as the age at last
naturally occurring menstrual period, excluding those with surgical menopause
(field 2824 and 3882) or taking hormone replacement therapy (field 3536), as
described previously!!. There were 104,733 female participants with ANM
included in our analyses (range 18 to 65 years, mean=50.1, SD=4.5), of whom
2,231 individuals reported ANM under 40 years. During the data collection
process, participants who reported ANM under 40 years on the questionnaire
were asked to confirm their ANM. For comparisons of variant counts, we
identified a control cohort of women with ANM at 240 years, including those
who reported still menstruating (n=192,438). Analyses were performed in Stata:
Release 16 on the UK Biobank RAP.

Primary exome-wide association analysis

In order to perform rare variant burden tests, we used the REGENIE regression
algorithm (REGENIEV2.2.4; https://github.com/rgcgithub/regenie). REGENIE

implements a generalised mixed-model region-based association test that can
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account for population stratification and sample relatedness in large-scale
analyses. REGENIE runs in 2 steps®®, which we implemented on the
UKBiobank RAP: In the first step, genetic variants are aggregated into gene-
specific units for each class of variant called masks: high confidence protein-
truncating variants included stop-gain, frameshift, or abolishing a canonical
splice site (-2 or +2 bp from exon, excluding the ones in the last exon); non-
synonymous (missense) variants with CADD score > 25; damaging that
included high confidence protein-truncating variants or/and non-synonymous
variants with CADD score >25. The three masks were tested for association
with ANM in the second step. As described previously, in our analyses we
included individuals identified as European, excluding participants who had
subsequently withdrawn from the study and those for whom self-reported sex
did not match genetic sex>!. We applied an inverse normal rank transformation
to ANM and included recruitment centre, sequence batch and 40 principal
components as covariates. We transformed the effect estimates from our
analyses to approximate values in years by multiplying by the standard
deviation of ANM in our study cohort (4.53 years). Analyses were performed on
the UK Biobank RAP. To identify significant gene associations we Bonferroni
corrected P<0.05 for the number of masks (n=3) and genes tested (n=105)
giving a significance threshold of P<1.6*10* (P=0.05/(3*105)=1.6*104).

In a similar way, we used REGENIE to test the association of individual genetic
variants reported in the literature with ANM. Variants with allele count >5 were
tested in an additive model, applying an inverse normal rank transformation to
ANM and including recruitment centre, sequence batch and 40 principal
components calculated by UK Biobank as covariates. Of 421 uniquely identified

variants,182 were present in the UK Biobank.

Replication and sensitivity analyses

A second analysis team (Cambridge) independently performed analyses of
WES data in UK Biobank (Supplementary Table 10). The ANM phenotype was
derived as described in Stankovic et al. (2022)?’. Briefly, a different approach
was used to generate the phenotype by handling data from multiple visits and
missing data differently to the main method of generating the phenotype. This
resulted in 106,973 female individuals for analyses. All manipulations were

conducted in R (v4.1.2) on the UK Biobank RAP. Rare variant burden tests of
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functional variant categories (defined as for main analyses) were performed
using a custom implementation of BOLT-LMM v2.3.6°? for the UK Biobank RAP
using MANE Select plus Clinical transcripts v0.93 in VEP v104, as described in
Stankovic et al. (2022)?”. Analyses used a winsorised ANM phenotype, with
everyone reporting ANM at younger than 34 years given a value of 34.
Analyses were adjusted for age, age?, sex, and the first ten genetic principal
components as calculated in Bycroft et al.>3 and study participant exome

sequencing batch as a categorical covariate (either 50k, 200k, or 450k).

We repeated our primary REGENIE analysis, including only variants with
MAF<0.01% and secondly excluding HC-PTVs in the last exon or in the last
50bp of the penultimate exon (results presented in Supplementary Table 3). A
further sensitivity analysis of HC-PTVs with MAF <0.001 in gnomAD
(https://gnomad.broadinstitute.org/) was carried out in BOLT-LMM. In order to

test the prevalence of damaging variants in our target genes in a clinically
diagnosed cohort, we identified 113 women with POI from primary care and
hospital record data, including 12 with primary amenorrhea. Clinical cases were
selected with relevant codes, including primary ovarian failure, secondary
ovarian failure, other ovarian failure, ovarian agenesis, ovarian hypogonadism,
primary amenorrhoea, and a self-reported natural age at menopause <40 years

for those without primary amenorrhea.

Gene-set burden analysis

We ran gene-set burden tests by collapsing the genes of interest and their
variants into one unit for analysis. The gene-set burden tests were performed by
extending an association testing workflow of applets designed for the UK
Biobank RAP for single genes to gene sets. The RAP association workflow is
described in detail in Gardner et al., 20224, In total, we conducted four gene-
set burden tests, collapsing variants and genes into the following categories: (1
AD only genes (N=38), (2) AR genes (N=57), (3) genes with both AD and AR
inheritance (N=2), and (4) all 105 genes (Supplementary Table 11).

Briefly, for each of the gene sets, we included variants with MAF < 0.1% that
were HC-PTVs, as predicted by the LOFTEE tool?*. For each gene set, we ran

two related approaches. Firstly, we implemented a generalised linear model
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(GLM) using the Python package 'stats models’ 5°. For the GLM, the number of
variant alleles across the gene set was summed up into a single score under a
simple additive model. This score was used as a predictor of the ANM

phenotype in a three-step regression.

Secondly, we ran the STAAR method (implemented in R package "STAAR")?%.
This method corrects for population stratification by including a genetic
relatedness matrix (GRM) in the test framework. The GRM used was based on
pre-computed autosomal kinship coefficients from Bycroft et al. >3. For each
STAAR test, the genotype information was represented by a single n*p matrix
where n was the sample size, and p was the number of included genetic
variants across all genes of interest. For all association tests, we corrected for
age, age?, the first ten genetic principal components provided by Bycroft et al. >3

and study participants’ WES batch as a categorical covariate.

Frequency of homozygous or compound heterozygous LOF individuals
We estimated the frequency of homozygous or compound heterozygous HC-
PTV individuals for each gene as F*2, where F is the frequency of individuals
with any high-confidence HC-PTV allele with MAF<0.1% in a gene as estimated
from the primary analysis (Supplementary Table 3). To find the total frequency
of individuals with homozygous or compound heterozygous HC-PTVs, we then
summed F*2 for the 105 POI genes reported in the literature.

The expected frequency of having a gene with a homozygous or compound
heterozygous LOF knockout is 6 per billion individuals, based on the median
frequency in gnomAD?®. From this estimate we would expect 1.2 per 10,000
people to carry a homozygous or compound heterozygous LOF knockout in any
of the ~20,000 genes in the genome (20000*6*10°=1.2*10"4). Assuming 100%
penetrance, the number of genes with a homozygous or compound
heterozygous LOF knockout that would be needed to reach the observed 1%
frequency of POI in the population (1 per 100 individuals) would be 0.01/6*10-
9=1.7*10° genes.
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Results

Heterozygous damaging variants do not often cause POI.

The Genomics England POI Panel App (version 1.67) includes 67 validated
genes rated as either 'GREEN' (high level of evidence for disease association),
'AMBER' (moderate evidence) or 'RED' (not enough evidence). We also
identified a further 38 genes reported as being causal for POI. We classified
these 105 genes according to the reported mode of inheritance (Supplementary
Table 1). We then identified genetic variants in these 105 putative POI genes
using WES data available in 104,733 UK Biobank post-menopausal female
participants of European genetic ancestry??, of which 2,231 reported age at
natural menopause (ANM) below the age of 40. High confidence protein
truncating variants (HC-PTVs) were found in 100 genes, but never only in the
cases: there were 41 women with menopause under 40 years (ANM range: 27-
39, mean ANM: 36.4, SD=3.2) who had an HC-PTV in at least one of the 40
genes reported to be autosomal dominant, but these variants were also
detected in 1,817 women with ANM over 40 years (ANM range: 40-63, mean
ANM: 50.4, SD=3.9). For three of the 40 POI genes (BMPR1A, FOXL2 and
NR5A1) there were no HC-PTVs carriers in either cases or controls, but for all
37 genes with HC-PTVs, the median ANM for those with heterozygous loss of
function (LOF) alleles was between 45 and 56 years (Figure 1, Supplementary
Table 3).
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Figure 0—1 Age at natural menopause in women with HC-PTVs in POI genes reported
to have an autosomal dominant pattern of inheritance.
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Note: Genes are coloured by the strength of evidence for POI in either the Genomics
England Panel App (Green or Amber; no HC-PTV were detected in red genes) or our
own manual curation of the POI literature (grey; N = 23). The number of women with
ANM <40 (cases) compared to >40 years (controls) is shown in brackets on the right Y
axis [cases/controls].

Women who did not carry an HC-PTV are indicated in blue (a histogram of the
distribution of ANM for these women is included in supplementary figure 1). In
the plot, the boxes show the values of the lower quartile, median and upper
quartile; the whiskers show the most extreme value within a distance of 1.5
times of the interquartile range from the lower and upper quartiles, respectively;
outliers are shown as individual points.

The intolerance for individual genes to harbour protein truncating variation, also
known as genic 'constraint’, has previously been linked to reproductive
success?. Our results demonstrate that the majority of AD POI genes (26/40,
67.5%) have limited evidence of being under strong selective constraint (pLI <
0.9) as assessed by gnomAD?#, which further supports that these genes are

unlikely to play an important role for reproductive success.
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Next, we tested individual variants in the 40 AD genes that have been
previously reported to be pathogenic for POI (Supplementary Table 4). There
were 153 variants reported, of which 126 were predicted to be missense and, of
these, 58 (46%) were detected in our study with 37 only found in controls. A
further 20 missense variants were found both in women with ANM under 40
years and controls, and only one missense variant was found only in cases
(NM_002693.3:¢.2828G>A [p.Arg943His] in POLG); however, the burden tests
of all HC-PTVs or deleterious missense variants in POLG were not associated
with menopause timing (P=0.7 and P=0.05, respectively; Supplementary Table
5). Therefore, while the variant in cases alone could have a gain of function or
dominant negative effect, the finding is also consistent with chance. Having
tested reported '‘pathogenic’ missense variants in the 40 AD genes, we tested
all missense variants with MAF<0.1% in UK Biobank. We next collated a
broader set of 17,374 rare missense variants in the 40 AD genes, including
2,740 with CADD score >25 (Figure 2, Supplementary Table 8) and 1,120 with
REVEL score >0.7 (Figure 3, Supplementary Table 9). We identified no robust
associations with ANM for any of these individual variants (all were P>3.11*10*%
and so above our threshold for multiple testing of all missense variants with
AC>5; 0.05/4,737=1.06*10). These results support our previous observation
that POI genes are generally not pathogenic in the heterozygous state.
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Figure 0—2: Range of age at natural menopause in carriers of missense variants with
CADD score greater than 25 in genes reported to have an autosomal dominant pattern
of inheritance.
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Notes: 17 genes were identified as ‘monoallelic’ in Genomics England (Gel) Panel
App and are coloured according to the strength of evidence categories: “GREEN”, and
‘AMBER” (supplementary table 2). In addition,24 genes were reported in the literature
to be a likely monogenic cause of POI in the heterozygous state but were not included
on the Panel App (coloured grey). The numbers in brackets in the right corner reported
as part of each panel represent [N POI cases/N controls] of women carrying HC PTVs
in each gene.

Note: In the plot, the boxes show the values of the lower quartile, median and upper
quartile; the whiskers show the most extreme value within a distance of 1.5 times of the
interquartile range from the lower and upper quartiles, respectively; outliers are shown
as individual points.
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Figure 0—3: Range of age at natural menopause in carriers of missense variants with
REVEL score greater than 0.7 in genes reported to have an autosomal dominant
pattern of inheritance.
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Notes: 17 genes were identified as ‘'monoallelic’ in Genomics England (Gel) Panel
App and are coloured according to the strength of evidence categories: “GREEN”, and
‘AMBER” (supplementary table 2). In addition,24 genes were reported in the literature
to be a likely monogenic cause of POI in the heterozygous state but were not included
on the Panel App (coloured grey). The numbers in brackets in the right corner reported
as part of each panel represent [N POI cases/N controls] of women carrying HC PTVs
in each gene.

Note: In the plot, the boxes show the values of the lower quartile, median and upper
quartile; the whiskers show the most extreme value within a distance of 1.5 times of the
interquartile range from the lower and upper quartiles, respectively; outliers are shown
as individual points.

Due to the relatively small number of protein-truncating variants (PTVs) found
within individual genes, to try to increase our statistical power to find any
association with POI, we considered the aggregated effect of all PTVs with
similar proposed genetic architecture across all putative POI genes. This
included a test for (1) AD-only genes (N=38), (2) autosomal recessive (AR) only
genes (N=57), (3) genes with both AD and AR inheritance (N=2), and (4) all 105
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POI genes. None of the tests were associated with ANM at P<0.05, in either a
generalised linear model or STAAR Omnibus statistical models?® (Methods;

Supplementary Table 11).

No evidence of haploinsufficiency as a cause of POI

Of the 105 reported monogenic POI genes assessed in our study, 57 were
reported to show AR inheritance and a further eight were X-linked. We were
unable to evaluate recessive effects as we identified only two women with
homozygous HC-PTVs: one with a PTV in SOHLH1 (NM_001101677.2:¢c.346-
1G>A) with menopause at 45 years and one in AIRE
(NM_000383.4:c.967_979del [p.Leu323SerfsTer51]) who reported menopause
in her 20s. Furthermore, we were unable to identify compound heterozygotes.
Instead, by considering HC-PTV allele frequencies in our analyses, we would
expect 0.003% of individuals (~4 in the current study) to be homozygous or
compound heterozygous for a high-confidence LOF variant in any of the 105
POI genes. This is likely a conservative estimate given we might expect POI
genes to be less tolerant than other genes to deleterious alleles as these would
impact reproductive fitness. Based on frequencies of gene knockout carriers in
gnoMAD?5, we estimate that even if all genes in the genome were true
recessive causes of POI (and thus not detected by our study), the population
prevalence of carrying a gene knockout would be 100 times smaller than the

observed prevalence of POI.

We next hypothesised that there may be an effect on ANM in heterozygous
carriers of deleterious variants in these POI recessive genes. In total we
identified 122 carriers of HC-PTVs in the 65 recessive or X-linked genes among
cases with ANM < 40 years, but also 5,585 carriers among controls
(Supplementary Table 3). There was no evidence that haploinsufficiency of any

recessive POI gene is sufficient to cause POI (Figure 4).

86



Figure 0—4: Age at natural menopause in carriers of HC-PTVs in POI genes reported to
have an autosomal recessive pattern of inheritance.
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Finally, we assessed whether protein-coding variation in any of the 105
monogenic POI genes altered ANM within the normal range. In gene burden
tests we grouped genetic variants with MAF < 0.1% into three functional
categories: (1) HC-PTVs, (2) missense variants with CADD score = 25, and (3)
a combination of 1 and 2, termed ‘damaging’ variants. For 100 of the 105 POI
genes, we did not find an association with ANM (P<1.6*10; P=0.05/(3 tests x
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105 genes) (Supplementary Table 5). For two AR genes, we have previously
reported an effect on ANM: BRCA2 (P=2.6*108; beta:1.32 years earlier ANM
[95% CI: -1.79, -0.85]) and HROB (P=4.7*107; beta: 2.69 years earlier ANM
[95% CI: -3.73, -1.65])?’. There were associations with earlier ANM for a further
two AD and one AR genes, with at least one of the variant categories passing
our threshold for multiple testing (P<1.6*104, Figure 5). These were for
damaging variants in TWNK, a mitochondrial helicase involved in mtDNA
replication and repair (P=1.59*10%; beta: 1.54 years earlier ANM [95% CI: -
2.17,-0.91]; N = 180)?82°, NR5A1, a key gene for gonadal function (P=5.8*10¢;
beta: 2.04 years earlier ANM [95% CI: -2.79, -1.30]; N = 131)*, and SOHLH2, a
transcription factor involved in both male and female germ cell development and
differentiation (P=1.03*10%; beta: 3.48 years earlier ANM [95% CI: -5.24, -1.72];
N = 23)3132,

Figure 0-5: Gene burden associations with age at natural menopause.
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Notes: Results are plotted for genes that passed the Bonferroni corrected threshold for
105 genes, each with 3 masks (P<1.6x10). There were no HC-PTV carriers for
NR5A1.
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Discussion

Many genes in the literature have been reported as monogenic causes of POI
and are included in diagnostic panels for clinical use3. Our literature review
identified 105 putative monogenic POI genes, 67 that were included in the
Genomics England open access Panel App resource®* and 38 additional
reported genes. Of these 105 genes, 40 are reported to be inherited in an AD
fashion. Using UK Biobank exome sequence data in 104,733 post-menopausal
women, we found no evidence to support heterozygous HC-PTV of any of these
genes as a highly penetrant cause of POI; for each gene the average
menopause age for carriers of LOF variants was over 40, with the ANM
distribution broadly similar to that of non-carriers. This includes two green Panel
App genes - NOBOX and POLG - where 137/139 and 52/55 of the identified
PTV alleles, respectively, were found in controls. Our previous work
demonstrated that heterozygous LOF of ZNF518A has the largest effect in the
protein-coding genome on menopause timing 27, yet carriers report menopause
only 6 years earlier than non-carriers, with only 12% experiencing POI. Taken
together, our observations suggest that fully, or even largely, penetrant

autosomal dominant effects are likely to cause very few cases of POI.

Although heterozygous LOF variants were not penetrant causes of POI, our
study suggests that carrying rare coding variants in five of the POI genes can
substantially lower an individual's menopause age. Besides previously reported
BRCA2 and HROB, three genes, including NR5A1, SOHLH2 and TWNK, have
not been described as associated with menopause timing in the general
population. The effect ranged from 5.13 years earlier menopause for carriers of
rare LOF variants in SOHLH2 to 1.54 years earlier for damaging variants in
TWNK. We did not identify any heterozygous PTV alleles in NR5A1, which is a
highly constrained gene (Supplementary Table 1). Therefore, the observation
that rare missense variants are associated with a ~2 year reduction in
menopause timing suggests that dominant LOF may well be a penetrant, albeit
very rare, cause of POI. As for NR5A1, TWNK is also on the green gene on the
Panel App list, but has a reported recessive pattern that causes syndromic POI
(Perrault syndrome) and presents in association with other neurologic

symptoms®®.
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Our findings should be interpreted in the context that the published evidence to
support causality of genes and variants for POI is highly variable. Guidelines
are available for genomic variant interpretation3®, but many of these genes were
reported before such guidelines, making it difficult for non-specialists to interpret
the findings. Many studies were based on candidate gene approaches with
small numbers of cases or families!® and in the absence of large-scale
reference data or ancestry match controls. More recent POI studies have used
exome sequencing, but often revert to candidate gene approaches with relaxed
statistical thresholds when no exome-wide association is identified!”-20.37:38,
Furthermore, when studying individual genomes it is also inherently challenging
distinguishing between pathogenic variants and private non-functional variants.
Functional studies can be informative, but the design and rationale of such
studies can be circular. For example, a DNA damage response (DDR) gene that
harbours a private variant may be selected as a reasonable candidate, but the
downstream functional work is limited to DDR measures, rather than
reproductive or ovarian phenotypes. Future studies that aim to investigate novel
genetic causes of POI should focus on approaches that more specifically mimic
human biology and physiology. Patient-specific induced pluripotent stem cells
(iPSCs) lines might offer an individually targeted genetic model for identification,

manipulation and better understanding of reproductive biological pathways.

Our study has assessed one of the largest samples to date of women with
menopause before 40. A major strength is the analyses of exome sequence
data in over 100,000 women with normal ANM, which provides invaluable data
on normal genetic variation in a control population. Identification of alleles at
high frequency in these samples provides confidence that they are unlikely to
be a penetrant cause of POI. Our study does however have a number of
limitations. Firstly, we have not investigated a clinically defined cohort of POI
cases and not all women with menopause under 40 would be diagnosed as
POI. A recent study of clinically defined POI cases reported a high proportion of
predicted pathogenic variants in known genes?, although it did not assess the
penetrance of these variants and the rare variant burden association tests did
not support the pathogenicity of many of the genes tested. We were not able to
validate our penetrance findings in an independent cohort, but all genes tested

were previously published as being associated with POI. Furthermore, the UK
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Biobank is known to disproportionately include healthier participants, which has
been shown to be the case for other conditions*°4%, although this tends to have
a greater impact on men#? and it is not obvious that having POl would influence
participation in the study. While these issues will likely lead to underestimates of
any potential effect sizes, they do not explain why previously reported
pathogenic variants are overwhelmingly found in women with menopause over
40 years. Secondly, we were able to assess the penetrance only of
heterozygous variants but not homozygous or compound heterozygous carriers.
We also have not considered complex structural variants or cytogenetic
abnormalities, so we make no statement on the penetrance of those. The most
common variant previously associated with POl is the CGG triplet repeat
expansion in FMR1. While this variant was not captured in our study, other
studies have investigated the penetrance in population-based cohorts*3. For five
genes we did not identify any heterozygous LOF variants in our data so were
unable to assess these, although they are unlikely causes of POI given they
were not present in over 2000 women with ANM <40 years. Third, we
predominantly focused on predicted LOF alleles as the mechanism implied or
demonstrated in most studies. It is however possible that some of the literature
reported missense variants may act in a gain of function or dominant negative
manner such that they have more severe effects than LOF variants. Whilst
potentially true of a small number, this is unlikely to be widespread given no
highly penetrant effects were seen in the 58 individual literature-reported
missense variants that we assessed, or in our burden tests for predicted
damaging missense variants by CADD and REVEL. Finally, our study is specific
to individuals of European ancestry. While the frequencies of many variants
vary between populations, the functional impacts of LOF variants should be

widely applicable.

In conclusion, our findings imply that monogenic causes of POI are unlikely for
the vast majority of cases. Given our observed results for genes with a
dominant mode of inheritance, we advise caution in interpreting reported
recessive effects, although we predict this will be by far the most common
cause of monogenic POI. Rather than representing a biologically distinct
condition, we suggest that POI is part of a continuous distribution of ovarian

ageing. Where women are in this distribution is likely determined by a
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continuum of multiple risk factors, where the sum of many independent genetic
and non-genetic risk factors place women into the tail of the phenotypic
distribution. In this study we found that the effect of the polygenic score on
menopause timing in women carrying PTVs in the dominant POI genes (beta
1.12; 95% CI 1.04-1.18) was highly similar to the effect in non-carriers (beta
1.11; 95% CI 1.09-1.13) (Figure 6). In a previous study we reported that women
with the top 1% of a polygenic risk score, comprising common ANM-reducing
alleles, have a five-fold increased risk of POl compared to the median®?.
Collectively, our findings suggest that POI should be considered a genetically
complex trait for which genetic testing for monogenic causes is unlikely to be
fruitful. Future efforts should address this genetic complexity in the development
of new diagnostic approaches for POI to minimise potential mis-diagnoses and
inappropriate genetic counselling.
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Figure 0—6: Age at natural menopause in carriers of HC-PTVs in POI genes by decile
of polygenic risk score.
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Main text

Abstract

Human offspring acquire on average 60-70 single nucleotide de novo mutations
each generation %2, the majority of which are paternal in origin. Population
variability in mutation rate is strongly associated with paternal age 24, reflecting
the increased number of mitoses during continued spermatogenesis. Although a
weaker association with maternal age has also been observed 37, the biological
mechanisms underpinning this remain unclear. To explore this, we tested
maternal germline genetic determinants of reproductive ageing*! on offspring
mutation rate using 14,034 sequenced trios. These analyses demonstrated that
genetic susceptibility to earlier ovarian ageing in women increases de novo
mutation rate in their offspring, consistent with the expected role of these
implicated DNA damage response genes in maintaining germ cell genetic
integrity®!. We extended these analyses to identify novel genes influencing
ovarian ageing by assessing rare variants in 106,973 exome-sequenced women
from the UK Biobank study. These analyses identified effects ~5 times larger
than previously discovered in analyses of common variants!?, highlighting
protein-coding variants in ETAAL, ZNF518A, PNPLAS8, PALB2 and SAMHDL1.
The SAMHDL1 association further reinforces the link between ovarian ageing
and cancer susceptibility', with damaging germline variants extending
reproductive life but increasing all-cause cancer risk in both males (OR=2.1
[1.7-2.6], P=4.7*1013) and females (OR=1.61 [1.31-1.96], P=4*10°).
Collectively our findings provide direct evidence that female mutation rate is
heritable and highlight an example of a mechanism for the maternal genome
influencing child health.
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Introduction

De novo mutations (DNMs) in the germline are the source of all segregating
genetic variation in humans, as well as a major cause of severe paediatric
disorders?®. The DNM rate in humans is ~1.20x1078 per nucleotide per
generation, which translates to an average of ~70 de novo single nucleotide
variants (SNVs) and small indels per individual (typical range ~40-90)23. Around
80% of these DNMs originate in the father>4. This has long been thought to
occur due to the greater number of cell divisions in spermatogenesis than in
oogenesis®, but recent work points to a substantial role for DNA damage-
induced mutations rather than primarily replication-coupled mutations®. Parental
age is the major factor determining DNM rate; the number of de novo SNVs
increases by ~2 per year of paternal age and ~0.5 per year of maternal age?3”.
Other factors affecting the DNM rate include exposure to certain
chemotherapies?, rare variants in certain DNA repair genes? and, at least in
mice, exposure to carcinogens in tobacco smoke®. One study on ~1,700
families estimated that family-specific factors (which include genetic and
environmental effects) explain only ~5% of the variation in DNM rate®. Recent
work using ~8,000 trios in the Genomics England ‘100,000 Genomes’ project
estimated that ~10-20% of the variance in paternal DNM rate is attributable to
genome-wide common variants!. The equivalent estimate in mothers was not
significantly different from zero, although the analysis was less well powered

than in fathers due to the lower rate of DNMs.

It has been hypothesised that DNM rates in the female germline may be linked
to mechanisms regulating the timing of menopause. Population variation in
timing of menopause reflects a complex mix of genetic and environmental
factors that population-based studies have begun to unravel. Previous genome-
wide association studies (GWAS) have successfully identified ~300 distinct
common genomic loci associated with the timing of menopause?!. These
reported variants cumulatively explain 10% - 12% of the variance in age at
natural menopause (ANM) and 31-38% of the overall estimated Single
Nucleotide Polymorphism (SNP) heritability*'-2° . Furthermore, initial whole
exome sequencing (WES) analyses in UK Biobank identified gene-based
associations with ANM for CHEK2, DCLRE1A, HELB, TOP3A, BRCA2 and

CLPB!21, The majority of these loci implicate genes that regulate DNA damage
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response and repair (DDR), highlighting the particular sensitivity of oocytes to
DNA damage due to the prolonged state of cell cycle arrest across the life-
course!!?4, We hypothesised that variation in these same processes would
influence mutation rate in oocytes that might be transmitted to the next
generation. Our current study provides evidence to support this notion,
demonstrating that women at increased genetic risk of earlier menopause
(based on their common variant-based polygenic risk scores) have increased
rates of DNMs in their offspring. We then explored the role of rare coding
variants in ovarian ageing using WES data from UK Biobank, improving on
previous work through a combination of enhanced phenotype curation, better-
powered statistical tests and assessment of different types of variant classes at
lower allele frequency thresholds (Supplementary Note). Using these
approaches, we identify five genes harbouring variants of large effect that have
not previously been implicated, highlighting ETAAL, ZNF518A, PNPLAS8, PALB2

and SAMHDL1 as novel regulators of ovarian ageing.
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Methods

UK Biobank Data Processing and Quality Control

To conduct rare variant burden analyses described in this study, we obtained
whole exome sequencing data (WES) for 454,787 individuals from the UK
Biobank study®. Participants were excluded based on excess heterozygosity,
autosomal variant missingness on genotyping arrays = 5%, or inclusion in the
subset of phased samples as defined in Bycroft et al®’. Analysis was restricted
to participants with European genetic ancestry, leaving a total of 421,065
individuals. Variant quality control (QC) and annotation were performed using
the UK Biobank Research Analysis Platform (RAP;
https://ukbiobank.dnanexus.com/), a cloud-based central data repository for UK

Biobank WES and phenotypic data. Besides the QC described by Backman et
al.?°, we performed additional steps using custom applets designed for the RAP.
Firstly, we processed provided population-level Variant Call Format (VCF) files
by splitting and left-correcting multi-allelic variants into separate alleles using
‘beftools norm’®2. Secondly, we performed genotype-level filtering applying
‘beftools filter’ separately for Single Nucleotide Variants (SNVs) and
Insertions/Deletions (InDels) using a missingness-based approach. Using this
approach, we set to missing (i.e. ./.) all SNV genotypes with depth < 7 and
genotype quality < 20 or InDel genotypes with a depth < 10 and genotype
quality < 20. Next, we applied a binomial test to assess an expected alternate
allele contribution of 50% for heterozygous SNVs; we set to missing all SNV
genotypes with a binomial test P value < 1x10-3. Following genotype-level
filtering we recalculated the proportion of individuals with a missing genotype for
each variant and filtered all variants with a missingness value > 50%. The
variant annotation was performed using the ENSEMBL Variant Effect Predictor
(VEP) v104°2 with the ‘--everything’ flag and plugins for CADD%* and LOFTEE®®
enabled. For each variant we prioritised the highest impact individual
consequence as defined by VEP and one ENSEMBL transcript as determined
by whether or not the annotated transcript was protein-coding, MANE select
v0.97, or the VEP Canonical transcript. Following annotation, variants were
categorised based on their predicted impact on the annotated transcript. Protein
Truncating Variants (PTVs) were defined as all variants annotated as stop
gained, frameshift, splice acceptor, and splice donor. Missense variant
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consequences are identical to those defined by VEP. Only autosomal or chrX
variants within ENSEMBL protein-coding transcripts and within transcripts

included on the UKBB ES assay®® were retained for subsequent burden testing.

Exome-wide association analyses in the UK Biobank

In order to perform rare variant burden tests, we used a custom implementation
of BOLT-LMM v2.3.6% for the RAP. Two primary inputs are required by BOLT-
LMM: i) a set of genotypes with minor allele count > 100 derived from
genotyping arrays to construct a null linear mixed effects model and ii) a larger
set of variants collapsed on ENSEMBL transcript to perform association tests.
For the former, we queried genotyping data available on the RAP and restricted
to an identical set of individuals included for rare variant association tests. For
the latter, and as BOLT-LMM expects imputed genotyping data as input rather
than per-gene carrier status, we created dummy genotype files where each
variant represents one gene and individuals with a qualifying variant within that
gene are coded as heterozygous, regardless of the number of variants that
individual has in that gene.

To test a range of variant annotation categories for MAF < 0.1%, we created
dummy genotype files for high confidence PTVs as defined by LOFTEE,
missense variants with CADD = 25, and damaging variants that included both
high confidence PTVs and missense variants with CADD = 25. For each
phenotype tested, BOLT-LMM was then run with default parameters other than
the inclusion of the ‘ImmInfOnly’ flag. To derive association statistics for
individual markers, we also provided all 26,657,229 individual markers
regardless of filtering status as input to BOLT-LMM. All tested phenotypes were
run as continuous traits corrected by age, age?, sex, the first ten genetic
principal components as calculated in Bycroft et al®® and study participant ES
batch as a categorical covariate (either 50k, 200k, or 450Kk).

For discovery analysis in the primary trait of interest, age at natural menopause
(ANM), we analysed 17,475 protein-coding genes with the minimum of 10 rare
allele carriers in at least one of the masks tested using BOLT-LMM
(Supplementary Table 3). The significant gene-level associations for ANM were
identified applying Bonferroni correction for the number of masks with MAC=10
(N=46,251 masks) in 17,475 protein-coding genes (P: 0.05/46,251 = 1.08*10°%)

(Supplementary Table 4).The ANM results obtained via BOLT-LMM are
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available in Supplementary Table 3. Furthermore, in order to compare and
explain potential differences between our WES results and the previously
published one?!, we ran the above described approach using MAF < 1%, a

cutoff applied by Ward et al. (Supplementary Table 7, Supplementary Note).

To generate accurate odds ratio and standard error estimates for binary traits,
we also implemented a generalised linear model using the statsmodels
package®’ for python in a three step process. First, a null model was run with
the phenotype as a continuous trait, corrected for control covariates as
described above. Second, we regressed carrier status for individual genes on
the residuals of the null model to obtain a preliminary P value. Thirdly, all genes
were again tested using a full model to obtain odds ratios and standard errors
with the family set to ‘binomial’. Generalised linear models utilised identical

input to BOLT-LMM converted to a sparse matrix.

Phenotype derivation
Age at natural menopause (ANM) was derived for individuals within the UK
Biobank, who were deemed to have undergone natural menopause, i.e. not

affected by surgical or pharmaceutical interventions, as follows:

Firstly, European female participants (n=245,820) who indicated during any of
the attended visits having had a hysterectomy were collated (fields 3591 and
2724) and their reported hysterectomy ages were extracted (field 2824) and the
median age was kept (n=47,218 and 46,260 with reported ages). The same
procedure was followed for participants indicating having undergone a bilateral
oophorectomy (surgery field 2834 and age field 3882, n=20,495 and 20,001

with reported ages).

For individuals having indicated the use of hormone replacement therapy (HRT,;
field 2814), HRT start and end ages were collated (fields 3536 and 3546,
accordingly) across the different attended visits (n=98,104). In cases where the
reported chronological HRT age at later attended visits was greater than that at
previous visits, the later instances were prioritised, i.e. as they would potentially
indicate an updated use of HRT. In cases where different HRT ages were

reported, but not in chronologically increasing order, the median age was kept.
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Menopausal status was determined using data across instances (field 2724)
and prioritising the latest reported data, to account for changes in menopause
status. For participants indicating having undergone menopause, their reported
ages at menopause were collated (field 3581) using the same procedure as for
HRT ages (n=158,264).

Exclusions were then applied to this age at menopause, as follows:

e Participants reporting undergoing a hysterectomy and/or oophorectomy,
but not the age at which this happened (n=958 and 494, accordingly)

e Participants reporting multiple hysterectomy and/or oophorectomy ages,
which were more than 10 years apart (n=38 and 23, accordingly)

e Participants reporting multiple HRT start and/or end ages, which were
not in chronologically ascending order and were more than 10 years
apart (n=124 and 137, accordingly)

e Participants reporting multiple ages at menopause, which were not in
chronologically ascending order and were more than 10 years apart
(n=73) and participants who reported both having and not having been
through menopause and no other interventions (n=98)

e Participants having undergone a hysterectomy/oophorectomy before or
during the year they report undergoing menopause

e Participants starting HRT prior to undergoing menopause and

participants reporting HRT use, with no accompanying dates

The resulting trait was representative of an ANM (N=115,051) and was used in
downstream analyses. Two additional ANM traits were also calculated,
windsorized one by coding everyone reporting an ANM younger than 34, as 34
used in the discovery analysis as the primary phenotype (N=115,051 total,
reduced to 106,973 after covariate-resulting exclusions), and one by only
including participants reporting ANM between 40 and 60, inclusive (N=104,506),

treated as a sensitivity analysis.

All manipulations were conducted in R (v4.1.2) on the UKB Research Analysis

Platform (RAP; https://ukbiobank.dnanexus.com/).

107


https://ukbiobank.dnanexus.com/

Replication analyses

Replication was performed using two study populations - the Icelandic deCODE
study and the BRIDES study.

The BRIDGES study included women from studies participating in the Breast
Cancer Association Consortium (BCAC; v14)

(http://bcac.ccge.medschl.cam.ac.uk/; Table ). The subset of population or

hospital-based studies sampled independently of family history, together with
population-matched controls (25 studies) were included in the analyses. ANM
(years) was obtained from baseline questionnaire data. Women were
considered as having experienced natural menopausal if they indicated that the
reason for menopause was reported as ‘natural’ or ‘unknown’. Women were
excluded from the analysis if the reason was indicated as either oophorectomy,
hysterectomy, chemotherapy, stopping oral contraception or ‘any other reason’.
Only studies with information on year of birth and age at menopause, and only
women with reported age at menopause between ages twenty-five years and
sixty years were included. All studies were approved by the relevant ethical

review boards and used appropriate consent procedures.

Targeted sequencing of germline DNA from participants for 35 known or
suspected breast cancer genes was performed, including the coding sequence
and splice sites. Details of library preparation, sequencing, variant calling and
quality control procedures are described in Dorling et al.®® Carriers of protein
truncating variants (PTVs) in more than one of five main breast cancer
susceptibility genes (BRCAL, BRCA2, ATM, CHEK2, PALB2) were excluded.
Carriers of pathogenic MSVs (as defined by Dorling et al®®) in BRCA1 or

BRCAZ2 were also excluded.

We carried out burden analyses, assessing the associations between rare
variants in aggregate and age at natural menopause using linear regression,
adjusting for country of origin, breast cancer case-control status and year of
birth (categorized as <=1935, 1936-1945, 1946-1955, >=1956), and for some
analyses BMI. For each gene we considered PTVs in aggregate. The primary
analyses included covariates to adjust for population, which was defined by
country, with the exception of Malaysia and Singapore, in which the three
distinct ethnic groups (Chinese, Indian, Malay) were treated as different strata
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and the UK, which was treated as separate strata (SEARCH, from East Anglia
and PROCAS from north-west England). Sensitivity analyses were carried out
adjusting for BMI in women with recorded age at BMI, and among women
without a diagnosis of breast cancer. Sensitivity analyses were also carried out
defining non-carriers as women not harbouring PTVs in the five main genes or
pathogenic MSVs in BRCA1 and BRCA2.

The genome of the Icelandic population was characterised by whole-genome
sequencing of 63,460 Icelanders using Illlumina standard TruSeq methodology
to a mean depth of 35x (SD 8x) with subsequent long-range phasing®®, and
imputing the information into 173,025 individuals chip-genotyped employing

multiple lllumina platformst°0,

The burden test associations are shown for three categories of rare variants
with MAF < 2%; a) loss-of-function (LOF) variants, b) combination of LOF
variants and predicted deleterious missense variants and c¢) combination of LOF
variants and missense variants with CADD score = 25. We furthermore show
results for category c) using a more stringent frequency threshold, 0.1%. We
included missense variants predicted to cause loss of function by two meta-
predictors, MetaSVM and MetalLR*%!, using variants available in dbNSFP

v4.1¢c102,

Phenome-wide association analysis

In order to test the association of ANM identified genes in other phenotypes, we
processed additional reproductive ageing-related phenotypes, including age at
menarche, cancer, telomere length (TL) and sex hormones (SH). All tested
phenotypes were run as either continuous (age at menarche, TL and SH) or
binary traits (cancer) corrected by age, age?, sex, the first ten genetic principal
components as calculated in Bycroft et al!, and study participant ES batch as a
categorical covariate (either 50k, 200k, or 450k). Phenotype definitions and
processing used in this study are described in Supplementary Tables 12 and
13. Only the first instance (initial visit) was used for generating all phenotype
definitions unless specifically noted in Supplementary Table 12. In case of
cancer-specific analysis data from cancer registries, death records, hospital
admissions and self-reported were harmonised to ICD10 coding. If a participant

had a code for any of the cancers recorded in ICD10 (C00-C97) then they were
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counted as a case for this phenotype. Minimal filtering was performed on the
data, with only those cases where a diagnosis of sex-specific cancer was given
in contrast to the sex data contained in UK Biobank record 31, was a diagnosis
not used. For more information on cancer-specific analysis refer to

Supplementary Tables 13 and 15.

Cancer PheWAS Associations

To test for an association between genes we identified as associated with
menopause timing (Supplementary Table 4, Figure 1) and 90 individual cancers
as included in cancer registries, death records, hospital admissions and self-
reported data provided by UK Biobank (e.g. breast, prostate, etc.) we utilised a
logistic model with identical covariates as used during gene burden testing (N =
2430 tests) (Supplementary Tables 13 and 15). As standard logistic regression
can lead to inflated P value estimates in cases of severe case/control
imbalance®, we also performed a logistic regression with penalised likelihood
estimation as described by Firth* (Supplementary Table 15). Models were run
as discussed in Kosmidis et al.1%* using the ‘brglm2’ package implemented in R.
brglm2 was run via the ‘glm’ function with default parameters other than “family”

set to “binomial”’, “method” set to “brglmFit”’, and “type” set to "AS_mean".

WES sensitivity analysis using REGENIE.

To replicate the primary findings and account for potential bias that could be
introduced by exclusively using one discovery approach, a second analyst
independently derived the age at menopause phenotype using a previously
published method® and conducted additional burden association analysis
using the REGENIE regression algorithm (REGENIEv2.2.4;
https://github.com/rgcgithub/regenie). REGENIE implements a generalised
mixed-model region-based association test that can account for population
stratification and sample relatedness in large-scale analyses. REGENIE runs in
2 stepst®, which we implemented on the UKBiobank RAP: In the first step,
genetic variants are aggregated into gene specific units for each class of variant
called masks. We selected variants in CCDS transcripts deemed to be high
confidence by LOFTEE® with MAF<0.1% and annotated using VEP®3. We

created three masks, independently of primary analysis group: (1) loss-of-
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function (LOF) variants (stop-gain, frameshift, or abolishing a canonical splice
site (-2 or +2 bp from exon, excluding the ones in the last exon)) or missense
variants with CADD score >30, (2) LOF or missense variants with CADD score
>25, (3) all missense variants. In the second step, the three masks were tested
for association with ANM. We applied an inverse normal rank transformation to
ANM and included recruitment centre, sequence batch and 40 principal
components as covariates. For each gene, we present results for the transcript
with the smallest burden P value. The results for the sensitivity analysis
performed via REGENIE are available in Supplementary Table 3.

Common variant GWAS lookups

Genes within 500kb upstream and downstream of the 290 lead SNPs from the
latest GWAS of ANM*! were extracted from the exome-wide analysis. There
were a total of 2149 genes within the GWAS regions. Burden tests in these
genes with a Bonferroni corrected P value of <2.3*10°° (0.05/2149) were

highlighted. The results are available in Supplementary Table 8.

Analysis of GWAS and WES genes expression profiles in human female
germ cells at various stages of development

We studied the mRNA abundance of WES genes during various stages of
human female germ cell development using single-cell RNA sequencing data
(Supplementary Tables 10 and 11). We used the processed single cell RNA
resequencing datasets from two published studies. This included single-cell
RNA sequencing data from foetal primordial germ cells of human female
embryos (Accession code: GSE86146%7), and from oocyte and granulosa cell
fractions during various stages of follicle development (Accession code:
GSE107746'%8). A pseudo score of 1 was added to all values before log
transformation of the dataset. The samples from fetal germ cells (FGCs) were
categorised into sub-clusters as defined in the original study. The study by Li et
alt” had identified 17 clusters by performing a t-distributed stochastic neighbour
embedding (t-SNE) analysis and using expression profiles of known marker
genes for various stages of fetal germ cell development. In our analysis we
have included four clusters of female FGCs (Mitotic, Retinoic Acid (RA)
responsive, Meiotic, Oogenesis) and four clusters containing somatic cells in

the fetal gonads (Endothelial, Early _Granulosa, Mural_Granulosa,
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Late Granulosa). Software packages for R - tidyverse

(https://lwww.tidyverse.org/), pheatmap, (https://CRAN.R-

project.org/package=pheatmap), reshape2 (https://github.com/hadley/reshape),

were used in processing and visualising the data.

Functional enrichment tests for ZNF518A transcription factor binding
sites using fGWAS and SLDP

fGWAS (v.0.3.6), a hierarchical model for joint analysis of GWAS and genomic
annotations, was implemented to test the functional enrichment of ANM GWAS
hits in ZNF518A transcription factor binding sites®3. The fGWAS input file
contained the ANM GWAS summary stats derived from the Reprogen study?*
annotated for ZNF518A binding sites. The ZNF518A annotation file was derived
from the ENCODE ChIP-seq data®'3? from human HEK293 cell line'% the
optimal independent discovery rate peak calling against hg19 [ENCFF415VBF]
was used. The ANM GWAS hits were annotated for the presence/absence of
the ZNF518A transcription factor binding sites in a binary way (0, 1), with ‘1’ if
the SNP falls within the transcription factor binding site and ‘0’ otherwise. The

fGWAS tool available from https://github.com/joepickrell/fgwas and was run in

annotation mode “-w” for the described ZNF518A annotation. Detailed
description of {GWAS methodology is available in Pickrell et al, 201433, In short,
the genome is split into independent blocks, which are allowed to contain either
a single polymorphism that causally influences the trait or none. fGWAS then
models the prior probability that any given block contains an association and the
conditional prior probability that any given SNP in the block is the causal one,
with probabilities allowed to vary according to functional annotations. The priors
are then estimated using an empirical Bayes approach. The fGWAS output
contained the maximum likelihood parameter estimates for each parameter in
the model, in this case ZNF518A, with the lower and upper bound of the 95%
confidence interval (CI) on the parameter. The P value was calculated from
lower and upper CI in 3 following steps: (1) Standard error (SE) calculation: SE
= (Upper CI — Lower CI)/(2*1.96); (2) Test statistics calculation: Z=Estimate /
SE; and (3) P value calculation: P = exp(=0.717*Z — 0.416*Z2).

Signed LD profile (SLDP) regression was applied to explore the directional
effect of a signed functional annotation, ZNF518A, on a heritable trait like ANM
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using GWAS summary statistics*. More specifically, we tested whether alleles
that are predicted to increase the binding of the transcription factor ZNF518A
have a genome-wide tendency to increase or decrease timing of menopause in

women. The SLDP tool was installed from https://github.com/yakirr/sldp, with

the comprehensive methodological steps described in Reshef et al, 201834, For
the analysis to be conducted, SLDP required GWAS summary statistics for
ANM, signed LD profiles for ZNF518A binding, signed background model and
reference panel in a SLDP compatible format. For the reference we used a
1000 Genomes Phase 3 European reference panel in plink format, which
contained approximately 10M SNPs and 500 people and was available for
download at the ‘refpanel’ page. The ANM GWAS summary statistics, available
from our latest Reprogen study!!, was pre-processed using the
‘preprocesspheno’ tool from the SLDP package. To conduct this step, we also
obtained the list of regression SNPs along with the LD scores for the reference
panel from the ‘refpanel’ page. The pre-processing step included filtering down
to SNPs that are also present in the reference panel, harmonising alleles to the
reference, and multiplying the summary statistics by the SLDP regression
weights. In addition, we applied the ‘preprocessrefpanel’ tool to compute a
truncated singular value decomposition (SVD) for each LD block in the
reference panel. These SVDs were later used to weight the SLDP regression.
The ZNF518A annotation file was obtained from the ENCODE CHIP-seq
analysis®13?, as described above, and preprocessed using the
‘preprocessannot’ tool that turns signed functional annotations into signed LD
profiles. Prior to running SLDP, we also obtained the signed background LD
profiles that enabled us to control for systematic signed effects of minor alleles,
which could arise from either population stratification or negative selection.
SLDP was then run on our data using ‘sldp’ function. To explore the relevance
of ZNF518A for menopause timing in comparison to other transcription
regulators, we tested whether genome-wide sequence changes introduced by
SNP alleles identified in ANM GWAS increase or decrease binding of additional
382 transcription factors (TFs). The preprocessed annotation files for 382 TFs
derived from ENCODE CHIP-seq experiments31:32, were available for download
at the annotation data page. The results are available in Supplementary Table
9.
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Functional analysis of ZNF518A binding sites

ZNF518A peaks were derived from unique genomic regions in ENCODE
accession ENCFF415VBF described above. Quantification of ChIP-seq signal
by aligning paired-end replicates (ENCFF174HBR, ENCFF574GQY,
ENCFF808AJP, ENCFF453FDD) to the hgl9 genome with Bowtie2 v2.3.5.111°
with options “-I 0 -X 1000 —no-discordant —no-mixed”, reads were filtered for
those with MAPQ > 30 with samtools v1.10. Assessment of H3K27ac?¢ and
chromatin accessibility by ATAC-seg?®’ in day 4 human primordial germ cell like
cells (hPGCLCs) at ZNF518A peaks was performed. For H3K27ac single end
reads from accessions GSM4257216, GSM4257217, GSM4257218 were
obtained and aligned with Bowtie2 v2.3.5.1 with default settings and MAPQ >
30 reads retained as above. For ATAC-seq paired-end reads were obtained
from accessions GSM3406938, GSM3406939 and mapped and filtered as
ZNF518A reads above.

Quantification of ChiP-seq and ATAC-seq signals for peak heights, heatmaps

was performed with https://github.com/owensnick/GenomeFragments.jl. Peak to

TSS distances were calculated against Gencode v36 release liftover to hg19
using GenomicFeatures.jl and

https://github.com/owensnick/ProximityEnrichment.jl. We consider four

categories of peaks: TSS intersecting, TSS proximal (TSS < 2000kb, outside
gene body), Gene body intersecting, Intergenic and Distal (TSS > 5kb).

To perform de novo motif discovery we used Homer v4.11.1'1 using
findMotifsGenome.pl with options “hg19 -size 200”. We ran this on all ZNF518A
peaks, distal peaks and those intersecting TSS, we recovered a motif matching
JASPAR? unvalidated motif UN0199.1 in all peak sets apart from those
intersecting TSS. We then used https://github.com/exeter-tfs/MotifScanner.jl to

guantify the occurrence of all instances of motif UN0199.1 in ZNF518A peaks.

We downloaded the 18-state ChromHMM*? models for all 833 biosamples in

Epimap3® from http://compbio.mit.edu/epimap/. We calculated the intersection

between each state in each biosample and either all ZNF518A peaks or distal
ZNF518A peaks using GenomicFeatures.jl. We calculated odds ratios from

contingency tables using the approximation of bedtools''® and Giggle!!4, by
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estimating total genomic intervals as hgl9 genome size divided by the sum of

the mean ZNF518A peak size and the chromatin state interval size.

De novo mutation rate analyses

We calculated polygenic scores (PGSSs) in participants from the rare disease
programme of the 100,000 Genome Project (100kGP) v14. There are 77,901
individuals in the Aggregated Variant Calls (aggV2) after excluding participants
whose genetically inferred sex is not consistent with their phenotypic sex. We
restricted the PGS analysis to individuals of European ancestry, which was
predicted by the Genomics England Bioinformatics team using a random forest
model based on genetic principal components (PCs) generated by projecting
aggV2 data onto the 1000 Genomes phase 3 PC loadings. We removed one
sample in each pair of related probands with kinship coefficient > 1/(2"4.5), i.e.
up to and including third degree relationships. Probands with the highest
number of relatives were removed first. Similarly, we retained unrelated mothers
and fathers of these unrelated probands. It left us with 8,089 mother-offspring

duos and 8,029 father-offspring duos.

We used the lead variants (or proxies, as described below) for genome-wide
significant loci previously reported for ANM?! to calculate PGS in the parents. In
100kGP, we removed variants with minor allele frequency (MAF) <0.5% or
missing rate >5% from the aggV2 variants prepared by the Genomics England
bioinformatics team. For lead variants that did not exist in 100kGP, we used the
most significant proxy variants with linkage disequilibrium (LD) r? >0.5 if
available in 100kGP. This resulted in a PGS constructed from 287 of the 290
previously reported loci. We regressed out 20 genetic PCs that were calculated
within the European subset from the PGS and scaled the residuals to have

mean = 0 and standard deviation = 1. Higher PGS indicates later ANM.

De novo mutations (DNMs) were called in 10,478 parent offspring trios by the
Genomics England Bioinformatics team. The detailed analysis pipeline is

documented at: https://research-

help.genomicsengland.co.uk/display/GERE/De+novo+variant+research+dataset

. Extensive quality control (QC) and filtering were applied by Kaplanis et al. as
described previously2. De novo single nucleotide variants (dnSNVs) were

phased using a read-based approach based on heterozygous variants near the
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DNM that were able to be phased to a parent. About one third of the dnSNVs
were phased, of which three quarters were paternally phased (Supplementary

Figure 1, Supplementary Table 1).

In association models, we accounted for parental age, the primary determinant

of the number of DNMs, and various data quality metrics as described in3:

e Mean coverage for the child, mother and father (child_mean_RD,
mother_mean_RD, father_mean_RD)

e Proportion of aligned reads for the child, mother and father
(child_prop_aligned, mother_prop_aligned, father_prop_aligned)

e Number of SNVs called for child, mother and father (child_SNVs,
mother_SNVs, father_SNVSs)

e Median variant allele fraction of DNMs called in child (median_VAF)

e Median ‘Bayes Factor’ as outputted by Platypus for DNMs called in the
child. This is a metric of DNM quality (median_BF).

We first tested the association between parental PGSs and total dnSNV count

in the offspring in a Poisson regression:

dnSNVs_total = B, + fipaternal_PGS + f,maternal_PGS +
Bspaternal_age + fymaternal_age +
Bschild_mean_RD + [gmother_mean_RD + [, father_mean_RD +
Bschild_prop_aligned + Bomother_prop_aligned + [, f ather_prop_aligned +
Biichild_snvs + 1,mother_snvs + B3 father_snvs +

Bismedian_VAF + [ismedian_BF

We also fitted Poisson regression models to test the association between the
PGS of one of the parents and the dnSNVs in the offspring that were phased to

the relevant parent.

The paternal model included paternal PGS, age, and data quality metrics that

are related to the proband and the father:
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dnSNVs_paternal = [, + Bipaternal_PGS + f,paternal_age +
Bschild_mean_RD + (,father_mean_RD +
Pschild_prop_aligned + f¢father_prop_aligned +
B, child_snvs + Bgfather_snvs +

Bomedian_VAF + B ymedian_BF

Similarly, the maternal model was as follows:

dnSNVs_maternal = 4 + fymaternal_PGS + f,maternal_age +
Bschild_mean_RD + [,mother_mean_RD +
Bschild_prop_aligned + fgmother_prop_aligned +
B;child_snvs + ffgmother_snvs +

Bomedian_VAF + B ymedian_BF

Finally, as a sanity check, we assessed the association between the maternal

PGS and paternally phased dnSNVs, and vice versa:

dnSNVs_paternal = [, + fymaternal_PGS + f,paternal_age +
Bschild_mean_RD + f(,father_mean_RD +
Bschild_prop_aligned + B¢ father_prop_aligned +
B;child_snvs + [gfather_snvs +

Bomedian_VAF + ,ymedian_BF

dnSNVs_maternal = [, + fipaternal_PGS + ,maternal_age +
Bschild_mean_RD + [,mother_mean_RD +
Bschild_prop_aligned + Bgmother_prop_aligned +
B;child_snvs + fgmother_snvs +

Bomedian_VAF + B ,median_BF
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Mendelian Randomization

MR analysis was applied to examine the likelihood of a causal effect of
polygenic score (PGS) of age at natural menopause on the risk of de novo
mutation rates in the offspring (Supplementary Table 2). In this approach,
genetic variants that are significantly associated with an exposure of interest are
used as instrumental variables (IVs) to test the causality of that exposure on the
outcome of interest®>-117. For a genetic variant to be a reliable instrument, the
following assumptions should be met: (1) the genetic instrument is associated
with the exposure of interest, (2) the genetic instrument should not be
associated with any other competing risk factor that is a confounder, and (3) the
genetic instrument should not be associated with the outcome, except via the
causal pathway that includes the exposure of interest!1>118, Genotypes at all
variants were aligned to designate the ANM PGS-increasing alleles as the
effect alleles as described above and this was used as a genetic instrument of
interest. The effect sizes of genetic instruments (genotypes in the mother) on
maternally phased de novo SNVs in the offspring estimated in 8,089 duos were

obtained from Genomics England.

MR Frameworks

The MR analysis was conducted using the inverse-variance weighted (IVW)
model as the primary model due to the highest statistical power!1°. However, as
it does not correct for heterogeneity in outcome risk estimates between
individual variants??°, we applied a number of sensitivity MR methods that better
account for heterogeneity'?'. These include MR Egger to identify and correct for
unbalanced heterogeneity (‘horizontal pleiotropy’), indicated by a significant
Egger intercept (P<0.05)*?2, and weighted median (WM) and penalised
weighted median (PWM) models to correct for balanced heterogeneity!?3. In
addition, we introduced the MR Radial method to exclude variants from each
model in cases where they are recognized as outliers'?*. The results were
considered as significant based on the P value significance consistency across
different primary and sensitivity models applied. The results are available in
Supplementary Table 2. Finally, in order to calculate the effect of ANM on
offspring de novo mutation rate when comparing women with ANM at two

extremes of the ANM distribution curve, we multiplied the effect obtained by MR
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IVW, i.e. a de novo count beta per 1 year change in ANM, by 20, an arbitrary

number that compares women with ANM 20 years apart.
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Results

We sought to test the hypothesis that inter-individual variation in DDR
processes would influence the mutation rate in germ cells and hence in the
offspring. More specifically, we hypothesised that genetic susceptibility to earlier
ovarian ageing would be associated with a higher DNM rate in the offspring. To
test this, we analysed 8,089 whole-genome sequenced parent-offspring trios
recruited in the rare disease programme of the 100,000 Genomes Project
(100kGP, Supplementary Figure 1). We calculated a polygenic score (PGS) for
ANM in the parents based on our previously identified 290 common variants!?
and tested this against the phased DNM rate in the offspring, adjusted for age.
We found that maternal genetic susceptibility to earlier ANM was associated
with an increased rate of maternally-derived DNMs in the offspring (rate ratio =
1.02 per SD of PGS, P=6.8*10"%, N=8,089 duos with European ancestry;
Supplementary Table 1). We confirmed this finding in sensitivity analyses using
the same data, in a two-sample Mendelian Randomization (MR) framework that
can better model the dose-response relationship of these variants
(Supplementary Table 2). These results were highly concordant, with all models
showing a significant result and no heterogeneity (Pmin=6.3*10°). In contrast,
the paternal PGS was not associated with paternally-derived DNMs (P=0.51,
N=8,029) nor was the maternal PGS associated with paternally-derived DNMs
(P=0.55).

To confirm these observations, we repeated these analyses using data from the
Icelandic deCODE study?®. We first restricted analyses to three generation
families where we can trace the origin of the DNM to the transmitting parent via
haplotype sharing?®, modelling the number of maternally transmitted mutations
as function of maternal age at conception and GRS of menopause. Across
these 1,096 three-generation probands, we found that a one standard deviation
lower menopause GRS adds 0.41 mutations (P=1x10) to the transmission
from the mother to the child. This mutational load is comparable to the maternal
age effect, where one additional maternal year at conception results in
transmission of an extra 0.37 mutations to the offspring from the mother?¢. We
expanded these analyses to a broader set of 5,945 trios, yielding an estimate of

0.2 extra mutations (P=7.7x10-%) when using unphased mutations.
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Exome-wide gene burden associations with ANM

Previous studies have largely focussed on assessing the role of common
genetic variation on ovarian ageing. Given the recently published observation
that offspring germline hypermutations can be caused by their fathers carrying
rare homozygous variants in key DNA repair genes?’, we sought to better
understand the role of rare coding variation in ovarian ageing using WES data
available in 106,973 post-menopausal UK Biobank female participants of
European genetic-ancestry?8. Individual gene burden association tests were
conducted by collapsing genetic variants according to their predicted functional
categories. We defined three categories of rare exome variants with minor allele
frequency (MAF) < 0.1%: high-confidence Protein Truncating Variants (HC-
PTVs), missense variants with Combined Annotation Dependent Depletion
(CADD) score = 25, and ‘damaging’ variants (defined as combination of HC-
PTVs and missense variants with CADD = 25). We analysed 17,475 protein-
coding genes with the minimum of 10 rare allele carriers in at least one of the
masks tested. The primary burden association analysis was conducted using
BOLT-LMM?° (Supplementary Table 3). The low exome-wide inflation scores
(e.g. PTV A=1.047) and the absence of significant association with synonymous
variant burden for any gene indicate our statistical tests are well calibrated
(Supplementary Figure 2).

We identified rare variation in nine genes associated with ANM at exome-wide
significance (P<1.08*10, Figures 1 and 2, Supplementary Figures 3 and 4).
These were confirmed by an independent group of analysts using different
quality control (QC) and analysis pipelines (Supplementary Tables 3, 4). Three
of these genes have been previously reported in UKBB WES analysis?! - we
confirm the associations of CHEK?2 (beta=1.57 years, 95% CI: 1.23-1.92,
P=1.60*102, N=578 damaging allele carriers) and HELB (beta=1.84, 95% ClI:
1.08-2.60, P=4.20*107, N=120 HC-PTV carriers) with later ANM and a
previously borderline association of HROB with earlier ANM (beta= -2.89 years,
95% Cl: 1.86-3.92, P=1.90*108, N=65 HC-PTV carriers). In addition, our
previous ANM GWAS analyses?!! identified an individual low-frequency PTV
variant in BRCA2, which we now extend to demonstrate that, in aggregate,

BRCA2 HC-PTV carriers exhibit 1.18 years earlier ANM (beta= -1.18, 95% CI:
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0.72-1.65, P=2.60*10"7, N=323). Rare variants in the remaining five genes —
ETAAL, ZNF518A, PNPLAS8, PALB2 and SAMHD1 have not been previously
implicated in ovarian ageing. Effect sizes of these associations range from 5.61
years earlier ANM for HC-PTV carriers in ZNF518A, to 1.35 years later ANM for
women carrying damaging alleles in SAMHD1. This contrasts with a maximum
effect size of 1.06 years (median 0.12 years) for common variants (MAF>1%)
identified by previous ANM GWAS?L

We next attempted to replicate these findings using two independent datasets
from the Icelandic deCODE study and the BRIDGES study (N=26,258). Firstly,
despite the substantially smaller sample size and rarity of the alleles we were
testing in the Icelandic population, we observed consistent effect estimates for
all nine genes we identified (Supplementary Table 5). This included nominally
significant associations at BRCA2, CHEK2, ETAA1L, HELB, SAMHD1 and
ZNF518A. Secondly, we used data in up to 26,258 women with ANM from the
BRIDGES study. As this study used a targeted sequencing approach of
suspected breast cancer genes, it was only informative for BRCA2, PALB2 and
CHEK?2. Despite the small sample size, for each of these genes we found effect
estimates consistent with our discovery analyses, which were maintained when
adjusting for cancer status and within women not diagnosed with breast cancer
(Supplementary Table 6). Notably we replicated the novel association with
PALB2, where the 78 women carrying protein-truncating variants experienced

menopause 1.78 years earlier on average (P=4.8x10%).
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Figure 0—1: Exome-wide associations with age at natural menopause.
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Note: (A) Manhattan plot showing gene burden test results for age at natural menopause.
Genes passing exome-wide significance (P<1.08*10-6) are indicated, with point shape signifying
the variant class-tested. (B-E) QQ plots for (B) high confidence PTVs, (C) CADD = 25 missense

variants (D) damaging variants.

We next sought to understand why previous analyses of UKBB WES data
missed the associations we report here, and conversely why we did not identify
associations with other previously reported genes. Of the seven genes identified
by Ward et al.?%, three were also identified by our study (CHEK2, HELB and
HROB), three were recovered when we increased our burden test MAF
threshold from 0.1% to 1% (DCLRE1A, RAD54L, TOP3A), and an additional
gene fell just below our P value threshold when considering variants with <1%
MAF (CLPB; P =1.2*10). In contrast, our discovery of novel associations that
were not reported by Ward et al. (BRCA2, ETAAL, PALB2, PNPLA8, SAMHD1
and ZNF518A) were likely explained by differences in phenotype preparation,
sample size, variant annotation and the statistical model used (see

Supplementary Note and Supplementary Table 7).
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Figure 0-2: Forest plot for gene burden associations with age at natural menopause.

Gene MAC
324 o
BRCA2 323 —
1145 -
431 .
CHEK2 147 e
578
366 ——
ETAA1 i; —Te—— P significance
o P<1.08%10¢
HELB fgé o Mon-significant
482
Model
154 . » Missense CADD = 25
—_———
HROB S?g — + HC_PTV
* Damaging
331
PALB2 212 T
543
302 S
PNPLA8 55 —_—
357
192 —
SAMHD1 43 o
235
77 S
ZNF518A 28 ——
105

] 5.0 25 0 24

Beta with 95% CI
(years)

Note: Exome-wide significant (P < 1.08*10®) genes are displayed. Points and error
bars indicate beta and 95% CI for the variant category indicated. Betas, Cls, Minor
Allele Counts (MAC) and P values are derived from BOLT-LMM.

Exploring common variant associations at identified ANM genes

To explore the overlap between common and rare variant association signals
for ANM, we integrated our exome-wide results with data generated from the
largest reported common variant GWAS of ANM!L. Five of our nine identified
WES genes (CHEK2, BRCA2, ETAA1L, HELB and ZNF518A) mapped within
500kb of a common GWAS signal (Supplementary Table 8). Notably, we
previously reported a common, predicted benign, missense variant
(rs35777125-G439R, MAF=11%) in ETAA1 associated with 0.26 years earlier
ANM. In contrast, our WES analysis identified that carriers of rare HC-PTVs in
ETAAL show a nearly 10-fold earlier ANM (beta= -2.28 years, 95% CI: 1.39-
3.17, P=5.30*10%8, N=87). Furthermore, three independent non-coding common
GWAS signals ~150kb apart (MAF: 2.8-47.5%, beta: -0.28-0.28 years per minor
allele) were reported proximal to ZNF518A, whereas gene burden testing finds
that rare HC-PTV carriers show nearly 20-fold earlier ANM than common

variant carriers (beta= -5.61 years, 95% ClI: 4.04-7.18, P=2.10*10-'?, N=28).
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ZNF518A is a poorly characterised C2H2 zinc finger transcription factor, which
has been shown to associate with PRC2 and G9A-GLP repressive complexes
along with its paralog ZNF518B, suggesting a potential role in transcriptional
repression®. By integrating ChIP-Seq data, we demonstrate that common
variants associated with ANM are enriched in the binding sites of ZNF518A
(Supplementary Table 9; Supplementary Note), providing further support for the

role of this gene in ovarian ageing.

In addition, there were two genes within 500kb of GWAS loci (BRCAL and
SLCO4A1) that were associated with ANM by gene burden testing at P<1.7*10
5. Effect sizes for common variant associations ranged from 0.07-0.24 years per
allele at these loci, whereas gene burden tests for rarer variants at these same
loci revealed much larger effect sizes: for BRCA1L, 2.1 years earlier for PTVs
(P=2.4*10%) and for SLCO4A1, 1.13 years earlier ANM for damaging variants
(P=1.1*10), with non-overlapping 95% confidence intervals between common

and rare variant associations for BRCAL.

Identified genes influence other aspects of health and disease

Our genetic studies have previously shown that the genetic mechanisms
regulating the end of reproductive life are largely distinct from those determining
its beginning 3%4°. However, it is noteworthy that the largest reported GWAS for
age at menarche identified a common variant signal at the ZNF518A locus for
later puberty timing in girls (rs1172955, beta= 0.04 years, 95% CI: 0.03-0.05,
P=6.6*10"1?), which appears nominally associated with earlier ANM (beta=-0.04,
95% Cl: 0.01-0.06, P=6.6*102)%°. To extend this observation, we found that our
identified ZNF518A PTVs were also associated with later age at menarche
(0.56 years, 95% ClI: 0.14-0.98, P=9.2*10%). Furthermore, using fGWAS and
signed linkage disequilibrium profile (SLDP), we discovered that, similar to ANM
(Supplementary Note), common variants that influence puberty in girls were
enriched in transcriptional targets of ZNF518A (Supplementary Table 9). These
data suggest that loss of ZNF518A shortens reproductive lifespan, by delaying

puberty and reducing age at menopause.

We next explored what impact ANM-associated genes had on cancer
outcomes, replicating previously reported associations with protein truncating

variants in BRCA2, CHEK?2 and PALB2 and cancer outcomes in males and
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females (Supplementary Tables 12-14). We also identified a novel association
of SAMHD1 damaging variants and HC-PTVs with ‘All cancer’ in both males
(Odds Ratio (OR)=2.12, 95% CI: 1.72-2.62, P=4.7*1013) and females
(OR=1.61, 95% CI: 1.31-1.96, P=4*105; Figure 3, Supplementary Table 12-14).

Figure 0-3: Forest plot for ANM WES genes with significant gene burden associations
for cancer phenotypes.
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combined results. Hormone sensitive cancers were only tested in males and females separately
(Methods). The presented masks were selected based on the most significant association per
gene and cancer type. Points and bars indicate OR and 95% CI for specific genes and their
variant categories in cancer. Filled symbols indicate a result passing a Bonferroni-corrected

significance threshold of P < 1.08*1076,

SAMHD1 associations with cancer appear to be driven by increased risk for

multiple site-specific cancers, notably prostate cancer in males, mesothelioma

in both males and females, and suggestive evidence for higher breast cancer

susceptibility in females (Figure 4, Supplementary Table 15). Although the
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numbers of mutation carriers diagnosed with each site-specific cancer was
small, the majority of these findings persisted using logistic regression with
penalised likelihood estimation, which is more robust to extreme case/control
imbalance*! (Supplementary Table 15). Cancer risk-increasing alleles in
SAMHD1 were associated with later ANM, which is similar to the pattern
demonstrated previously for CHEK2. This finding is consistent with a
mechanism of disrupted DNA damage sensing and apoptosis, resulting in
slowed depletion of the ovarian reserve!l. We note however that other
mechanisms of ovarian reserve depletion will exist, and future experimental
work should seek to better understand this specific association. In addition, we
provide robust evidence for a previously described rare variant association for
SAMHD1 with telomere length#?, highlighting that rare damaging variants cause
longer telomere length (P=1.4*10"%°) (Supplementary Table 14, Supplementary
Figure 5). Understanding the biological connection between SAMHD1 and
longer telomere length is paramount. As demonstrated in our genome-wide
CRISPR-Cas9 functional telomere length screening, SAMHD1, a gene
associated with deoxynucleoside triphosphohydrolase activity, emerged as a
key determinant influencing telomere length?’’. Targeted genetic disruptions
revealed that inactivation of SAMHD1 led to telomere lengthening, suggesting a

unique role for this gene in telomere maintenance.

Thymidine nucleotide metabolism, controlled by genes such as TYMS and
SAMHD1, emerges as a critical pathway influencing human telomere length.
SAMHD1, traditionally known for its role in regulating dNTP levels, surprisingly
lengthened telomeres when disrupted. Furthermore, the abstract underscores
the remarkable effect of dT supplementation in driving telomere elongation,

implicating SAMHDL1 as a control point in this process.

These findings suggest that SAMHD1, through its role in thymidine nucleotide
metabolism, plays a crucial and perhaps unexpected role in telomere length
regulation. The substrate-independent stimulation of telomerase activity by
thymidine triphosphate, as demonstrated in vitro, adds a layer of complexity to
our understanding. This unique relationship between SAMHD1 and telomere
length may have therapeutic implications, particularly in the context of fatal
degenerative diseases. Further exploration into the intricate interplay between

SAMHDZ1's biological function and telomere dynamics could potentially unveil
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novel avenues for therapeutic interventions in diseases associated with

telom

ere dysfunction.

Figure 0—4: Genetic susceptibility to premature ovarian ageing and increased risk for diverse
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Discussion

Previous studies have demonstrated that parental age is strongly associated
with the number of de novo mutations in offspring3, with the majority of these
mutations arising from the high rate of spermatogonial stem cell divisions that
underlie spermatogenesis throughout adult life of males**. Our current study
provides the first direct evidence that maternal mutation rate is heritable, with
women at higher genetic risk of earlier menopause transmitting an increased
rate of de novo mutations to offspring. This could have direct implications for the
health of future generations given the widely reported link between de novo
mutations and increased risk of psychiatric disease and developmental
disorders*—8, We speculate that if genetic susceptibility to earlier menopause
influences de novo mutation rate, it is possible that non-genetic risk factors for
earlier ANM, such as smoking and alcohol intake, would likely have the same
effect*®. Our observations makes conceptual sense given that menopause
timing appears to be primarily driven by the genetic integrity of oocytes and their
ability to sustain, detect, repair and respond to acquired DNA damage?!!. These
observations also build on earlier work in mice and humans that BRCA1/2
deficiency increases the rate of double strand breaks in oocytes and reduces

ovarian reserve®0-52,

Our study also extends the number of genes implicated in ovarian ageing
through the identification of rare, protein-coding variants. Effect sizes ranged
from 5.61 years earlier ANM for HC-PTV carriers in ZNF518A, to 1.35 years
later ANM for women carrying damaging variants in SAMHD1 compared to a
maximum effect size of 1.06 years (median 0.12 years) reported for common
variants (MAF>1%)*!. Several of these effect estimates were comparable to
those conferred by FMR1 premutations, which are currently used as part of the
only routinely applied clinical genetics test for premature ovarian insufficiency
(PQI)%3. Deleterious variants in three genes (CHEK2, HELB and SAMHD1) were
associated with an increase in ANM and therefore represent potential
therapeutic targets for enhancing ovarian stimulation in women undergoing in
vitro fertilisation (IVF) treatment through short-term apoptotic inhibition. Seven
of the nine ANM genes identified have known roles in DNA damage repair, and
three of these are linked to ANM for the first time (PALB2, ETAAL1 and HROB):

PALB?2 is involved in BRCAZ2 localization and stability and compound
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heterozygous mutations result in Fanconi anaemia and predispose to childhood
malignancies®. ETAA1 accumulates at DNA damage sites in response to
replication stress®>—°8 and HROB is involved in homologous recombination by
recruiting the MCM8-MCMS9 helicase to sites of DNA damage to promote DNA
synthesis®®%°, Homozygous loss-of-function of HROB is associated with POI6!

and infertility in both sexes in mouse models®°.

Novel biological mechanisms of ovarian ageing were revealed by finding
associations with two non-DDR genes (PNPLA8 and ZNF518A): PNPLAS is a
calcium-independent phospholipase®?-%* and a recessive cause of
neurodegenerative mitochondrial disease and mitochondrial myopathy®>-°; an
association with reproductive phenotypes has not been described previously.
ZNF518A belongs to the zinc finger protein family and is likely a transcriptional
regulator for a large number of genes®. We found that female carriers of rare
protein truncating variants in ZNF518A have shorter reproductive lifespan due
to delayed puberty timing and earlier menopause. Enrichment of GWAS signals
at ZNF518A binding sites suggests that ZNF518A regulates the genes involved
in reproductive longevity by repression of elements distal to transcription start

sites.

While mutation in SAMHDL1 is a common somatic event in a variety of
cancers’®2 it has not been described as a germline risk factor previously.
Recessive inheritance of SAMHD1 missense and PTV variants have been
associated with Aicardi—Goutieres syndrome, a congenital autoimmune
disease®. Our identified damaging variants in SAMHD increased risk of ‘All
cancer’ in males and females, as well as in sex-specific cancers, highlighting
SAMHD1 as a novel risk factor for prostate cancer in males and hormone-
sensitive cancers in females. SAMHDL1 has a role in preventing the
accumulation of excess deoxynucleotide triphosphates (dNTPs), particularly in
non-dividing cells®2. A regulated dNTP pool is important for the fidelity of DNA
repair, thus highlighting additional roles of this gene in facilitation of DNA end
resection during DNA replication and repair®?-8’. SAMHD1 deficiency leads to
resistance to apoptosis®8%, suggesting that delayed ANM might originate from
slowed depletion of ovarian reserve due to disrupted apoptosis, analogous to

the mechanism for CHEK2 that has been reported previously.
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One major limitation of our work is that, based on data availability, these
analyses have been restricted to women of European ancestry, making it
difficult to evaluate how generalizable these findings may be to other
populations. We anticipate this will be addressed in future studies, in addition to
experimental work that will build on our identified genetic associations to help
further our understanding of the underlying biological mechanisms governing

ovarian ageing.
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Supplementary Figures

Figure 0-5: Distribution of de novo single nucleotide variants (dnSNVSs).
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Supplementary Figure 1
Note: The histogram shows the number of (A) total dnSNVs, (B) paternally derived dnSNVs and

(C) maternally derived dnSNVs in unrelated probands with European ancestry from the 100,000
Genomes Project.

Figure 0—6: Exome-wide association results for synonymous variants.
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Supplementary Figure 2

Note: Plotted are per-gene burden results for synonymous variants. The red line indicates the
exome-wide significant P value after Bonferroni correction of 1.08*10-6.
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Figure 0-7: Variant level associations for ANM decreasing WES genes.
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Supplementary Figure 3

Note: Lolliplot plots show the variants clustered for the best performing functional mask in a
gene that went into the gene burden test for ANM using BOLT-LMM. These include: (A) BRCA2
HC PTV mask; (B) ETAAL, HC PTV mask; (C) HROB, HC PTV mask; (D) PALB2, HC PTV
mask; (E) PNPLA8, HC PTV mask; and (F) ZNF518A, HC PTV mask. The arrows pointing
upwards represent the variants positively associated with ANM, while the downwards ones
show the negatively associated variants. The size of the point indicates the allele count in
carriers.
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Figure 0-8: Variant level associations for ANM increasing WES genes.
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Note: Lolliplot plots show the variants clustered for the best performing functional mask in a
gene that went into the gene burden test for ANM using BOLT-LMM. These include: (A)
CHEK2, damaging mask; (B) HELB, HC PTV mask; and (C) SAMHD1, damaging mask. The
arrows pointing upwards represent the variants positively associated with ANM, while the
downwards ones show the negatively associated variants. The size of the point indicates the

allele count in carriers.
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Supplementary notes

Comparison with previously published results on ANM WES

A previous ANM analysis of the 450K UKBB exome data, published by Ward
and colleagues, identified seven genes: CHEK2, DCLRE1A, HELB, CLPB,
TOP3A, RAD54L and HROB?!, Our results replicate the association with
CHEK2 and HELB and provide more robust evidence (P = 1.9*108) for the
previously described suggestive HROB association (P = 2.9*10). In addition,
we identified six genes, which were not captured by Ward et al.: ZNF518A,
BRCA2, ETAAL, PALB2, PNPLA8 and SAMHD1 (Supplementary Table 7). We
investigated potential study design differences that could account for variation in
the findings as the same data was used in both studies.

Associations not captured in the current analysis.

First, we investigated potential analytical parameters that could account for
differences in the findings. Associations with DCLRE1A, RAD54L, TOP3A and
CLPB were not identified in our study because we restricted our analysis to
variants with a MAF <0.1%, rather than <1%. We re-analysed our data with a
burden test MAF threshold of <1% and three of the four associations were
replicated: DCLRE1A (P wmar 1%= 3.8*108, N: 1056), RAD54L (P mar 1%= 6.4*1077,
N: 1892) and TOP3A (P wmaF 1%= 1.5*107, N: 2001). RAD54L and TOP3A were
genes highlighted by GWAS and the exome association in TOP3A was driven
by a single, relatively common variant (rs34001746, MAF=0.7%, P=1.63*1019).
This variant was in linkage disequilibrium with the previously reported lead
GWAS SNP (rs569145577, r>=0.92), with little evidence for association after its
exclusion (P=0.50 for all other missense and PTVs). CLPB just missed our P-
value threshold, but again a single variant (rs150343959, P=8.22*106) was
largely driving the association signal - when excluded in leave-one-out analysis,
the CLPB burden association dropped (P=1.19*10?). By including relatively
common variants in gene burden masks, single variants can dominate the
general functional effect being tested, which could be contributed to by LD with
non-exomic functional variants. Therefore in order to be able to make a stronger
link between genetic variants and individual genes, we chose to restrict our

analysis to rarer variants with MAF <0.1%.
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Associations not captured by Ward et al.

Differences in MAF thresholds did not explain why our study identified an
additional six genes (BRCA2, ETAAL, PALB2, PNPLA8, SAMHD1 and
ZNF518A) compared with Ward et al’l. We therefore tested differences in the
phenotype preparation, tools and variant masks used to test the associations.
Four of our six gene burden associations (BRCA2, PALB2, PNPLAS, and
SAMHD1) were relatively near the borderline of the significance threshold in our
analyses in the primary BOLT-LMM pipeline, although ETAA1 and PALB2 were
just below the threshold in the REGENIE pipeline (Supplementary Table 7).

We had a ~20% larger sample size (106,973 post-menopausal women) in
comparison to Ward et al.?! (78,311 unrelated post-menopausal women), which
would have resulted in more statistical power in our analyses (Supplementary
Table 7). This was particularly important for BRCA2, ETAAL and PALB2 - Ward
et al. included 63 (19.5%) fewer BRCA2 and 46 (21.7%) fewer PALB2 carriers
of rare damaging variants (Ward et al. REGENIE analysis vs. our main analysis)
and identified the ANM association at these genes only at the borderline of
exome-wide significance, P=1.55*10"% and P=7.47*10®, respectively. Similarly
for SAMHD1, Ward et al. captured 57 (24.3%) fewer carriers in their linear
regression model compared with our main analysis, which resulted in
association P values of 6.38*10 in the linear regression model and P=8.02*10"
6in the time to event analysis. Ward et al. used only unrelated individuals in
their primary analyses, where we used linear mixed models and were therefore
able to include an additional ~19,000 related individuals. Secondly, Ward et al.
excluded ~2,300 women with ANM <40 and >60 years, while we used the full
natural menopause distribution. Finally, the difference in sample size was partly
due to differences in phenotype preparation (resulting in an additional ~7,400
women); specifically, we took into account four instances where questions
regarding ANM were asked, whereas Ward et al. used data from the baseline

visit in their main analysis.

As sensitivity analyses and to better replicate the methods of Ward et al., for
four of the genes (CHEK2 and DCLRE1A found in both analyses, and the novel
associations in ZNF518A and PNPLA8) we compared results from linear

regression in unrelated individuals using MAF<1% with those from a truncated
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menopause distribution (ANM 40-60 years) and a time-to-event Cox
proportional hazards model (Supplementary Table 7). For the truncated
distribution, all four genes passed the threshold of exome-wide association and,
for all with the exception of ZNF518A, the association P value was larger
(CHEK2: 3.3*10%, DCLRE1A: 1.3*107, ZNF518A: 8.4*1011, PNPLAS: 3*10%)
than for analyses based on the full range of ANM. Association statistics from the
Cox model (CHEK2: 2.4*10%°, DCLRE1A: 6*108, ZNF518A: 1.4*10°, PNPLAS:
5.7*101%) were comparable to those from linear regression models based on
the full range of ANM (CHEK2: 3.1*10, DCLRE1A: 2.5*108, ZNF518A:
1.2*10°, PNPLAS: 1.9*10°).

Finally, differences in variant annotation may also explain some inconsistencies
between studies. ZNF518A was not reported by Ward et al., which may be
because all variants are in the last and only coding exon of the gene, and in
some annotations, such variants would inappropriately be excluded from being
considered as loss of function. We note that another single coding-exon gene

(NFIL3) was not included in the Ward et al. publication but was in our analysis.

Detailed comparisons between our study and Ward et al. are available in

Supplementary Table 7.

Common ANM-associated variants are enriched in ZNF518A binding sites.

Heterozygous loss of function of ZNF518A had the largest effect on ANM of the
genes we identified. ZNF518A is a poorly characterised C2H2 zinc finger
transcription factor, which has been shown to associate with PRC2 and G9A-
GLP repressive complexes along with its paralog ZNF518B, suggesting a
potential role in transcriptional repression®. ZNF518A localises robustly to
18,706 sites in the genome, based on ChIP-seq data available from
ENCODE?'32 and binds primarily to gene promoters, with 33.5% (6,263) of
ZNF518A binding sites within 2kb of a transcription start site (TSS)
(Supplementary Note Figure 1a-c). Common variants associated with ANM?*!
were enriched in the transcriptional targets of ZNF518A (P=1.32*104) using
fGWAS?33, We further tested functional enrichment using signed linkage
disequilibrium profile (SLDP) regression3*. This confirmed the enrichment of
ZNF518A binding sites near to loci associated with ANM and showed that its

transcriptional repression is associated with earlier ANM (P=0.02), consistent
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with evidence from rare variant burden tests. Separating ZNF518A sites by
those proximal (< 2Kb) and distal (>5kb) from a TSS, demonstrated this
association was due to ZNF518A binding at regulatory regions distal to the TSS
(proximal TSS P=0.3, distal ZNF518A P=0.002). Notably, these regulatory
ZNF518A bound loci produce the largest association amongst an SLDP
catalogue of 382 transcription factors and regulators (Supplementary Table 9,
Supplementary Note Figure 1d). These results suggest a different functional
role for ZNF518A at TSS and more distal regulatory regions. In order to explore
this further we assessed the sequence determinants of ZNF518A binding. De
novo motif discovery identified an AT-rich motif enriched at distal regulatory
ZNF518A binding sites, but not at TSS bound by ZNF518A. This AT-rich motif
was centrally enriched within ZNF518A ChlP-seq peaks, and matched an
unvalidated motif present in the JASPAR transcription factor motif database3®
(Supplementary Note Figure 1e). We found the number of perfect instances of
this AT-rich motif to be strongly associated with ZNF518A occupancy as
assessed by ZNF518A ChlP-seq signal at distal regions but not at TSS
(Supplementary Note Figure 1f,g). At distal regions, the maximal association
between peaks greater than the median height was found at least seven motif
instances (Hypergeometric right tail P < 1038, Odds Ratio 7.41). These data
suggest that ZNF518A is recruited by DNA sequence at distal sites, but at TSS
may be recruited to gene promoters by interaction with another DNA binding

factor.

We next employed public in vitro differentiated human primordial germ like-cell
data®®3’ to assess the chromatin state at ZNF518A bound loci, directly
comparing distal regions with TSS. ZNF518A bound TSS showed chromatin
accessibility®” and were marked with H3K27ac®®. In contrast, distal regions
lacked H3K27ac and showed minimal chromatin accessibility (Supplementary
Note Figure 1h). Extending this comparison to the Epimap chromatin states,
we find that overall ZNF518A bound loci are enriched in active TSS and that
distal ZNF518A regions are variously enriched in active and repressed
chromatin (Supplementary Note Figure 1i,j). Consistent with previous data
which has found ZNF518A in repressive complexes, these data suggest that
ZNF518A is recruited by DNA sequence to distal regulatory regions where it

acts to repress local chromatin.
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While ZNF518A is known to have diverse tissue expression including the ovary,
we found that it was highly expressed in fetal germ cells at both the mitotic and
meiotic stages (Supplementary Tables 10 and 11; Supplementary Note Figures
2 and 3). The eight other WES genes identified in this study were expressed at
varying levels in fetal gonadal cells, oocytes and granulosa cells across different

developmental stages (Supplementary Note Figures 2 and 3).
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Supplementary Figures for Supplementary Note

Figure 0-9: Functional analysis of ZNF518A bound loci.
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Supplementary Note Figure 1

Note: (a) Histogram of log10-scale distances between ZNF518A and nearest gene transcription
start site (TSS). (b) Proportion of ZNF18A peaks falling proximal to TSS (TSS < 2kb), within
gene bodies and in intergenic regions. (c) Boxplots showing total normalised reads per million
(RPM) for every peak for categories TSS < 2kb, gene body and intergenic - ZNF518A peaks
have greater signal at proximal to TSS. (d) SLDP association between ANM GWAS variants
and ZNF518A peaks, stratified by all peaks, proximal (< 2kb) from a TSS, and distal (> 5kb)
from a TSS. The association between ANM variants and ZNF518A peaks appears due to distal
ZNF518A peaks (either gene body or intergenic, > 5kb TSS) and not proximal TSS binding.
Numerical results are reported in Supplementary Table 9. (e) De novo motif discovery
recovers unvalidated JASPAR motif for ZNF518A UN0199.1. Homer enrichment statistics: all
sites P= 106451 motif in 31.2% of targets (1.15% background); distal sites P= 10-45% motif in
47.3% of targets (1.81 % background). (f) Proportion of maximal scoring instances of UN0199.1
(sequences that exactly match motif consensus) by ZNF518A peak category. Many distal peaks
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contain multiple perfect instances of the motif. (g) Boxplots, violin plots and dot plots depicting
the relationship between ZNF518A ChlIP-seq peak height and number of maximal scoring motifs
present in peak. A strong relationship between peak height and number of motif instances can
be observed. (h) Heatmaps depicting ZNF518A ChIP-seq, H3K27ac ChlP-seq in hPGCLCs,
and chromatin accessibility by ATAC-seq in hPGCLCs. Signal shown over all ZNF518A peaks
in RPM +/- 1kb of ZNF518A peak summit. ZNF518A bound promoters (TSS < 2kb) are
accessible and are marked with H3K27ac, distal regions either in gene bodies or intergenic
regions show no H3K27ac or chromatin accessibility, suggestive that ZNF518A represses these
regulatory regions. (i,j) Association shown in odds ratios of ChromHMM states over 833
tissues/cell types from Epimap, boxplots with outliers shown, each boxplot summarises the
distribution of associations over all tissues/cell types for a given chromatin state. (i) All
ZNF518A peaks; (j) ZNF518A peaks distal from TSS.
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Figure 0—10: Expression levels of genes across various stages of female germ cell

development.
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Supplementary Note Figure 2

Genes ranked in descending order of expression

Note: In the X-axis, genes are ranked according to their average expression at each stage (Y-
axis) (A) in human foetal primordial germ cells and (B) in granulosa cells in adult follicles.

Genes identified as novel ANM genes in WES analysis are coloured in green and all other
genes in the genome are in grey. ZNF518A is depicted in orange for the ease of comparison

with other genes.
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Figure 0—-11: mRNA expression of WES genes during foetal stages and
folliculogenesis.
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Supplementary Note Figure 3

Note: Box and whisker plots of mMRNA expression of the WES genes at different stages of germ
cell development. The plots represent the interquartile range of TPM values, the line at the
centre of the box representing the median, error bars indicate the 95% confidence interval and
outliers shown as dots. (A) The sub-clusters from single foetal cells from week 5 to 26 post-
fertilisation are on the X-axis with the average TPM expression values log2(TPM+1) on the Y-
axis. (B) Different stages of folliculogenesis in oocytes and granulosa cells are represented on
the X-axis with their average expression values log2(FPKM+1) on the Y-axis.
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Figure 0—12: ANM gene burden associations with reproductive ageing-related traits of
interest in females only.
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Supplementary Figure 5

Note: The coefficients and 95% Cls were female-specific and plotted for the quantitative traits
only. The association was tested using BOLT-LMM. Male-specific and sex combined
associations could be found in Supplementary Table 14.
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Chapter 5:

Discussion

This thesis encompasses several studies that significantly enhance our
comprehension of the rare and very rare genetic elements that impact the
female reproductive lifespan, specifically focusing on POI and premature
menopause. In this section, | delve into the effectiveness of these genetic
investigations, the broader implications of their findings on our collective
knowledge, and recurring patterns evident in the results, and propose potential

avenues for future research exploration.

Leveraging Population Cohort Data: Reclassifying Genetic Variants and
Uncovering True Penetrance

The issue of pathogenicity and penetrance in genetic variants poses a
significant challenge to our understanding of disease development and clinical
outcomes. Penetrance signifies the likelihood of a specific genetic variant
causing the anticipated trait, while expressivity denotes the varying intensity of
that trait among individuals with the same genetic alteration?®*. The exploration
of penetrance and expressivity has revealed that genetic variants do not always
lead to the expected clinical phenotype, and individuals with the same genotype
can manifest a wide range of symptoms?’8. Various factors, including common
variants, regulatory region variants, epigenetic influences, environmental

factors, and lifestyle choices, contribute to this variability?’827°,

It is essential to recognise that the previous identification of genetic variants
causing monogenic disorders relied on small clinical and family studies,
potentially leading to an overestimation of their penetrance and expressivity in
the general population?80-282_ Understanding the concepts of incomplete
penetrance and variable expressivity plays a pivotal role in comprehending the
diverse phenotypes observed in individuals affected by genetic disorders. By
delving into these concepts, we gain valuable insights into the complexities
surrounding the penetrance and expressivity of genetic variants in disease

pathogenesis.

Population cohort data, such as UKB, has proved invaluable in analysing the

penetrance and expressivity of genetic variants on a larger scale?’*. Leveraging
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such data, researchers have reclassified variants previously considered
completely penetrant. For example, in Chapters 2 and 3, we analysed over 500
unique single variants associated with POI and found that these variants are
unlikely to be the sole cause of the condition due to their high frequency in the
population cohort?23,

Notably, this observation has important implications for clinical practice. The
discrepancy between the prevalence of these variants in population cohorts and
their presumed association with POI challenges the traditional classification of
certain variants as solely pathogenic in clinical panels. This discrepancy
prompts a revaluation of the clinical utility of these variants and underscores the
necessity of incorporating population-based data into the interpretation of
genetic test results. The evolving understanding of penetrance and expressivity
from large-scale population studies informs clinicians about the true impact of
specific genetic variants, guiding more accurate patient counselling and

management strategies.

Additionally, investigations into the penetrance of diabetes in individuals with
MODY and developmental disorders have consistently indicated that the
penetrance of rare Mendelian disease variants can be lower in population-
based cohorts compared to clinically ascertained cohorts?79:284-286 These
findings emphasize the substantial impact of population-based studies in

accurately understanding the true penetrance of genetic variants?®’.

Combining data from population cohorts and clinical studies can enhance our
understanding of the penetrance of rare and complex diseases, providing a
thorough insight into diseases' aetiology and their impact on individuals. This
integration enables a deeper understanding of the incomplete penetrance and

variable expressivity observed in genetic variants.

Furthermore, the variation in penetrance and expressivity is influenced by
several factors. For instance, genetic modifiers can interact with the primary
gene to enhance or suppress its effects, leading to different outcomes in
individuals with the same variant?®8289, Additionally, mosaicism, where different
cells within an individual's body carry different genetic variants, can result in
varied expressivity of the trait?’827°, Moreover, polygenic factors involving

multiple genes can collectively contribute to the overall expression of the trait,

154



further adding to the complexity of the observed variations in penetrance and
expressivity?®. To illustrate, in the context of a specific genetic disorder, some
individuals may exhibit more severe symptoms due to the presence of other
modifying genes or cellular mosaicism, while others with the same variant may
display milder symptoms owing to the interaction of various genetic factors?*.
All these factors contribute to the complexity of the pathogenicity and

penetrance issue?’°2%2,

While studying the penetrance and expressivity of genetic variants is crucial,
researchers encounter various challenges. Access to comprehensive and
diverse population cohort data is essential for obtaining accurate estimations of
penetrance and expressivity. The complex nature of genetic interactions and
the influence of environmental factors pose difficulties in establishing definitive
causal relationships. Additionally, to differentiate between true causal effects
and chance associations when interpreting data from clinical studies and
population cohorts, various approaches and expertise are employed. These
include assessing statistical significance through P values, conducting
replication studies to validate findings across multiple independent datasets,
and incorporating experimental evidence to establish causality and biological
mechanisms. Such rigorous methodologies are essential in ensuring the

reliability and accuracy of the insights gained from these studies.

The Role of Cohorts in Unravelling Genetic Variant Effects on Penetrance
and Pathogenicity

When studying the penetrance and pathogenicity of genetic variants associated
with female reproductive aging, incorporating diverse and well-defined cohorts
is essential for gaining a deeper understanding of these factors and their
complexities. By analysing various cohorts, we can assess how genetic variants
impact reproductive traits across different populations, considering the diversity
of phenotypic expressions and the influence of various ethnic backgrounds?®:.
Leveraging electronic health records (EHRs) and carefully considering specific
traits related to female reproductive aging allows us to obtain valuable insights
into the penetrance and pathogenicity of these genetic variants, providing a

comprehensive view of their effects on reproductive lifespan.

Phenotypes play a crucial role in studying penetrance and pathogenicity2°429%,

These phenotypes encompass a diverse set of observable characteristics
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resulting from the interplay between an individual's genetic composition and
their environment. In the context of female reproductive aging, genetic variants
can manifest in a variety of phenotypic outcomes. For instance, they may lead
to variations in age at natural menopause, irregular menstrual cycles, hormonal
imbalances, fertility issues, and the onset of menopausal symptoms such as hot
flashes?96.297 Additionally, some genetic variants might be associated with
increased risk for specific reproductive disorders, such as POI or polycystic
ovary syndrome, while others may have no discernible impact on reproductive
traits. Hence, it is imperative to investigate cohorts with a wide range of
reproductive phenotypes to encompass the entire spectrum of effects linked to
particular genetic variants?®. By including diverse phenotypes in the analysis,

we can obtain a more accurate assessment of penetrance and pathogenicity.

Electronic health records (EHRS) provide a valuable resource for studying
penetrance and pathogenicity?®®. EHRs contain comprehensive patient data,
including medical history, diagnoses, treatments, and outcomes3®. Analysing
large cohorts such as global Biobanks through EHRs enables the identification
of associations between specific genetic variants and the development of
particular diseases or conditions. However, EHRs pose several challenges for
reproductive studies. These challenges include potential missing or inaccurate
data impacting reliability, difficulties in integrating data from different EHR
systems due to varying formats and coding, strict privacy regulations due to
sensitive health information, sample selection bias affecting generalisability,
limited reproductive-specific data reducing study scope, historical or follow-up
data limitations impacting assessment of reproductive outcomes over time,
diverse data collection methods hindering data combination and analysis,
balancing data accessibility with patient confidentiality, the need for
sophisticated methods to extract insights from complex EHR data, and
consideration of existing health disparities and biases in healthcare that may

influence research outcomes and interpretation301-304,

Ethnicity is a critical factor to consider in the study of penetrance and
pathogenicity. Different ethnic groups exhibit variations in genetic background,
environmental exposures, and cultural practices, which can influence the
penetrance and pathogenicity of genetic variants3°5-397, By analysing cohorts

from diverse ethnicities, we can gain valuable insights into the population-
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specific effects of genetic variants and understand the intricate interplay
between different genes and variants. Fine mapping and exploring the genetic
architecture provide a more detailed understanding of how specific genes or
variants contribute to complex traits across various ethnic groups, shedding
light on the complex mechanisms underlying these associations. This
knowledge improves risk assessment and genetic counselling for individuals

within these populations, promoting personalised healthcare3°8,

Therefore, the investigation of penetrance and pathogenicity of genetic variants
requires the utilization of diverse cohorts. Incorporating cohorts with different
phenotypes, leveraging EHRs, and considering the influence of different
ethnicities contribute to a comprehensive understanding of genetic variant
effects. Population-based cohorts, disease-specific cohorts, and biobanks
provide valuable resources for studying penetrance and pathogenicity across a
range of conditions and populations. By employing these approaches,
researchers can enhance their knowledge of genetic variant effects and
improve clinical decision-making and genetic counselling for individuals affected

by these variants.

Navigating the Challenges of Low Penetrance in Premature Ovarian
Insufficiency: Considerations for Genetic Testing and New-born
Screening

The implications of low penetrance in POI and the advent of genetic testing,
including direct-to-consumer (DTC) testing through whole-genome sequencing
(WGS), are crucial areas of study. Understanding the impact of low penetrance
on genetic testing can have significant implications for disease diagnosis, risk
assessment, and genetic counselling. Additionally, pilot efforts for new-born
screening in the UK offer a potential avenue for early detection and intervention.
This discussion explores these implications and their significance in the context

of POI and genetic testing3%°.

DTC testing, which provides individuals with access to their genetic information
without the involvement of healthcare professionals, has gained popularity in
recent years3%. WGS, a comprehensive genetic testing method, offers
individuals the opportunity to explore their genetic predispositions and potential
disease risks. However, when it comes to conditions like POI, the implications

of low penetrance become evident. In the case of POI, low penetrance can lead
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to challenges in accurately predicting an individual's risk based solely on
genetic testing. While DTC testing can provide valuable insights into an
individual's genetic makeup, the interpretation of results must consider the

impact of low penetrance and the limitations it poses for predictive purposes.

New-born screening programs are instrumental in identifying specific conditions
in infants early on, leading to timely interventions and improved outcomes.
Currently, there have been no specific pilot efforts in the UK targeting low
penetrance genetic variants associated with certain conditions in new-born
screening, particularly for conditions like POI, which may have a more complex
genetic basis. However, it is crucial to approach new-born screening for POI
with caution. While comprehensive screening for POl may not be applicable due
to its multifactorial nature, targeted screening for particular allele risks could be
considered. Factors such as feasibility, cost-effectiveness, and the availability of
accurate screening tests must be thoroughly evaluated before implementing
such screening programs. Furthermore, establishing robust protocols for
counselling and support is essential to provide families with accurate
information about screening results and their potential implications. Addressing
ethical aspects, including informed consent and privacy, is also of utmost

importance in the implementation of any screening program.

From GWAS to exWAS: Advancing our Understanding of Genetic
Influences on Menopause Timing

In a previous study by Ruth et al. (2021), a GWAS involving a large cohort of
over 200,000 women revealed the presence of 290 common genetic variants
associated with ANM38. These variants collectively accounted for 10% to 12% of
the variation in ANM and exhibited effects ranging from approximately 3.5
weeks to 1.3 years. Building upon the findings of the GWAS, this study delved
deeper into the genetic architecture of ANM by investigating the role of both
common and rare variants. Through the analysis UKB WES and exome-wide
gene burden association tests, we identified additional genetic factors

associated with ANM and gained insights into novel biological pathways.

In our study in chapter 3, we conducted an exome-wide association study
(exWAS) and identified several genes significantly associated with ANM. These
genes include CHEK2, HELB, HROB, BRCA2, ETAAL, ZNF518A, PNPLAS,

PALB2, and SAMHD1. Each of these genes contributes to the regulation of
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ovarian aging and exerts distinct influences on menopause timing. The effect
sizes of these gene associations varied across the identified genes. For
instance, carriers of high-confidence protein truncating variants (HC-PTVS) in
ZNF518A exhibited an effect size of 5.61 years earlier ANM, while carriers of
damaging alleles in SAMHD1 experienced an effect size of 1.35 years later
ANM. Notably, these effect sizes surpassed the effect sizes of common variants
previously identified in GWAS studies of ANM.

Our study explored rare genomic variants and their association with ovarian
aging, revealing novel aspects not investigated in previous GWAS studies. We
confirmed the roles of known DNA repair genes like CHEK2 and BRCAZ2 in
ANM and identified new associations with genes such as ETAA1, PNPLAS8, and
HROB, which are involved in DNA damage response and repair processes.
These findings deepen our understanding of the mechanisms influencing
ovarian reserve and menopause timing. Moreover, our study revealed the
enrichment of ZNF518A, a poorly characterized C2H2 zinc finger transcription
factor, in binding sites of common variants associated with ANM. This novel
finding suggests that transcription factors like ZNF518A may be essential in
regulating menopause timing and may open avenues for investigating other

transcription factors' roles in menopause and related traits.

By combining the findings from GWAS and exWAS, we underscore the
complexity of genetic influences on menopause timing. The GWAS identified
common genetic variants associated with ANM, providing a broad
understanding of the genetic basis. In contrast, the exWAS expanded on this
knowledge by uncovering rare genetic variants, identifying additional genes
associated with ANM, and revealing novel biological pathways involved in
ovarian aging. Indeed, the exclusivity of our analyses to UKB and European
cohorts presents a limitation to the generalisability of our findings. To improve
the validity and reliability of our results, it is crucial to expand our investigations
to include cohorts with diverse ethnic backgrounds, access data from other
Biobanks, and incorporate population data from various sources. This broader
approach will allow for a more comprehensive understanding of the genetic
determinants of reproductive aging and enhance the applicability of our findings

to different populations.
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Exploring the Role of SAMHD1 in Cancer Susceptibility: Potential
Mechanisms and Implications

In chapter 3, we investigated the impact of ANM-associated genes on cancer
outcomes, with a specific focus on SAMHD1. While confirming known
associations between genes like BRCA2, CHEK2, and PALB2 38311314 our
novel finding of an association between SAMHD1 damaging variants and "All
cancer" in both males and females highlights the role of SAMHDL1 in cancer
susceptibility, particularly for specific site-specific cancers such as prostate
cancer in males, mesothelioma in both sexes, and a potential link to increased

breast cancer susceptibility in females.

The replicated associations between cancer risk-increasing alleles in SAMHD1
and later ANM suggest a potential mechanism involving disrupted DNA damage
sensing and apoptosis, leading to a slowed depletion of the ovarian reserve,
thereby influencing menopause timing and contributing to cancer risk. Additional
experimental work is required to fully comprehend this association, considering
other mechanisms of ovarian reserve depletion. Furthermore, our study
provides robust evidence of rare damaging variants in SAMHD1 affecting
telomere length, a factor associated with increased cancer risk3%37, This
finding underscores the potential impact of rare variants in SAMHD1 on
telomere biology and cancer susceptibility.

The implications of these findings are significant, offering insights into the
genetic basis linking reproductive timing and cancer risk3841.2%_ Understanding
the specific genes associated with both processes’ sheds light on the underlying
mechanisms driving these associations. This knowledge can inform future
research and clinical strategies for cancer prevention, risk assessment, and

treatment.

Looking ahead, deeper investigations are warranted to explore the biology of
these genes and the broader themes of DNA damage response, reproductive
aging, and cancer. It would be valuable to explore the biology of genetic
variations that increase cancer risk and consider whether similar mechanisms
could impact ovarian reserve. Additionally, examining estradiol exposure versus
risk from disrupted DNA damage response could provide further insights into
the interplay of reproductive aging and cancer susceptibility.
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To generalise these findings to diverse populations, larger cohort studies and
multi-ethnic analyses are essential. Such efforts will contribute to a
comprehensive understanding of the complex relationship between reproductive
timing and cancer, leading to improved strategies for cancer prevention, early
detection, and personalised management of cancer risk. Notably, focusing on
the link between cancer and late menopause will guide future research in this
field.

Unravelling the Genetic Complexity of Reproductive Lifespan through
Whole-Genome Sequencing

To further advance gene discovery in reproductive aging, we must explore
several key areas, including addressing the missing heritability, investigating
gene interactions, exploring non-coding rare variants, and delving into potential
epigenetic influences3'831° Currently known genetic variants explain only a
fraction of the observed heritability, making it crucial to uncover additional
genetic factors and comprehend their contributions to reproductive aging. These
endeavours are essential for advancing our understanding of the underlying

mechanisms involved in reproductive aging processes.

Future research should prioritize investigating rare non-coding variants, as they
have received relatively less attention compared to coding and noncoding
common variants. Despite the significant influence of coding causal variants on
menopause (chapter 4), recent studies have demonstrated the important role of
non-coding variants in various traits, such as developmental disorders and
congenital hyperinsulinism?320321, Thus, non-coding variants may also play a
crucial role in reproductive aging. Exploring these non-coding variants can lead
to a more comprehensive understanding of the genetic architecture affecting
menopause timing and related reproductive traits. By identifying and studying
these variants, researchers can gain valuable insights into the underlying

mechanisms driving reproductive aging processes.

The utilization of WGS represents a pivotal advancement in gene discovery for
reproductive aging. WGS offers a comprehensive and detailed view of the entire
genome, allowing for the identification of rare variants, non-coding variants, and
other genomic elements that may be instrumental in determining menopause
timing and related reproductive traits. Several WGS efforts in other areas have

significantly contributed to our understanding of various conditions. For
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instance, WGS studies have elucidated the genetic basis of rare diseases,
cancer subtypes, and complex traits, providing valuable insights into disease
mechanisms and potential therapeutic targets3?2-325, The availability of
advanced WGS technologies and data analysis tools further facilitates the
incorporation of WGS into future reproductive aging studies, offering
unparalleled opportunities to gain deeper insights into the genetic determinants
of reproductive aging. By harnessing the power of WGS, we can uncover novel
genetic factors and potential pathways involved in reproductive aging, ultimately
leading to improved personalised healthcare and targeted interventions.

By focusing on these next steps, we can uncover additional genetic factors,
elucidate the missing heritability, explore rare non-coding variants, and leverage
advanced sequencing technologies to further unravel the genetic basis of
reproductive aging. This knowledge will contribute to a deeper understanding of

menopause timing and its implications for women's health and fertility.

Conclusion

Overall, these findings significantly contribute to our understanding of the
genetic determinants of menopause timing and have important implications for
reproductive health. The identified genes and pathways present potential
targets for therapeutic interventions aimed at enhancing ovarian stimulation in
fertility treatments. Additionally, they may offer insights into the relationship
between menopause timing and other health outcomes, such as cancer
susceptibility. Further research investigating these genetic factors and pathways

will deepen our understanding of ovarian aging and its broader implications.

While the positive aspects of this study have been underscored, it is essential to
recognise the limitations associated with the use of biobanks, such as the
UKBB, in shaping these findings. The inherent biases within biobank data,
including selection biases in participant demographics, must be acknowledged
to ensure the generalizability of our conclusions. Additionally, ethical
considerations related to consent, privacy, and data use in biobanks warrant
careful consideration. By addressing these aspects, future research endeavors

can refine methodologies, foster transparency, and strengthen the robustness
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of conclusions drawn from large-scale population studies like those conducted
with biobank data.

In moving forward, further investigations into the identified genetic factors and
pathways are imperative. Not only will this deepen our understanding of ovarian
aging, but it will also unveil the intricate connections between genetic
determinants of menopause timing and broader health implications. Ongoing
research endeavors should leverage these insights to drive advancements in
reproductive medicine, contributing to more effective fertility treatments and

holistic approaches to women's health as they age.
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