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Puberty timing varies widely in the population and 
influences later life health 

UK Biobank (N~256k) 

Genetics 
Heritability 

estimates 30-50% 

“Environment” 
Childhood obesity, 

nutrition, physical activity, 
early life stress… 

Risk Factor? 

Type 2 diabetes 
Breast cancer 
Heart disease 

…. 

Intervention? 

Is it causal?  

What is the 
mechanism? 



First successful GWAS for puberty timing  
(age at menarche) published in 2009 by CHARGE 

Perry et al, Nature Genetics 2009 

Sample size: ~18,000 women across 8 studies   

ZNF462  

P=2x10-9, effect ~5 weeks 

LIN28B 

P=7x10-9, effect ~5 weeks 

+ 3 other papers reporting same finding (!) 



Fast forward to 2017  

Day et al, Nature Genetics (2017) 

~330,000 women of European ancestry 
~400 robustly associated genetic variants (P<5x10-8) 
Individual effect sizes range from ~1 week to ~1 year 

Cumulatively explain ~25% of the heritability 
 

What have we learnt about genetic architecture? 



Insights into genetic architecture for puberty 

Early puberty is more 
heritable, later puberty 

driven by environmental 
factors (such as under 

nutrition) 

Most genetic variants / 
mechanisms for puberty 

act in both sexes and 
different pubertal stages 

Day et al., Nature Genetics (2017), Day et al., Nature Communications (2015) 



Insights into genetic architecture for puberty 

Most Mendelian 
puberty disorder genes 

have a broad allelic 
series of effects 

TACR3 Variant Frequency Effect 

Non-coding 15% 2.5 weeks  
per allele 

Heterozygous  
loss of function 

~ 1 per 1000 1.25 years older 

Homozygous  
loss of function 

~1 per 
million 

Delayed or absent puberty 

More identified parent-of-origin 
effects (i.e effect size depends on 

which parent the allele is inherited 
from) for puberty than any other 

complex trait. 
Why is puberty such a strong target 

for imprinted genes? 

Perry et al., Nature  (2014), Lunetta et al., Nature Communications (2015) 



What about genetic discovery in non-europeans? 

Restricting to Europeans limits generalizability of findings and may 
miss genes poorly captured by European genetic variation  

Heritability estimates markedly 
different between populations  
Menarche: Europeans (32%) vs 

Japanese (13%, S.E 0.6%) 
Menopause: Europeans (36%) vs 

Japanese (10.4%, S.E 0.9%) 
26 loci for menarche/menopause (P<5x10-8) 

~67,000 women  
of Japanese ancestry 
from Biobank Japan  

Directionally concordant and significant  
effects for many known loci 



Genetic effects can vary substantially between populations 

Japanese European* 

Gene Trait Effect 
(years) 

P Freq Effect (years) P Freq# 

NKX2-1 Menarche 0.07 1x10-11 75% 0.07 2.7x10-5 93% 

H1FX Menopause 0.48 1.8x10-18 94% 0.03 0.46 90% 

THOC1 Menarche 0.05 5x10-9 40% 0.32 0.03 0.1% 

GNRH1 Menopause 0.19 3x10-13 51% 0.04 0.32 25% 

*Estimates from UK Biobank, # frequency for trait increasing allele 

…along with 22 other genome-
wide significant signals from 

Europeans(!). 

Functional MCM8 variant 
monomorphic in East Asians… 



Puberty timing is one 
aspect of a tempo of 

growth and reproductive 
development 

Day et al., Nature Genetics (2016)  

Puberty  
timing 

Age at first  
sexual intercourse 

Age at  
first birth 

Age 

However Identifying 
genes for other 

aspects of 
reproductive onset 

and success has 
been slower work… 
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First genetic loci identified which influence age at first sexual 
intercourse (AFS), age at first birth (AFB) and number of children 

• Heritability ranges from ~10% 
(# children) to ~30% (AFS) 

• 38 genetic loci associated with 
age at first sexual intercourse 

• 2 loci for age at first birth 
• 2 loci for number of children 
 

Identified loci demonstrated 
pleiotropic effects across many 
reproductive and behavioural 

traits 

Day et al., Nature Genetics (2016)  11 



We used 23andMe data to help characterize the effect 
of these variants on personality types 

Boutwell et al., Heliyon (2017) 

Overall trait heritability (%) 
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Day et al., Nature Genetics (2016) and Boutwell et al., Heliyon (2017) 

Alleles in CADM2 promote earlier AFS, more sexual 
partners and more children 

* Denotes significant association 



Alleles in MSRA promote  
later age at first sexual intercourse 

* Denotes significant association Day et al., Nature Genetics (2016) and Boutwell et al., Heliyon (2017) 14 



Why identify genetic variants for traits like age at first sex? 

“Sex at an early age is linked with 
poor school performance, ill health 
and psychiatric problems” 
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Population genetics and epidemiology tell us the 
relative timing of reproductive ageing is important 

Mostafavi  et al., PLoS Biology (2017),  Zeng et al., Biorxiv (2017), Hartge, Nature Genetics (2009) 

Epidemiological observations show many disease 
links with reproductive ageing (particularly puberty 
timing and menopause) 

Alleles that delay puberty timing are 
enriched in longer-lived individuals 

Alleles for early menopause under 
strong negative selection 
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Do these associations represent cause or effect? 

Early 
Puberty 

Increased 
Breast cancer 

Confounder (e.g 
SES, diet, EDCs) 

Establishing causality key before considering public health interventions 
 
Gold standard for causality = randomised control trials  
(not always practical, quick or cheap to perform).  
Next best option = Mendelian Randomization! 
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1.00 

Odds ratio for outcome  

(per genetically predicted 1-year earlier menarche) 

0.80 0.60 1.20 1.40 

Early puberty timing is a causal risk factor for 
hormone-sensitive cancers 

Breast Cancer 

 

Endometrial Cancer 

 

Ovarian Cancer 

 

Prostate Cancer 

 

OR 1.06 [1.02-1.12], P=0.002 

OR 1.28 [1.15-1.43], P=1x10-5 

OR 1.08 [1.02-1.14], P=0.009 

OR 1.09 [1.02-1.14], P=0.004 

Day et al., Nature Genetics (2015 and 2017) 

Genetically predicted 1-year 
later menopause = 6% 

increased breast cancer risk 
(P=3x10-14). Significant only 

in ER-positive cases 
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…but is puberty timing a modifiable risk factor for 
potential intervention? Yes! 

Secular trend for puberty timing in South Korea 

Ahn et al, Ann Pediatr Endocrinol Metab 2013; 

Physically active children 
experience ~1 year later puberty 



Moving from associated SNPs to 
biological insight 
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Many identified genes / mechanisms appear to act as 
a neuronal “molecular brake” on GnRH secretion 

Abreu et al., NEJM (2013); Day et al., Nature Genetics (2017) 

MKRN3 Variant Type Allele frequency Effect 

Non-coding 10% 5 weeks 

5’ UTR 0.25% 6 months 

Loss of  
function 

Very rare Precocious  
puberty 

Both human and animal data show that 
MKRN3 protein levels are high pre-
pubertally, supressing GnRH secretion. 

Tissues in the brain 
(notably 

hypothalamus and 
pituitary show 

strongest enrichment 
for puberty 

associated variants) 



~2/3rds of identified menopause SNPs map to 
DNA damage response genes (where DDR is 
either nearest or implicated via eQTL / 
functional variant mapping) 

Stolk, Perry et al (Nat Gen 2012) and Day et al (Nat Gen 2015) 

In contrast, the end of reproductive life (menopause) is largely 
determined by genes involved in DNA damage response 

Suggests DSB repair due to environmental DNA 
damage and/or during meiotic recombination 



Menopause occurs when oocyte supply is exhausted 

Perry et al., NRE (2015) 

Peak primary oocyte 
count after mitosis. 
Oocytes enter meiosis 
but cell cycle arrested. 

Only a tiny fraction of oocytes are lost through ovulation. 
Oocytes are particularly vulnerable to DNA damage in their 

suspended cell cycle state 

Hypothesis: rate loss determined by 
ability to detect and/or repair DNA 
damage (i.e individuals with poor 

DNA repair lose oocytes at a faster 
rate = earlier menopause) 
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Titus et al, Sci Trans Med (2013) 

Expression of 
key* DNA repair 
genes decreases 

Rate of double 
stranded breaks 

increases 

Stimulates 
apoptosis and 

reduces ovarian 
reserve 

*BRCA1, MRE11, Rad51, and ATM 

Animal studies supported rate loss via efficiency of 
repairing double-stranded breaks in oocytes 

BRCA1-deficient mice = fewer oocytes  
+ more DSBs in remaining oocytes 

BRCA1-over expression had the opposite effect 



What about human BRCA1 mutation carriers? 

Difficult to assess epidemiologically as cancer treatment can 
induce menopause. Easily measurable biomarkers not 
particularly sensitive for measuring ovarian reserve. 

Lin et al, JCEM (2017) 

Reduced oocyte count in 
BRCA1/2 carriers (vs age 

matched controls) 

Increased DSB DNA damage 
in BRCA1/2 oocytes (vs age 

matched controls) 



Whereas CHEK2 loss of function carriers have later 
menopause due to impaired damage sensing 

CHEK2 
P53/p63 induced 

apoptosis 

Double 
stranded 

break 

CHEK2 loss of function 
MAF=0.1%, P=6.2x10-10, 

effect= 1 year later 
menopause 

 
More oocytes but poorer 

quality 

CHEK2 

Double 
stranded 

break 

ReproGen Consortium (unpublished) Bolcun-Filas et al, Science (2014) 



There remain many open questions with active research 

Perry et al., NRE (2015) 

Do any of our genes act via mitotic 
error and establishment of the oocyte 
pool? What are the maternal factors 
that influence this? Is this oocyte pool 
truly non-renewable? 

Which genes are involved in rate loss? When do these exert their 
effect and what DDR mechanisms are involved? 

27 

Can we identify any 
therapeutical targets to 

help protect oocytes from 
damage and preserve 

ovarian reserve? 



Summary 

1.Reproductive traits are highly polygenic with 
complex genetic architecture. 

2.We can now explain enough heritability using 
genetics to inform epidemiological observations 
using Mendelian Randomization. 

3.GWAS is a powerful tool for providing biological 
insights into the aetiology of reproductive ageing, 
complementing other rare disorder and animal 
model approaches 
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Poor DNA repair / increased 
DNA damaging (i.e cancer 

risk increasing alleles) 

Poor DNA damage sensing / 
inhibited apoptosis (also cancer 

risk increasing alleles) 

Cancer risk alleles/mechanisms can promote both 
earlier and later menopause 

Later menopause is a causal risk factor for cancer due to 
prolonged exposure to estrogen, rather than due to any DDR 

mechanisms (which may have an opposite effect) 

Lower 
observational risk 

of cancer for 
early menopause 

Higher 
observational 

risk of cancer for 
late menopause 


