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Abstract Age at menarche (AM) and age at natural
menopause (ANM) are complex traits with a high heri-
tability. Abnormal timing of menarche or menopause is
associated with a reduced span of fertility and risk for
several age-related diseases including breast, endometrial
and ovarian cancer, cardiovascular disease, and osteopo-
rosis. To identify novel genetic loci for AM or ANM in
East Asian women and to replicate previously identified
loci primarily in women of European ancestry by

genome-wide association studies (GWASs), we conduct-
ed a two-stage GWAS. Stage I aimed to discover prom-
ising novel AM andANM loci using GWAS data of 8073
women from Shanghai, China. The Stage II replication
study used the data from another Chinese GWAS (n =
1230 for AM and n = 1458 for ANM), a Korean GWAS
(n = 4215 for AM and n = 1739 for ANM), and de novo
genotyping of 2877 additional Chinese women. Previous
GWAS-identified loci for AM and ANM were also
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evaluated. We identi- fied two suggestive menarcheal
age loci tagged by rs79195475 at 10q21.3 (beta =
−0.118 years, P = 3.4 × 10−6) and rs1023935 at 4p15.1
(beta = −0.145 years, P = 4.9 × 10−6) and one menopaus-
al age locus tagged by rs3818134 at 22q12.2 (beta =
−0.276 years, P = 8.8 × 10−6). These suggestive loci war-
rant a further validation in independent populations. Al-
though limited by low statistical power, we replicated 19
of the 98 menarche loci and 5 of the 20 menopause loci
previously identified in women of European ancestry in
East Asian women, suggesting a shared genetic architec-
ture for these two traits across populations.

Keywords Menarche .Menopause . Genome-wide
association . Single nucleotide polymorphism

Introduction

Age at menarche (AM) and age at natural menopause
(ANM) indicate the beginning and end of a woman’s
normal reproductive life. Menarche and menopause out
of the common range have been associated with risk for
various diseases, including breast cancer (Velie et al.
2005; Vogel 2008), endometrial and ovarian cancer
(Hinds and Price 2010; Cramer 2012), cardiovascular
disease (Cui et al. 2006), and osteoporosis (Qiu et al.
2013; Parker et al. 2014). It has been well recognized
that genetic makeup influences both AM (Sharma 2002;
Anderson et al. 2008) and ANM (de Bruin et al. 2001;
Murabito et al. 2005; Morris et al. 2011). Recent
genome-wide association studies (GWASs) among
women of European ancestry have identified at least
106 genetic loci for AM (He et al. 2009; Ong et al.
2009; Perry et al. 2009; Sulem et al. 2009; Elks et al.
2010; Perry et al. 2014) and 21 loci for ANM (He et al.
2009; Stolk et al. 2009; Stolk et al. 2012). However,
only 24 AM loci and 9 ANM loci have been replicated
in women of either Asian or African ancestry and no
novel loci have been identified in these non-European
populations (Liu et al. 2009; Chen et al. 2012; Shen
et al. 2013; Spencer et al. 2013; Tanikawa et al. 2013;
Delahanty et al. 2013; Carty et al. 2013; Demerath et al.
2013; Pyun et al. 2014; Chen et al. 2014).

We report here results of a meta-analysis of GWAS
for AM and ANM in Chinese and Korean populations,
aiming to replicate the AM and ANM loci identified in
European populations and to discover novel genetic
loci.

Methods

Study design

This GWAS included two stages. The Stage I study was
a meta-analysis of results of AM and ANM association
using data generated from the Shanghai Genome-Wide
Association Studies (SGWAS), which included female
participants of the Shanghai Breast Cancer Genetics
Study (SBCS) (Zheng et al. 2009), the Shanghai Endo-
metrial Cancer Study (SECS) (Long et al. 2012), the
Shanghai Type II Diabetes Studies (ST2DS) (Shu et al.
2010), the Shanghai Colorectal Cancer Study (SCRCS)
(Jia et al. 2013; Zhang et al. 2014), and other ancillary
studies using the Shanghai Women’s Health Study
(SWHS) samples (Petersen et al. 2010; Abnet et al.
2010). All these studies, except for the SBCS and SECS,
drew women from the SWHS, a population-based co-
hort study (Zheng et al. 2005). We defined a suggestive
locus as a genomic region wherein one or more single-
nucleotide polymorphisms (SNPs) showed P < 1 × 10−4

in Stage I and the region was >1 Mb away from GWAS
locus discovered in women of European ancestry. One
or two highly correlated SNPs (r2 > 0.6) in each sugges-
tive novel locus were selected for a replication study
using data from three additional studies in Chinese and
Korean women (see description in Stage II). Index SNPs
or their best proxies of AM or ANM loci identified by
previous GWAS in European ancestry women were also
evaluated in the Stage II study. Basic information on all
participating studies is summarized in Table 1.

Stage I samples and genotyping

A total of 8073 Chinese women from the SGWAS were
included in Stage I (Table 1). These studies were
population-based and applied similar study protocols
to collect blood or buccal cell samples and relevant
exposure information. Interviews were conducted in
person by trained, retired medical personnel, and an-
thropometrics, including height, weight, and circumfer-
ences of the waist and hips were measured by trained
interviewers according to standard protocols. AM, to the
nearest year, was ascertained by participant recall during
the interview. We used the World Health Organization’s
definition of menopause, i.e., the cessation of menstru-
ation for ≥12 months, to determine menopausal status.
Information on age at which menopause occurred and
the reasons for its occurrence (natural menopause,
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hysterectomy or ovariectomy, or other treatment-
induced menopause) were obtained in survey inter-
views. ANM was determined by subtracting the birth
date from the date of the last natural menstrual period.
Women with a non-natural cause of menopause (i.e.,
menopause brought on by surgery, radiation treatment,
or chemotherapy) were excluded. The details on study
design and participant characteristics for the SGWAS
and the SWHS have been described elsewhere (Zheng
et al. 2005; Wen et al. 2014). Written informed consent
was obtained from all participants prior to interview, and
the study protocols were approved by the institutional
review boards of all institutions involved in the study.

Genotyping methods and quality control (QC) in the
SGWAS were previously described in detail (Zheng et al.
2009; Wen et al. 2014). In brief, genotyping was per-
formed using either Affymetrix or Illumina SNP arrays.
For the present study, QC procedures included the remov-
al of SNPs with minor allele frequency (MAF) of <5 %,
Hardy-Weinberg equilibrium (HWE) P values of <1 ×

10−5 and samples with >5 % missing genotypes, outliers
frommultidimensional scaling analyses based on pairwise
identity-by-state (IBS), or duplicates and first-degree rel-
atives based on identity-by-descent (IBD) analysis. After
QC filtering, genotype imputation was performed by each
participating study using MACH 1.0 (Li et al. 2010) with
the Genetic Investigation of ANthropometric Traits
(GIANT) all-reference panel (excluding monomorphic
and singleton sites) from the 1000 Genomes Project phase
1, release v3. A total of 4,633,105 SNPs with an imputa-
tion score of Rsq >0.5 andwithMAF>5%were included
in final AM or ANM association analysis.

Stage I statistical analysis

A linear regression model, adjusted for age, disease
status (e.g., cancer or type II diabetes), and the first ten
principal components from population structure analysis
using linkage disequilibrium (LD)-pruned (pairwise r2

< 0.2) common SNPs with MAF >0.3, was used to

Table 1 Characteristics of participants in the association of age at menarche and natural menopause

Study (acronym) Population Primary trait Age at menarche Age at natural
menopause

n Mean (SD) n Mean (SD)

Stage I: Initial Shanghai GWAS meta-analysis

The Shanghai Breast Cancer Study (SBCS) Chinese Breast cancer cases 2697 14.5 (1.7) 821 50.0 (3.6)

Healthy controlsa 1987 14.7 (1.8) 684 49.1 (4.0)

The Shanghai Endometrial Cancer Study (SECS) Chinese Endometrial cancer cases 827 14.5 (1.7) 457 50.4 (3.4)

The Shanghai Type II diabetes Studies (ST2DS) Chinese T2D cases 1030 14.7 (1.8) 496 49.3 (3.5)

The Shanghai Colorectal Cancer Study (SCRCS) Chinese CRC cases 487 15.1 (1.8) 328 49.2 (3.6)

Healthy controls 730 15.2 (1.8) 531 49.5 (3.4)

Other Shanghai cancer studies Chinese Other cancer casesb 315 15.3 (1.7) 239 48.9 (3.7)

Stage I total 8073 3556

Stage II: replication studies

Nutrition and Health of Aging Population in
China (NHAPC)

Chinese Aging 1230 15.9 (2.1) 1458 48.9 (4.0)

The Seoul Breast Cancer Study (SeBCS) Korean Breast cancer cases 2164 14.7 (1.7) 745 48.4 (5.5)

Healthy controls 2051 15.2 (1.8) 994 49.2 (4.6)

Shanghai Women’s Health Study (SWHS) Chinese Healthy womenc 2877 15.1 (1.8) 1911 49.0 (4.1)

Stage II total 8322 5108

Stage I and II total 16,395 8664

aNote shared controls in GWAS in Stage I; most samples were selected from the Shanghai Women’s Health Study (Zheng et al., 2005)
b These include 219 cases from the Shanghai Upper Gastrointestinal Cancer Study (SUGICS), 46 cases from the Shanghai Pancreatic Cancer
Study (SPCS), and 50 cases with other cancers
c Not included in Stage I GWAS, with genotype data available for several genetic variants noted in Table 2
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evaluate association between SNPs and AM or ANM in
each subset of the GWAS using mach2qtl software (Li
et al. 2009; Li et al. 2010). Fixed-effect inverse-variance
weighting meta-analysis was performed with summary
statistics of beta (per-allele effect on AM or ANM) and
standard error from all GWAS using the METAL soft-
ware (Willer et al. 2010). The presence of heterogeneity
across studies was tested with Cochran’s Q statistics
implemented in METAL. The inflation factor was mod-
est (λ = 1.009) using all SNPs, suggesting little evidence
of population stratification in our studies.

Stage II samples, genotyping, and association with AM
or ANM

The Seoul Breast Cancer Study (SeBCS) is a hospital-
based case-control study conducted in two teaching
hospitals in Seoul (Cho et al. 2009; Kim et al. 2012).
Included in this project were 2164 incident breast cancer
patients recruited between 2001 and 2007. In-person
interviews were conducted to collect information on
known breast cancer risk factors, including AM and
ANM, and anthropometrics by using a protocol and
questionnaire. Controls were 2051 women selected from
a large urban cohort that is participating in the Korea
Genome Epidemiology Study (KoGES), which is an
ongoing cohort study seeking to understand the causes
and risk factors of disease in Korea. These controls were
frequency-matched to cases on age in 5-year intervals.
Information on AM and ANM, demographics, and other
lifestyle factors were collected using a protocol similar to
the SeBCS. DNA from these samples was genotyped
using Affymetrix human SNP array 6.0. A QC procedure
similar to the one used in the Stage I GWAS was con-
ducted in this study, except for the removal of SNPs with
a HWE P < 1 × 10−4. Finally, SNPs with genotype impu-
tation Rsq >0.5 were analyzed for AM or ANM associ-
ation using a linear regression model with age, disease
status, and the first five population structure informative
principal components as covariates.

The Nutrition and Health of Aging Population in China
(NHAPC) is a population-based study, focused on inves-
tigating the association of environmental and genetic fac-
tors with metabolic diseases. A total of 1638 women aged
50–70 years participated in the original study. Details of
the study design and inclusion/exclusion criteria have been
described elsewhere (Ye et al. 2007). Data on demograph-
ic variables including AM (n = 1230) and ANM (n =
1458) were collected using a standardized questionnaire.

Genotyping was performed using Illumina Human660W
arrays. SNPs with MAF <1 % and subjects with a geno-
type call rate of <97 % were removed. Genotype imputa-
tion was performed using IMPUTE v2.3.0 with all-phased
1000 Genome haplotypes version 3 as reference (Howie
et al. 2009). AM or ANM association was conducted
using SNPTEST v2.4.1 (Marchini et al. 2007). The asso-
ciation models included age, region of residence (Beijing
or Shanghai), and the first five population structure infor-
mative principal components as covariates.

Two suggestive AM- and one ANM-associated SNPs
from Stage I were further examined by genotyping using
the Sequenom MassARRAY iPLEX platform (Agena
Bioscience, San Diego, CA, USA) in an additional 2877
healthy women from the SWHS. SNP association with
AM or ANM was measured under a linear regression
model adjusted for age using SAS software, version 9.3
(SAS Institute Inc., Cary, NC, USA).

Stage II meta-analysis

Summary results of AM or ANM association were ob-
tained for each study included in Stage II and conformed
to the association direction according to effective alleles
revealed in Stage I and then meta-analyzed using MET-
AL (Willer et al. 2010). Results from all samples were
obtained through METAL analysis, combining summary
results from Stages I and II. The presence of heterogene-
ity between cohorts for the effect sizes of risk alleles was
investigated using Cochran’s Q test statistic as imple-
mented in METAL (Willer et al. 2010).

Binomial sign test

To evaluate consistency of the direction of association
for the AM- or ANM-associated GWAS SNPs previ-
ously identified in women of European ancestry in our
study of women with East Asian ancestry, we performed
a binomial sign test. Under the null hypothesis that none
of these SNPs/loci are associated with AM or ANM in
East Asian populations, half of these evaluated SNPs/
loci would be expected to have an association in the
same direction as that of European-ancestry popula-
tions.We also conducted a binomial sign test to evaluate
the probability of the number of observed significant
results. Under the null hypothesis, five percent of eval-
uated GWAS SNPs would be expected by chance to be
associated with the study phenotype at P < 0.05 and in
the same direction as those previously reported.
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Results

GWAS of AM and ANM

We identified 37 SNPs at 23 suggestive loci associated
with AM and 32 SNPs at 26 suggestive loci associated
with ANM at P < 1 × 10−4 from the Stage I study (Sup-
plementary Tables S1 and S2). The association direction
of these SNPs was consistent across the GWAS sample
sets (Tables S1 and S2). In Stage II, however, none of
these suggestive SNPs, except for rs79195475, were
significantly associated with AM or ANM in either the
healthy Chinese women or Korean women set at
P < 0.05 (Tables S1 and S2). In the combined samples,
two intergenic SNPs, rs1023935 at 4p15.1 and
rs79195475 at 10q21.3, were consistently associated
with AM. The intron 3 SNP rs3818134 in the SFI1 gene
(NM_014775) at 22q12.2 was associated with ANM,
with a combined P of 8.8 × 10−6 (Table 2).

Replication of previous AM GWAS loci in East Asian
women

A total of 110 independent index SNPs at 98 GWAS loci
identified from previous studies in women of European
ancestry were evaluated in East Asian women; of them,
82 (74.5 %) SNPs showed a highly significant concor-
dance of association in the same direction as that found
in European-ancestry women (P = 2.5 × 10−7, binomial
sign test; Supplementary Table S3).As shown inTable 3,
22 independent index SNPs representing 19 GWAS loci
for AM were nominally replicated in the current study
(P < 0.05 and in the same association direction), a find-
ing highly unlikely to be attributed to chance (P = 2.5 ×
10−8, binomial sign test). The SNP at the Lin-28 Homo-
log B gene (LIN28B) locus, rs7759938, had the stron-
gest association (P = 3.5 × 10−8; Table 3 and Supple-
mentary Table S3). Another independent signal (tagged
by rs10453225) within TMEM38B and the SNP
rs1400974 downstream of the SATB2 also survived
Bonferroni correction for multiple comparisons
(P < 4.1 × 10−4, Table 3).

Replication of previous ANMGWAS loci in East Asian
women

Table 4 summarizes the results of 21 independent
ANM-associated index/proxy SNPs at 20 GWAS loci
previously identified in European-ancestry women. T
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Sixteen SNPs showed a same direction association in
East Asian women as that found in European ancestry
women (P = 0.027 for binomial sign test). Five SNPs
were nominally replicated (Table 4), showing a proba-
bility that is significantly higher than what would be
expected by chance at the P < 0.05 level (P = 0.003,
binomial sign test). The association for rs4246511 near
the RHBDL2 gene and an intronic SNP rs11668344 in
TMEM150B remained significant after Bonferroni cor-
rection for 21 independent SNPs evaluated in East Asian
women (P < 0.0024).

Discussion

Although limited in statistical power, in this study of up to
16395 East Asian women, we identified two suggestive
novelAMloci and replicated19of the98 independent loci
for AM, which were previously reported in European
ancestry women. In the analysis of up to 8664 East Asian
women, we identified one novel suggestive locus and
replicated 5 of the 20 independent loci for ANM.

To our knowledge, this study is the first meta-
analysis of GWASs in women from two East Asian
countries to search for novel genetic loci associated with
AM and ANM. Our study also offered a unique oppor-
tunity to assess shared genetic determinants of the AM
or ANM loci between women of European ancestry and
women of East Asian ancestry.

Several limitations in our study deserve mention.
First, the relatively small sample size in our study offered
a limited statistical power to detect novel genetic loci for
these two complex reproductive phenotypes or to repli-
cate most of the previously reported GWAS loci that have
a small per-allele effect. For example, under an additive
inheritance mode, with allele frequency of 0.25 and per-
allele effect of 0.123 year-change on AM, our study with
16,395 women has only 46 % power to discover the
novel locus 10q21.3 represented by rs79195475 at the
genome-wide significance level (P < 5.0 × 10−8). Power
of 13,518 women with available imputed genotype data
ranged from 9 to 100 % to replicate GWAS loci with
MAF of 0.05–0.50 and reported per-allele effect between
0.03 and 0.12 years. Second, self-reported AM or ANM
may suffer from measurement errors, which further
lowered the statistical power of our study. Finally, het-
erogeneity was observed between studies or sample sets
in this two-stage GWAS, although effective allele fre-
quencies are generally comparable across the sample sets

(Tables S1 and S2). We have applied study-specific
analyses and adjusted for population stratification in our
study to overcome this limitation.

This study highlights a possible novel AM locus near
the NKX2-1 gene. Notably, this promising locus at the
NKX2-1 gene (Table S1) was also associated with AM in
the Japanese population (P = 7.4 × 10−6) (Tanikawa et al.
2013). Moreover, meta-analysis of SGWAS data and
available summary results of four Japanese GWASs con-
firmed this novel genome-wide significant AM locus in
East Asian women (rs2076751: beta of allele A =
−0.105 years, standard error = 0.017, P = 1.3 × 10−9).

Our meta-analysis of summary results from GWAS
datasets (not includingdataof the2877samplesgenotyped
using the Sequenom MassARRAY platform) shows a
significant association of rs79195475 with AM (beta =
−0.145 years, standard error = 0.030, P = 1.0 × 10−6).
However, theper-allele effect onAMin the2877addition-
al healthy Chinese women from the same population in
Shanghai,China,wasvery low (beta = −0.012years, stan-
dard error = 0.054, not shown inTable 2), thus substantial-
ly attenuating the association effect from the GWASs and
resulting in significant between-study heterogeneity (P =
0.020). The suggestive variant rs79195475 resides in an
intergenic region at 10q21.3, which is 707 kb away from
the closest gene CTNNA3 encoding catenin (cadherin-
associated protein), alpha 3. This protein plays a role in
cell-cell adhesion in muscle tissue. CTNNA3 gene muta-
tionsare thought tocausearrhythmogenic rightventricular
cardiomyopathy (van Hengel et al. 2013), and an intron
SNP rs12251332 in theCTNNA3genehas been implicat-
ed in heart failure-related serum pyroglutamine level
change (Yu et al. 2013). However, whether the suggestive
AM locus tagged by rs79195475 is involved in regulation
of CTNNA3, the biological mechanism for its association
with AM remains unknown. The second suggestive AM
locus, tagged by rs1023935, is mapped to a gene desert
region at 4p15.1. The per-T allele effect in the GWAS
ranged from −0.100 in the SeBCS to −0.200 years in the
SGWAS; again, its effect sizewas relatively small (beta =
−0.035) in the2877SWHSwomen(not showninTable2).

For ANM, we identified a suggestive locus at 22q12.2
tagged by rs3818134 within intron 3 of the SFI1 gene.
Notably, each additional copy of the major T allele de-
creased 0.454 ± 0.089 years in menopause age in 3556
women participants in the SGWAS, but only 0.063 ±
0.139 years among 1911 unrelated healthy women from
the SWHS (not shown in Table 2). The spindle assembly-
associated Sfi1 homolog protein encoded by SFI1

520 AGE (2016) 38:513–523



regulates the dynamic structure of centrosome-associated
fibers via its interaction with centrin EF-hand protein 2
(Martinez-Sanz et al. 2010). No genetic variants in the
SFI1 gene region have been previously reported to be
associated with any human disease or trait, including
ANM. Therefore, further studies are warranted to investi-
gate this suggestiveANMlocus around theSFI1gene and
functionally support its biological connection to ANM.

By analyzing available data of the East Asian women
from China and Korea, we nominally replicated 19 out of
the 98 AM loci previously identified through GWAS in
European ancestry women (Table 3). The effect sizes of
these most-significantly associated loci at LIN28B and
TMEM38B were approximately 6.8 and 4.0 weeks, re-
spectively, comparable to those estimated from 182416
European women (Perry et al. 2014). Three independent
signals (represented by SNPs rs10816359, rs10453225,
and rs10739221) at the TMEM38B gene region and two
independent signals (represented by SNPs rs2153127
and rs7759938) within the LIN28 gene region were nom-
inally replicated (P < 0.05, Table 3). The third indepen-
dent signal represented by rs4946632 at the LIN28B
locus was not replicated (P = 0.191, Supplementary
Table S3), possibly reflecting allelic heterogeneity
among women populations of different ancestry and/or
the present under-powered study (n = 13518) or a small
effect size detected by the European GWAS with a one-
order larger sample size (Perry et al. 2014).

We replicated 5 of the 20 previous GWAS-identified
ANM loci at P < 0.05. These significantly associated
SNPs are mapped to the protein-coding genes of
RHBDL2, UIMC1, and two closely neighboring genes,
BRSK1 and TMEM150B, within the same LD block,
respectively. The RHBDL2-encoded human rhomboid-
like intra-membrane serine protease could activate epi-
dermal growth factor receptors (Adrain et al. 2011). The
coding-synonymous SNP rs365132, in the ubiquitin
interaction motif-containing 1 gene (UIMC1), is an
expression-quantitative trait locus for nearby genes
FGFR4 and ZNF346 in the cortex. UIMC1 functions
in DNA repair via interaction with BRCA1 and estrogen
receptor α (Stolk et al. 2012). BRSK1 is an AMP-
activated protein kinase (AMPK)-related serine/
threonine kinase, which regulates neurotransmitter re-
lease at the axonal terminals (Inoue et al. 2006). Trans-
membrane protein 150B (TMEM150B), also known as
TMEM224, belongs to the damage-regulated autophagy
modulator family, containing a conserved domain of
FGF receptor-activating protein 1. Although the

abovementioned four genes are moderately expressed
in human ovaries, no solid evidence indicates a role of
their encoded proteins in regulating ovarian aging and
thus changing age at menopause.

In conclusion, our genome-wide study of up to
16,395 women of Chinese or Korean ancestry identified
two suggestive novel loci for AM and one locus for
ANM. In addition, our study nominally replicated 19
AM loci and 5 ANM loci previously identified through
GWAS among women of European ancestry. These
findings call for larger-scale studies in non-European
ancestry populations for identifying additional novel
genetic loci and replicating loci for AM and ANM
previously identified in women of European ancestry.
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