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ABSTRACT

Genetic studies on menarche and menopausal timings are sparse but represent just the
beginning. This review presents the findings reported in light of candidate-gene association
studies, genome-wide linkage analyses and genome-wide association studies with an
emphasis on the possible future prospects for uncovering the hidden basis of age at menarche
and menopause.
English-language articles until January 2017 were retrieved from Pub Med and Google
Scholar databases (search string “candidate-gene, linkage, genome-wide, association study
in combination with menarche and menopause”) and reference lists of relevant articles.
Few articles were excluded following HuGE review guidelines.
Menarche and menopause are complex traits and their timings vary with ethnicity and
geographies. They are influenced by both genetic and environmental factors and have been
found to be associated with several complex disorders. The genetic variation studies have
been tried to understand, through candidate-gene association studies, genome-wide linkage
analyses, and genome-wide association studies (GWAS), out of which only GWASs have
proved to be highly successful in identifying significant associations in contrast to other
two approaches.
The studies reveal that all the identified loci affecting menarche and menopausal timings
needs replication and validation on diverse ethnic groups through the implementation of a
systems approach which may lead to identification of causal variants, expanding our
knowledge of the underlying physiology and biological regulation of these traits.
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INTRODUCTION

A woman’s health mainly revolves around pre- and post-reproductive phases. These
two phases of a woman’s life are significantly marked by the two hallmark events,
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also epidemiologically denoted by age at menarche (AAM) and age at natural
menopause (ANM). Menarche (first menstruation) and menopause (end of
menstruation) are significant qualitative developmental events in the lives of females
(te Velde and Pearson, 2002), given its relevance to general as well as reproductive
health. Menarche is defined as the start of menstruation and occurs at a mean age
of approximately 13 years with a normal range of 9 to 17 years, normally about 2
years after the onset of puberty. Natural menopause is, as defined by the World
Health Organisation, as at least twelve consecutive months of amenorrhea, not
because of surgery or other obvious causes (i.e., bilateral oophrectomy, radiation
treatment or chemotherapeutic agents) (World Health Organisation Scientific
Group, 1996). Owing to women health implications, both the events have been
found to be highly associated with several chronic health risks, followed by
morbidity and mortality.

Early menarche is found to be associated with the risk for gynaecological cancers,
viz. breast cancer (Kvale 1992; Peeters et al., 1995; Velie et al., 2006), ovarian cancer
(Salehi et al., 2008; Hartge et al., 2009) and endometrial cancer (Kaaks et al., 2002; Xu
et al., 2004; Dossus et al., 2010; He et al., 2010; Stockl et al., 2011; Cramer et al., 2012),
obesity (Adair and Gordon-Larsen, 2001; Freedman, 2003; Ong et al., 2007), type 2
diabetes (Lakshman et al., 2008; He et al., 2010), hypertension (Hartge, 2009) and
shorter adult stature (Ong et al., 2007). Earlier menopause has been linked with
increased risk for cardiovascular diseases (Barett-Conor and Goodman Gruen, 1995;
van der Schouw et al., 1996; Wise et al., 1996; Hu et al., 1999; Mondul et al., 2005;
Atsma et al., 2006; Lisabeth et al., 2009), osteoporosis (Kritz Silverstein and Barett-
Conor, 1993; Ito et al., 1995; Osei-Hyiaman, 1998; Grainage et al., 2001) and mortality
(Hu et al., 1999; Mondul et al., 2005; Osserwade et al., 2005; Jacobsen et al., 2003,
2007; Lakshman et al., 2009; Giles et al., 2010).

A late menopause has been linked with increased risk for breast cancer (La Vecchia
et al., 1992; Kok et al., 2005) and mental health problems (Golub et al., 2008;
Lakshman et al., 2008). Conversely, late menarche and early menopause has been
found to be associated with increased risk of osteoporosis (Silman, 2003; Paganini-
Hill et al., 2005; Naves et al., 2006), decreased incidence of coronary heart disease
(Kannel et al., 1976; Rees et al., 1995; van der Graaf et al., 1997; Cooper et al., 1999;
Cui et al., 2006), reduced fertility span (te Velde and Pearsons, 2002), Alzheimer’s
diseases (Paganini-Hill and Henderson, 1994, 1996; Rees et al., 1995) and stroke
(Cui et al., 2006). Also associated with increased risk for a number of psychosocial
outcomes in adolescents includes substance use, sexual risk taking, teenage
pregnancy (Stice et al., 2001; Harlow et al., 2004; Golub et al., 2008), depression
(Kaltiala-Heino et al., 2003) and eating disorders (Kaltiala-Heino et al., 2001). Recent
data also suggests that AAM is significantly associated with body composition,
insulin sensitivity and blood lipid levels (Feng et al., 2008; Dvornyk and Ul-Haq,
2012).

There is a secular trend in the AAM and ANM with a steady decline in past several
decades (Hwang et al., 2003; Herman-Giddens 2007; Dvornyk and Ul-Haq., 2012)
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both in developed countries (Anderson et al., 2003; Anderson and Must, 2005; Biro
et al., 2006) and developing countries (Singh and Malhotra, 1988; Bagga and
Kulkarni, 2000; Hwang et al., 2003; Hosny et al., 2005; Goon et al., 2010). AAM and
ANM are complex traits that are influenced by several intricate array of
environmental, lifestyle, epigenetic and genetic factors. Environmental and lifestyle
factors include improved nutritional status (ESHRE_Capri_Workshop_Group, 2006;
Khadilkar et al., 2006), climatic influences (Albright et al., 1990, Khadilkar et al.,
2005), smoking (van Asselt et al., 2004c; Kok et al., 2005), socio-demographic
factors, urbanization, sedentary lifestyle (Treloar and Martin, 1990; Meyer et al.,
1991; Kaprio et al., 1995; Chie et al., 1997; Gold et al., 2001; Morris et al., 2010),
hormonal regulation (IGF-1, ghrelin, leptin and insulin) (Parent et al., 2003; DiVall
and Radovick, 2008), improved socio-economic (Gold et al., 2001; Khatoon et al.,
2011) and sanitary conditions (Gama, 2008), decreased physical activity
(Kaplowitz, 2008; Cho et al., 2009), body mass index(BMI) and childhood obesity
(Khatoon et al., 2011) etc. Heritability estimates from family and twin studies
ranges from 53% to 74% for AAM (Chie et al., 1997; Kaprio et al., 1995; van der
Berg et al., 2007; Meyer et al., 1991; Sharma, 2002) and from 44% to 65% for ANM
(de Bruin et al., 2001; Murabito et al., 2005a; Sneider et al., 1998; van Asselt et al.,
2004b and Voorhuis et al., 2010). Also, it has been estimated that environmental
and lifestyle factors explain only a small proportion (about 3%) of observed
variation in AAM (Chie et al., 1997) and ANM (van Noord et al., 1997; Voorhuis et
al., 2010; Carty et al., 2013), which suggest the possible involvement of genetic
influences.

Therefore, in this review we have made an attempt to provide an overview of
recent studies conducted on age at menarche and age at natural menopause via
three genetic approaches namely candidate-gene association studies, genome-wide
linkage analyses and genome-wide association studies. After discussing the major
findings we sought to suggest the possible future prospects in relation to menarche
and menopausal timings.

METHODS

All papers published in English language were searched until January 2014 from
electronic databases such as MEDLINE (Pub Med) and Google Scholar using the
keywords menarche, age at menarche, menopause and age at menopause in
combination with ‘polymorphism’, ‘genetics’, ‘candidate gene’, ‘linkage’, ‘genome
wide’ and ‘association study’. In addition reference lists of relevant articles were
also screened. All the retrieved papers were then screened for relevance to the
topic of this manuscript following the HuGE guidelines (Bray et al., 2006; Ioannidis
et al., 2008). Following these guidelines few papers were excluded and thus final
selected set of articles included all papers on candidate gene association studies,
genome-wide linkage analyses and genome-wide association studies on age at
menarche and age at menopause (Figure 1).
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RESULTS

In total 7,370 articles on the genetics of age at menarche and menopause emerged.
These include 52 articles on candidate-gene association studies, 8 on genome-wide
linkage analysis and 20 on genome-wide association studies for menarche and
menopause which are discussed as follows.

CANDIDATE GENE ASSOCIATION STUDIES

Till date many candidate gene association studies have been conducted in
association with age at menarche (Table 1A) and age at natural menopause (Table
1B) on various ethnic groups including Europeans, Chinese, Japanese, Blacks,
Indian-Pakistani and African-Americans. Of this majority of the genes can be
divided into two major biological pathways: genes involved in Steroid-hormone
or estrogen-metabolism and biosynthesis pathways and Vascular-function related
genes and few other miscellaneous genes.

Candidate-genes related to estrogen-metabolism and biosynthesis pathways

As explained earlier, menarche and menopause are associated with significant
changes in hormone levels, in particular organ-specific effects of estrogen on growth,
differentiation, and function of reproductive tissues (Sizonenko, 1989; Voorhuis et
al., 2010; Dvornyk and Ul-Haq, 2012). However, many studies conducted have

Figure 1: Flowchart depicting the process of selection of genetic studies for age at
menarche and age at menopause

Articles retrieved electronically from
PubMed and Google Scholar = 7,370

Exclusion of non-relevant articles (also
including only available title/abstract)

= 7,290

Selected full-text articles for this
review = 80

Candidate-gene association studies = 52
Genome-wide linkage analyses = 8

Genome-wide association studies = 20
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yielded very few consistent associations. The first report published in 1997 in relation
to association of estrogen-metabolizing genes with age at menarche found that
A17A1 genotype of the common Msp1 polymorphism of the CYP17 genes was
found to be associated with a later age at menarche (Fiegelson et al., 1997).
Subsequently, many other studies on CYP family genes were conducted in relation
to both AAM (Lai et al., 2001; Guo et al., 2006b; Mitchell et al., 2008) and ANM
(Gorai et al., 2003; Hefler et al., 2005; Kok et al., 2005; Long et al., 2006; Mitchell et al.,
2008). However, some studies did not reveal any effect of CYP polymorphisms on
age at menarche, i.e. p > 0.05 (Kulik-Rechberger et al., 2007) and age at natural
menopause (Guo et al., 2006b; He et al., 2007). However, a CYP polymorphism was
found to commonly associate with an earlier age at menarche (Mitchell et al., 2008)
and a later age at natural menopause (Long et al., 2006), i.e. CYP1B1. Another
member CYP19A1 gene was found to be associated with both AAM (Guo et al.,
2006b; Mitchell et al., 2008; Xita et al., 2010) and ANM (He et al., 2007; Mitchell et al.,
2008). However, two of the studies related to AAM (Mitchell et al., 2008; Xita et al.,
2010) must be treated cautiously as these employed very small sample sizes (130
and 152 respectively).

Estrogen receptor � (ESR1) is a pleiotropic gene commonly studied for its association
with various phenotypes. Two frequently analysed polymorphisms of this gene
are Xba I (rs9340799) and PvuII (rs2234693) (Dvornyk and Ul-Haq., 2012). The first
candidate gene association study on age at natural menopause was conducted in
1999 by Weel et al. and found a significant association between the PvuII SNP in
the estrogen-receptor gene (ESR1), which could not be replicated in subsequent
studies (Gorai et al., 2003; Kok et al., 2005; Dvornyk et al., 2006b). Another
polymorphism of this ESR2 with ANM was found by He et al., 2007 and later
confirmed in 2010 by He et al. Both these polymorphisms were also found to be
associated with age at menarche in some studies (Stavrou et al., 2002; Long et al.,
2005; Stavrou et al., 2006) but not in others (Stavrou et al., 2002; Gorai et al., 2003;
Boot et al., 2004; Mitchell et al., 2008; Silva et al., 2010; Manuck et al., 2011). Another
association of ANM in the estrogen-synthesizing gene hydroxysteroid
dehydrogenase (HSD17B1) was found to be associated with late menopause
(Mitchell et al., 2008), but not studied in subsequent studies. One more study found
a significant association of functional polymorphism (rs1042838, Val660Leu) of the
progesterone receptor gene (PGR) with AAM (Taylor et al., 2010).

Vascular-function related candidate genes

It has been hypothesised that disease associated with vascular ageing and traits
(AAM and ANM) associated with reproductive importance are linked to each other
such as, cardiovascular disease is associated with AAM and ANM (van der Schouw
et al., 1996; Hu et al., 1999; Mondul et al., 2005 and Lisabeth et al., 2009) showing
individual variation in these two traits (Kurjak and Kupesic, 1995; Hayward et al.,
2000). Conversely, cardiovascular risk factors are associated with AAM and ANM
(Kok et al., 2006).



54 Ind. J. Phys. Anthrop. & Hum. Genet. Vol. 35. No. 1, 2016

Three genes involved in vascular function pathway such as Factor V (FV),
apolipoprotein E gene (APOE) and nitric oxide synthase (Nos3) have been found
to be significantly associated with AAM (Worda et al., 2004; Tempfer et al., 2005;
Liu et al., 2010) and age ANM (Hefler et al., 2002; van Asselt et al., 2003; Koochmeshgi
et al., 2004; Worda et al., 2004; Tempfer et al., 2005; He et al., 2009b), but needs to be
replicated due to conflicting results.

Miscellaneous Genes

Besides estrogen metabolizing genes and vascular function related genes, several
other genes related to both age at menarche and natural menopause involved in
other metabolic processes were also studied. Chemokine (C-C motif) receptor
(CCR3) is involved in metabolic pathway related to endometrial function (Zhang
et al., 2000), was found to be significantly associated with AAM (Yan et al., 2007),
and later confirmed by Liu et al.(2009). Similarly, another study identified a novel
candidate gene i.e. Sparc/Osteonectin CWCV and Kazal-like domains proteoglycan
(SPOCK) related to AAM (Liu et al., 2009). As mentioned earlier serum leptin levels
have been found to be inversely correlated with AAM (Ebling et al., 2005; DiVall
and Radovick, 2008). However two leptin genes tested for association gave negative
results (Corrings et al., 2001; Rothenbuhler et al., 2009). In contrast, a replacement
polymorphism (Q223R) of the leptin receptor gene (LEPR) was found to be
significantly associated with AAM (Riestra et al., 2011).

Two another most important genes TNFRSF11A and TNFSF11 (aka RANK and
RANK L respectively) were found to be associated with AAM (Lu et al., 2010).
These are involved in cell division regulation (proliferation, immunity,
morphogenesis of the lymphoid tissues) (Anderson et al., 1997; So et al., 2006). Other
candidate gene association studies related to AAM include IGF1 (Zhao et al., 2007),
VDR (Grimm et al., 2005), but their results are inconclusive and therefore need
replication and validation in future studies.

Likewise, for ANM, Histidine decarboxylase gene (HDC), a crucial enzyme for
synthesis of histamine in humans, that in turn stimulates the secretion GnRH
important for female reproduction, was found to be significantly associated (Zhang
et al., 2006), but need validation through other studies. Other candidate gene
association studies related to ANM include AMHR2 (Kevenaar et al., 2007a), IL-
1RA (Riener et al., 2004), VDR (Dvornyk et al., 2006a), DAZL (Zerbetto et al., 2008).
Furthermore some SNPs may not be associated with AAM and ANM directly but
may influence these through SNP/SNP or/and SNP/environment interactions.
For instance, methylenetetrahydrofolate reductase (MTHFR) important for
homocysteine metabolism was found to be associated through three SNP/SNP
interactions (Liu et al., 2010). In a recent study for ANM, pair wise interaction
between two SNPs in AMH (rs10407022) and AMHR2 (rs11170547) was found to
be significantly associated with it (Braem et al., 2013). Anti-mullerian hormone
(AMH), produced solely in the ovaries is a validated biomarker for ovarian ageing,
as serum levels of this hormone are strongly correlated with the number of growing
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follicles (Freeman et al., 2012;Visser et al., 2012; van Dorp et al., 2013). Therefore,
AMH levels are strong predictors of ANM (Freeman et al., 2012; van Dorp et al.,
2013).

Beside all above, the most significant study was recently conducted by He et al.
(2010) using whole gene approach, whereby the consolidated biologically relevant
information for identifying and testing whether the common polymorphism in
candidate genes (including regulatory and coding regions), adjusted for multiple
testing, were statistically significant at gene level. Of these, nine genes from the
group of genes of biological plausible pathways and related phenotypes were
associated with AAM and sixteen genes with ANM. They also found that common
variants in the steroid-hormone metabolism and biosynthesis pathways were
significantly associated with AAM; and the group of genes involved in extremes of
phenotypes i.e. precocious or delayed puberty and premature ovarian failure, were
significantly associated with AAM and ANM respectively.

Interestingly, one SNP in the FSHB genes was found to be associated with an older
AAM as well as older ANM. Overall we can see that candidate gene association
studies have not yielded findings that have been consistently validated and thus
needs further extensive candidate gene association studies.

GENOME-WIDE LINKAGE ANALYSIS

A genome wide linkage study is usually analysed using the logarithm of the odds
(LOD) score. A LOD score � 3 indicates a significant evidence of linkage, while a
LOD score ranges between 2 and 3 is considered as a suggestive evidence of linkage.
Very few studies have been conducted in relation to age at menarche and age at
natural menopause and that to all only in European descent consisting of sister-
pairs which are discussed as follows:

Age at Menarche (AAM)

Till date, in total four genome wide linkage analyses related to AAM have been
published (Table 2A). A univariate genome wide linkage scan by Guo et al. (2006a)
found a strong linkage signal at genomic region of 22q13 (LOD = 3.70) and other
two suggestive linkage signals on 22q11 (LOD = 2.68) and 11q23 (LOD = 1.98)
respectively. They also detected significant epistatic interactions between genomic
regions 22q13 and 3q13. Pan et al. (2008) conducted a bivariate genome wide linkage
scan and reported a significant signal at chromosomal region (LOD = 3.33) along
with an additional suggestive genomic region 3p25 (LOD = 2.36) that may harbour
genes for both AAM and bone mineral density.

Another study conducted by Rothenbuhler et al. (2006) reported two linkage regions
at 16p21 (LOD = 3.33), 16p12 (LOD = 3.12) and one suggestive region at 8p12 (LOD
= 2.18), who incorporated adjustments for menarcheal weight in their analysis.
These loci might be involved in weight-independent variability of AAM (He and
Murabito, 2014). However, the sample size of this study was much smaller, only 98
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sister-pairs. The last and the most recent study till date was done by Anderson et
al.(2008). Despite the large genome scan and large number of independent sister-
pairs, no significant linkage signals were identified, but reported a suggestive locus
at 12q (LOD = 2.0).

However, certain regions span about 1Mb and harbour nearly 50 genes, some of
which may be candidate genes for AAM (Rothenbuhler et al., 2006). Furthermore,
all these linkage studies need replication for better understanding.

Age at natural menopause (ANM)

Only two genome wide linkage analyses related to ANM have been conducted till
date (Table 2B). van Asselt et al. (2004) conducted the first genome wide linkage
analysis related to ANM using selective sampling restricting the sib-sister pairs
with menopausal ages in the extremes of menopausal age distribution (� 45years
and/or � 54years) (van Asselt et al., 2004b). This study found a significant locus at
Xp21.3 (LOD = 3.1) and a suggestive locus at 9p21.3 (LOD = 2.6). The observed
region on X chromosome has been previously reported to be linked with a region
involved in premature ovarian failure (POF) and a subgroup analysis later showed
that this region not only influences POF but might also affect early menopause
and/or menopausal age as a whole. Another region at chromosome 9 includes
multiple genes of which BCL2 gene is involved in apoptosis and the rate of apoptosis
in the ovarian follicle pool could well play a role in determining ANM (Billig et al.,
1996) and therefore, BCL2 could be a possible contributing gene for ANM.

The second and the last genome wide linkage analysis till date, related to ANM,
was done by Murabito et al., 2005. No significant loci were identified but three
suggestive linkage of novel loci were reported on chromosome 8 at 26cM (8p22;
LOD = 2.6), chromosome 16 at 11cM (16p13.3; LOD = 2.4) and analysis adjusted for
generation, smoking and BMI revealed suggestive linkage at chromosome 11 at
113cM (11q23.3; LOD = 2.1). However, these linkage studies need replication for
identification of underlying genes related to age at natural menopause.

GENOME-WIDE ASSOCIATION STUDIES

To overcome the limitations and difficulties of candidate gene association studies
and genome wide linkage analysis in discovery of novel susceptibility loci for age
at menarche and age at natural menopause, advent of genome wide association
studies brought about a significant genomic association related to age at menarche
and age at natural menopause.

GWAS of age at menarche (AAM)

Since 2009 till today many studies have been carried out to study the genomic
association of age at menarche (AAM) and have identified many new novel genetic
loci (Table 3A). All the studies up till 2010 included women of European ancestry.
In addition, most recently in 2013 five more genome wide association studies related
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to AAM have been conducted. Unlike earlier studies (till 2010), here women
recruited were from Chinese, Korean, African-American, Japanese ethnicity and
one of the studies included multiethnic females (American-Indians, African-
Americans, Asians, European-Americans, Hispanics and Native Americans). The
AAM was ascertained retrospectively by self-recall (accuracy tested by Must et al.,
2002) to the nearest whole year in all the studies. Women reporting an AAM less
than 8 years or more than 18 years were excluded from the analysis.

A significant confounding study was carried out by He et al. (2009), whereby they
carried out a joint analysis of two Genome-wide association studies (GWAS) for
AAM in a total sample of 17,438 women from two prospective cohort studies, the
Nurse’s Health Study (NHS) and the Women’s Genome Health Study (WGHS).
This study identified ten associated SNPs (P < 10-7 to 10-13) clustered at two newly
identified genetic loci viz. 6q21 (in or near the gene LIN28B) and 9q31.2 (in an
intergenic region). Meanwhile, in the same year 2009, four more GWA studies were
simultaneously being conducted. Ong et al. (2009), tried to identify common variants
associated with the timing of puberty, and conducted a GWAS for AAM in 4,714
women from two general population studies and one obese case study. This study
identified only one SNP, rs314276 in intron2 of LIN28B (chromosome 6), which
reached genome-wide statistical significance. Here, overall major C-allele was found
to be associated with a mean 0.22 years earlier menarche. Another study by Sulem
et al. (2009) confirmed the findings of He et al. (2009). This study also reported
significant associations on 6q21 between rs314280 (T-allele), near LIN28B gene and
1.2 months later AAM per T-allele among the GWA study conducted on 15,297
Icelandic women.

A meta-analysis of genome-wide association study conducted by Perry et al. (2009)
was found to be consistent with He et al. (2009) study, showing the strongest signal
at 9q31.2 (intergenic region) (nearest genes: TMEM38B, FKTN, FSD1L, TAL2 and
ZNF462) followed by the next best signal near LIN28B gene (rs7759938). Another
GWAS but much smaller one was conducted on 38,000 SNPs in 477 Caucasian
women by Liu et al. (2009) followed by a replication study identified a novel gene,
SPOCK (Sparc/Osteonectin, CWCV, and Kazal-like domains proteoglycan), which
had seven SNPs (rs2348186, rs7701979, rs13357391, rs1859345, rs10054991,
rs12653349, rs19779700) associated with AAM. However, no further replication of
this gene has been done in large cohort size GWAS. Thus, it likely represents a
false positive finding.

For substantially increasing the power of the study and for identification of
additional loci for the phenotype of interest, a much larger genome wide association
study was needed. Therefore, all the above four study groups along with several
other studies merged to form the International ReproGen Consortium, which
includes more than 30 studies from the US, Europe and Australia to study the
genetics of reproductive traits mainly among the women of European ancestry
(Elks et al., 2010; Stolk et al., 2012; He and Murabito., 2014) and therefore, this
ReproGen Consortium identified loci for AAM in an expanded meta-analysis of 32
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genome-wide association studies in 87,802 European females with replication in
up to 14,731 women. In addition to known loci at LIN28B (6q16.3) and 9q31.2 (He
et al., 2009), this study identified 30 novel loci and evidence for a further 10 possible
new menarche loci. Overall, these 42 loci account for 3.6-6.1% of the total observed
variation in AAM (Elks et al., 2010).

Hong et al. (2013) conducted a replicated study of genome wide association study
on AAM in the Korean females. They examined the association of the SNPs reported
in ReproGen Genome wide association study (Elks et al., 2010) with individuals
from Korean Genome and Epidemiology study (KoGES) cohort. They found
replication of the ReproGen study in 2 SNPs; one SNP (rs466639) in the retinoic
acid receptor gamma gene (RXRG), showing a significant association with early
menarche and the second SNP (rs10899489) in GRB2 (growth factor receptor bound
protein 2) associated binding protein 2 (GAB2), associated with late menarche.
Thus suggesting that genetic factors related to AAM in Korean population would
be different from European population, indicating role of modulating or interacting
factors (environmental factors such as nutrition) in determining AAM.

In another study by Delahanty et al. (2013), they tried to comprehensively evaluate
the transferability of AAM-associated genetic variants (37 of the already identified
42 loci by Elks et al., 2010) from European to Asian ancestry (Chinese) women.
Three genome wide association study cohorts of Chinese ancestry: (i) the Shanghai
Breast Cancer genetic study (SBCGS). (ii) The Shanghai Endometrial Cancer genetics
study (SCCGS) and (iii) the Shanghai Diabetes genetics study (SDGS) were studied
to unravel whether the loci influencing AAM in Europeans also do so in Asian
populations. They reported the same direction of allelic association for 32 of 37
evaluated variants between women of European and Chinese ancestry, 9 of which
were statistically significant suggesting that the associated SNPs and the causal
alleles are in LD with each other for both the ancestry. But this study needs
replication and validation.

Carty et al. (2013) conducted a multi-ethnic Population Architecture using Genomic
Epidemiology (PAGE) study and replicated three SNPs (two loci), previously
associated with AAM (rs314277, rs314280, rs7861820; He et al., 2009; Sulem et al.,
2009) in American-Indians, African-Americans, Asians, European-American,
Hispanics and Native Hawaiians. They replicated finding for AAM SNPs in the
LIN28B locus and an intergenic region on 9q31.2 in European-Americans. Also,
LIN28B SNPs (rs314277 and rs314280) were significantly associated with AAM in
Asians but not in other race/ethnicity groups. However, fine mapping of these
regions may show strong and consistent effect across all populations.

Demerath et al. (2013) conducted an extensive and the largest genome wide
association study till date of AAM in African-American women from 15 cohort
studies [including Women’s Health Initiative (WHI); four cohorts within Candidate
Gene Association Resource (CARe): ARIC, CARDIA, LFS, JHS, BHS, HANDLS;
eight Breast Cancer case-control studies in African-American Breast Cancer
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Consortium (AABC): CBCS, CARE, MEC, NBHS,NC-BCFR/SFBCS, PLCO,WFBC,
WCHS and also Black Women’s Health Study (BWHS)] followed by meta-analysis
and conditional analysis and investigation of 42 loci in European-American women.
Although no single SNP reached wide significance but identified a number of
suggestive associations near FLRT2 and PIK31 and conditional analysis identified
two independent SNPs (rs339978 and rs980000) in or near RORA that might help
define novel biological pathways involved in AAM. They also confirmed that many
menarche loci [about 60% (25)] identified in European-American women generalise
to African-American women, providing the first evidence of cross-ethnic
generalization of menarche loci, and for some of these loci, examination of African-
American samples allowed resolution of multiple signals, better localization of their
respective signal and stronger association with menarche than the originally
reported SNPs. However, certain limitations of this study (such as sample size,
inability to identify rare variants, environmental heterogeneity, and insufficient
statistical power) form an interesting avenue for future investigations.

Last but not the least study of 2013 was conducted by Tanikawa et al., who conducted
a large-scale meta-analysis of genome wide association study related to AAM among
Japanese females. They evaluated 33 SNPs of already identified SNPs in the
European ancestry and among them found two SNPs: rs4452860 and rs7028916 in
TMEM38B, to be associated with AAM in the same direction as reported in earlier
studies. In addition six loci in or near CCDC85A, LoC100421670, CA10, ZNF483,
ARNT2 and RORA exhibited suggestive association with AAM. For LIN28B,
although the direction of association was consistent, indicating it to be a common
AAM locus, but its effects were relatively small among the Japanese population.
As no SNPs reached genome-wide significance, a large- sized study is needed to
identify other genetic factors with modest effects.

Besides genomic associations, above studies on AAM also showed pleiotropic
associations with secondary characters viz., earlier breast development, earlier voice
breaking, a faster tempo of height in boys and girls and shorter adult height in
women and men (Ong et al., 2009), Body Mass Index (BMI) (Sulem et al., 2009 and
Elks et al., 2009). Also, LIN28B was identified as the first genetic marker associated
with the timing of pubertal growth and development (Ong et al., 2009). It has been
recently demonstrated that variants of LIN28B exhibit distinctive and sex-specific
height-growth-regulating effects and influence the entire period of postnatal growth
from birth to adulthood (Widen et al., 2010; He and Murabito, 2014). Also, LIN28B
has been found to be playing an important role in modulating the relationship
between childhood obesity and AAM (Grandone et al., 2013) A consistent finding
for association with adult height was also shown and provided the first evidence
for common genetic variants influencing female sexual maturation (Perry et al.,
2009). Also found was the association for energy homeostasis, hormonal regulation.
Further, ingenuity and gene-set enrichment pathway analysis identified coenzyme
A and fatty acid biosynthesis as biological processes related to menarcheal timing
(Elks et al., 2010). Also there have been suggestive evidences for association of AAM
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with a number of variant loci involved in growth and insulin signalling (Demerath
et al., 2013). A positive relationship between AAM and adult WHR (waist-hip ratio)
which may emphasize the relationship of AAM – over – nutrition – obesity was
found among Koreans (Hong et al., 2013).

GWAS of Age at natural menopause (ANM)

Like AAM, since 2007 till today several genetic loci have been identified to be
associated with age at natural menopause (ANM) (Table 3B). ANM was ascertained
by self-recall (accuracy tested by Must et al., 2002) and women with natural cessation
of menses for at least 12 months were only considered in the studies excluding the
cases of surgical menopause and other artificial factors for menopause including
oophrectomy, hysterectomy or menopause due to chemotherapy or irradiation, or
after discrimination of oral contraceptives in women using hormone replacement
therapy. Lunetta et al. (2007) conducted the first genome-wide association study
(but small in size and limited genomic coverage) in terms of ANM genomic
association. 1,345 Framingham study participants from 330 families were tested
and SNP association for ANM included rs6910534 near FOX03a and rs3751591 in
CYP19A1. However, it yielded only modest associations that didn’t reach genome-
wide significance and no further independent replication studies have been
conducted or have failed for this gene (Hirschhorn et al., 2002). The findings of this
study is interesting as it has also been found to be implicated in oocyte death,
depletion of functioning ovarian follicles and infertility, representing a plausible
candidate gene for menopause (Brenkman et al., 2003; Castrillion et al., 2003).

He et al. (2009) also identified new loci for ANM in a joint analysis of two GWAS in
total 17,438 women from two cohort studies, the Nurses’ Health Study (NHS) and
Women’s Genome Health Study (WGHS). For ANM, 13 associated SNPs clustered
at 20p 12.3 (in the gene MCM8), 19q13.42 (in or near gene BRSK1), 5q35.2 (in or
near genes UIMC1 and HK3) and 6p24.2 (in gene SYCP2L) were identified. In
consistency with the above findings, Stolk et al. (2009) also identified six SNPs in
three loci to be associated with ANM among 2,979 European females viz.
Chromosome 19q13.4 (rs1172822), Chromosome 20p12.3 (rs236114), chromosome
13q34 (rs7333181; near ARHGEF7). These two studies however explained only 2.69%
of the phenotypic variation of ANM, suggesting that additional loci of small effect
will probably be discovered in larger samples (Stolk et al., 2012). In women from
the Breakthrough Generation Study (BGS), variants on chromosome 5, 6, 19, 20
were found to increase the odds of early menopause (age � 45 years) suggesting
that common genetic variants influencing natural menopause are risk factors for
early onset of menopause (Murray et al., 2011; He and Murabito, 2014).

Very recently, Stolk et al. (2012) have identified several loci for ANM by conducting
a meta-analysis of 22 genome-wide association studies in 39,968 women of European
ancestry, followed by their replication. In addition to four known loci, they identified
13 new loci associated with ANM (at P < 5x10-8) involving pathways associated
with somatic as well as reproductive ageing. Together these explained 2.5-4.1% of
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the population variation in menopausal age in independent replication samples.
However, common genetic variants associated with ANM were also found to
regulate timing of ovarian aging, an important risk factor for breast cancer,
osteoporosis and cardiovascular diseases.

More recently, three studies (with significant findings) were conducted in 2013 for
identifying common genetic variants influencing ANM (Perry et al., 2013; Carty et
al., 2013). Perry et al. (2013) conducted a genome wide association study of early
menopause and combined effect of identified variants. They undertook a meta-
analysis of ten independent GWASs including 3493 early menopause cases and
13598 controls. They did not find any novel genetic variants but 17 variants
previously associated with normal ANM as a quantitative trait were also found to
be associated with early menopause (EM) and premature ovarian insufficiency
(POI). However no evidence was found that genes from a particular biological
pathway were important in EM or POI. Thus, their study suggested that EM and
POI represent the tail of menopause distribution and thus have overlapping genetic
etiology of variation in normal ANM and is at least partly explained by additive
effects of the same polygenic variants, in consistency with study by Murray et al.
(2011). With individuals carrying more ANM-lowering variants, have increased
risk of EM and POI. They also determined the combined effect of the identified
SNPs to account for approximately 30% of the variance in early menopause
suggesting that the significant proportion of the genetic component to the trait is
likely to be due to rarer or complex variants not captured by SNP arrays.

The second study in 2013 was conducted by Carty et al. (2013), who conducted a
multi-ethnic Population Architecture using Genomics and Epidemiology (PAGE)
study and replicated five SNPs previously associated with ANM (rs365132,
rs2153157, rs7333181, rs1172822 and rs16991615) in American-Indian, African-
American, Asians, European-Americans, Hispanics and Native Hawaiians. They
replicated all SNP of ANM reported by He et al. (2009) and Stolk et al. (2009) in
European-Americans except one intergenic SNP region at 13q34, in consistency
with recent GWAS by Stolk et al. (2012). Three SNPs were found to be significantly
associated with ANM in other race/ethnicity populations: rs2153157 (6p24.2/
SYCPL2), rs365132 (5q35/U1MC1) and rs16991615 (20p12.3/MCM8). While
rs1172822 (19q13/BRSK1) was not found to be significantly in the populations of
non-European descent, effect size also showed similar trends.

The third study was conducted by Spencer et al. (2013). They tried to replicate
previously associated loci for AAM and ANM and to identify novel menarche and
menopause variants using the Metabochip (n=161098 SNPs) in 4159 and 1860
African-American women from WHI and ARIC cohorts, as a part of Population
Architecture using Genomics and Epidemiology (PAGE) study. They successfully
replicated or generalised one previously identified variant for AAM (rs1361108/
CENPW) and two variants for ANM (rs897798/BRSK1 and rs769450/APOE) to
African-American cohort. Overall, generalization of the majority of previously-
identified variants for AAM and ANM, including LIN28B and MCM8, was not
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observed in this African American sample. They identified three novel loci associated
with ANM that reached significance after multiple testing correction (LDLR
rs189596789, p=5x10-08; KCNQ1 rs79972789, p=1.9x10-07; COL4A3BP rs181686584, p=
2.9x10-07). Their most significant AAM association was upstream of RSF1, a gene
implicated in ovarian and breast cancers (rs11604207, p=1.6x10-06). While most
associations were identified in either AAM or ANM, they did identify genes
suggestively associated with both AAM and ANM: PHACTR1 and ARHGAP42.

Besides genomic associations, candidate genes located at the newly associated loci
with ANM include genes implicated in DNA region (EXO1, HELQ, U1MC1,
FAM175A, FANC1, and TLK1, POLG and PRIM1) and immune functions (IL11,
NLRP11 and PRRC2A (aka BAT2). Gene-set enrichment pathway analyses also
identified exoDNase, NF-êB signalling and mitochondrial dysfunction as biological
processes related to timing of menopause. This has been further studied by bivariate
analysis (Hsu et al., 2011) and needs more exploration. However, all these identified
loci with AAM and ANM needs fine mapping or sequencing that may lead to
identification of causal variants, expanding our knowledge of the underlying
physiology and biological regulation of these traits.

More interestingly, none of the genome-wide significant SNPs for AAM was found
to be associated with ANM and vice versa (He et al., 2009; Otero et al., 2010).
Moreover, here we saw that all the earlier studies were majorly conducted on
European descent with later studies on Chinese, Japanese, Korean and multiethnic
populations including Asians but south Asians in particular were not studied. In
light of the findings of the above studies we can see that genome wide association
studies have played a significant role in contrast to candidate gene association
studies or genome wide linkage analysis as AAM and ANM are not only influenced
solely by genetic factors but also by environmental factors.

DISCUSSION

Ovarian function appears to be associated with age at menarche and age at natural
menopause so can we expect a common genetic basis underlying both traits? Our
review suggested that earlier candidate-gene and linkage studies have attempted
to reveal this association but have yielded inconclusive results. But few later from
candidate gene association studies suggests that at least some genes likely underlies
both the traits such as Methylenetetrahydrofolate reductase (MTHFR) (Liu et al.,
2010; Dvornyk and Ul-Haq, 2012) and TNFRSF11A and TNFSF11 (Lu et al., 2010;
Dvornyk and Ul-Haq, 2012). Moreover few recent GWASs revealed few genetic
variants associated with both traits such as 11q14.1 near GAB2 and 11p14.1 near
FSHB gene (He et al., 2010; He and Murabito, 2014). He et al. (2010) also indicated a
possibility that different genetic variants of the same gene might be associated
with different traits. This could be assisted using bivariate analysis of these two
traits (He and Murabito, 2014). However, no recent publications on menarche and
menopause post-2010 have revealed any shared genetic variants underlying both
the traits.
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Nonetheless our review showed the evidence of little overlapping in the more recent
studies than the initial published studies on menarche and menopause. The lack of
overlap in earlier studies could have been due to the differences in study designs.
The loci identified by GWAS have smaller effect sizes which cannot be detected by
linkage analysis. However in a study by Elks et al. (2010) two of 32 loci for AAM
overlapped with the linkage signals at 16q12 and 3q13 as reported by Rothenbuhler
et al. (2006) and Pan et al. (2008). 16q12 (FTO gene) is believed to be associated with
childhood BMI (Frayling, 2007; Willer et al., 2009; Thorleifsson et al., 2009), which is
believed to be associated with menarche (Ong et al., 2009; Hong et al., 2013).
Although 13 loci identified for age at natural menopause showed no overlapping
with the linkage analysis. Another reason for lack of overlap between candidate-
gene and GWAS could be because of very strict significance threshold used in
genome wide association studies to control the rate of false positives as by
controlling the ratio of false positives, the rate of false negatives increases (Voorhuis
et al., 2010). Therefore, the significant associations found in candidate gene
association studies appear to be false negatives and could be overlooked in GWAS.
However, by liberating the significance thresholds in candidate gene association
studies, genes (DMC1, EIF2B4, FSHB, POLG and RFPL4) were found to be
significantly associated with age at natural menopause (Stolk et al., 2012). More
reasons attributing to unobserved overlaps could be genomic coverage (Pearson
and Manolio, 2008; Li et al., 2010; He and Murabito, 2014), population stratification
and lack of power (Cooper et al., 2008; Voorhuis et al., 2010), small size and also the
selection of wrong pathways, genes/polymorphisms (Hattersley and Mc Carthy,
2005). Therefore one needs to focus more on conducting large-scale meta-analyses
and replication studies.

Although many genetic studies identified several candidate genes and genomic
regions, lack of overlapping and inconsistent results still exists. This problem needs
to be leveraged by more powerful future studies, focussing on modification of the
existing methodologies such as by conducting meta-analyses one can increase
study’s sample size and statistical power. Other factors such as population
stratification, ethnic and environmental heterogeneity must be controlled efficiently.
Presently there is a lack of extensive data on epistatic and dominant interactions
affecting menarche and menopausal timings and also the primary focus is on
common-gene common-variant hypothesis, which brings in urgent need to shift our
focus towards discovery and replication of rare variants, copy number variations,
insertions and deletions and inversion variants which could have remained
undetectable by these three genetic approaches. More extensive use of high-
throughput technologies such as microarrays, exome and next-generation genetic
and epigenetic sequencing can search for suitable genes underlying both traits.

A path-breaking step in future could be integration of candidate-gene, linkage,
genome-wide, microarray-gene profiling and proteomic studies in a single pipeline
via a system approach. Its use could be seen in a study by Elks et al. (2010) where a
large-scale meta-analysis of previously identified candidate genes was conducted
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and also by Liu et al. (2009) where they utilised GWAS, candidate-SNP study and
haplotype-based analysis for menarcheal timing. Besides identification of genetic
variants future studies should focus on exploring their epigenetic as local biologies
underlying these traits might have contributed through epigenetic mechanisms.
The present era of studies are limited to selective ethnicities and thus warrants the
inclusion of diverse ethnic groups to bring out the role of their local biologies, this
can be enhanced by integration of large international consortiums and
amalgamating efforts and data of different research groups for increasing the
efficiency of epidemiological research.

CONCLUSION

Despite overflowing number of researches on menarche and menopausal timings,
these represent only a tip of the iceberg. Besides the three discussed approaches
there is a need for integration and incorporation of new high-throughput
technologies in future studies for a better understanding of the mechanisms behind
menarche and menopause. However, major concern remains the actual translation
of these genomic findings into clinical practices.
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