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Menarche, the onset of first menstruation in girls, indicates the 
 attainment of reproductive capacity and is a widely used marker of 
pubertal timing. Age at menarche varies widely between girls and is 
highly dependent on nutritional status1. Early menarche is associ-
ated with several adverse health outcomes, including breast cancer2, 
endometrial cancer3, obesity4, type 2 diabetes5 and cardiovascu-
lar disease6, as well as shorter adult stature4. Studies of twins and 
extended families, although largely performed in populations free of 
nutritional deprivation, estimate that around 50% of the variance in 
menarche timing is attributable to genetic factors in such settings7.

Recently, common variants in LIN28B were associated with age 
at menarche in four independent genome-wide association studies 
(GWAS)8–11. LIN28B is a human homolog of lin-28 in Caenorhabditis 
elegans, which controls the rate of progression from larval stages 
to adult cuticle formation, indicating the possible conservation of 
 specific micro-RNA regulatory mechanisms involved in develop-
mental timing9. A second menarche locus was identified in an inter-
genic region at 9q31.28,10. These two loci together explained only 
0.6% of the variance in age at menarche8. We anticipated that a much 
larger GWAS would substantially increase the yield of loci associated 
with age at menarche.

Here we report a much expanded meta-analysis of GWAS for age 
at menarche. By combining data from the previous studies8–11, plus 
several further studies to form the ReproGen Consortium, we iden-
tified at least 30 previously unidentified loci associated with age at 
menarche at genome-wide significance levels. Our findings show a 
close link between the genetic regulation of energy homeostasis and 
pubertal timing and suggest the presence of other diverse pathways.

RESULTS
Genome-wide association for age at menarche
This expanded GWAS includes data from 32 cohorts of European 
ancestry (N = 87,802). In most studies, age at menarche was deter-
mined by self recall, and the mean age at menarche in individual studies  
ranged from 12.4 to 13.6 years, excluding individuals with menarche 

<9 years and >17 years (Online Methods, Supplementary Table 1 and 
Supplementary Note). Genome-wide SNP genotyping was performed 
using a variety of different platforms (Supplementary Table 2 and 
Supplementary Note). Therefore, after applying standard quality  
control measures, we imputed the genotypes for ~2.5 million auto-
somal SNPs in the HapMap European CEU sample using Build 35 or 
36 to allow inverse variance meta-analysis of additive genetic asso-
ciation results from each study. We also meta-analyzed results from 
X-chromosome SNPs in studies which had this data available (N = 
52,781). Test statistics from each cohort were adjusted using genomic 
control to avoid inflation of results due to population stratification.

There was strong deviation from the uniform distribution of  
P values expected under the null hypothesis (Supplementary Fig. 1).  
This deviation was attenuated, but persisted, following removal of 
those signals associated with the two previously identified loci. In 
total, 945 SNPs representing 45 loci (r2 < 0.05 based on HapMap in a 
750-kb region) were associated with age at menarche at genome-wide 
significance levels (P < 5 × 10−8) (Fig. 1 and Supplementary Fig. 2). 
None of these loci were located on the X chromosome. These 45 loci 
included three apparent second signals (defined as two genome-wide 
significant SNPs in low linkage disequilibrium (LD) (r2 < 0.05) in the 
same 750-kb region) at 2q33.1, 6q21 and 14q32.2. The second signal 
at 6q21 (rs314279) had a low minor allele frequency (MAF = 6%)  
and was not present in many studies. We therefore genotyped this 
SNP de novo in the InCHIANTI cohort and found it was in LD with 
the top chromosome 6 signal (rs7759938, r2 = 0.3). In HapMap, the 
r2 between the two chromosome 6 SNPs was 0.015, but the D was 
1.0. To verify the independence of additional loci, we performed a 
conditional analysis and a meta-analysis of all 32 studies using the 
top SNPs at all the 42 genome-wide significant regions as covariates 
(in addition to birth year). In these conditional analyses, the possi-
ble second signals on chromosomes 2 and 14 showed strong but not 
genome-wide significant associations with age at menarche (P < 7.1 × 
10−6), suggestive of, but not confirming, second independent signals 
in these two regions (Fig. 1 and Supplementary Table 3).

Thirty new loci for age at menarche identified by a  
meta-analysis of genome-wide association studies
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To identify loci for age at menarche, we performed a meta-analysis of 32 genome-wide association studies in 87,802 women  
of European descent, with replication in up to 14,731 women. In addition to the known loci at LIN28B (P = 5.4 × 10−60) and 
9q31.2 (P = 2.2 × 10−33), we identified 30 new menarche loci (all P < 5 × 10−8) and found suggestive evidence for a further  
10 loci (P < 1.9 × 10−6). The new loci included four previously associated with body mass index (in or near FTO, SEC16B,  
TRA2B and TMEM18), three in or near other genes implicated in energy homeostasis (BSX, CRTC1 and MCHR2) and three in or 
near genes implicated in hormonal regulation (INHBA, PCSK2 and RXRG). Ingenuity and gene-set enrichment pathway analyses 
identified coenzyme A and fatty acid biosynthesis as biological processes related to menarche timing.
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The two most significant loci for age at menarche confirmed 
the previously reported associations at LIN28B (rs7759938,  
P = 1.6 × 10−58) and 9q31.2 (rs2090409, P = 4.4 × 10−33) (Table 1 
and Supplementary Fig. 3). In addition, there were genome-wide 
significant signals for a further 40 possible previously unidentified 
loci, of which 30 survived a second more stringent correction for the 
overall genomic control in the stage 1 cohorts (λ = 1.173) (Table 1, 
Fig. 1 and Supplementary Fig. 3).

Replication studies
We sought confirmation of the 40 possible new menarche loci in up 
to 14,731 women from 16 additional studies with in silico GWAS data 
and new genotyping data from one cohort (Supplementary Tables 
4 and 5). This replication sample was substantially smaller than our 
stage 1 sample and was therefore underpowered to confirm individual 
SNP associations (Supplementary Fig. 4). Nonetheless, 37 of the 40 
possible newly associated loci showed directionally consistent asso-
ciations in both stages (Table 1; binomial sign test P = 9.7 × 10−9). 
A combined meta-analysis of the more stringent second genomic 
control–corrected stage 1 results and replication cohorts gave con-
firmatory evidence for 30 new menarche loci, leaving 10 unconfirmed 
possible menarche loci (Table 1 and Fig. 1).

Based on the combined stage 1 and replication results, the estimated 
magnitudes of per-allele effects for the new menarche loci ranged from 
4.5 to 2.1 weeks per allele (Table 1) and had an inverse relationship 
with MAF (Supplementary Fig. 5). Among the four largest in silico 
replication cohorts (each comprising >800 women), the variance in age 
at menarche explained by all 42 known, confirmed and possible new 
menarche loci ranged from 3.6% to 6.1% (Supplementary Table 6).

Candidate genes at new loci
The strongest new menarche signal was for rs1079866 (3.9 weeks per 
minor allele; 95% CI 2.9–5.0, P = 5.5 × 10−14) located approximately 
250 kb downstream of INHBA, which encodes the protein subunit 
Inhibin beta A. Heterodimers of Inhibin beta A and the Inhibin alpha 
subunit form the female reproductive hormone Inhibin A12. Inhibin A,  
produced by granulosa cells in the ovary, increases dramatically during 
pubertal development in girls13,14 and is involved in negative feedback 
regulation by inhibiting production of follicle stimulating hormone 
by the pituitary and secretion of gonadotrophin releasing hormone 
from the hypothalamus15. Conversely, homodimers of Inhibin beta 
A form the hormone Activin A, which stimulates pituitary follicle 

stimulating hormone production and also exhibits a wide range of 
biological activities, including the regulation of cellular proliferation 
and differentiation16.

The second strongest new signal was for rs466639 (P = 1.3 × 
10−13); this SNP is intronic in RXRG, which encodes retinoid X 
receptor gamma, a nuclear receptor that forms dimers with the 
receptors for retinoic acid, thyroid hormone and vitamin D, increas-
ing both DNA binding and transcriptional function on their respec-
tive response elements17.

Four new loci for menarche were previously identified by GWAS 
for adult body mass index (BMI)18–20: rs9939609 (in or near FTO,  
P = 3.1 × 10−8), rs633715 (SEC16B, P = 2.1 × 10−8), rs2002675 (TRA2B 
and ETV5, P = 1.2 × 10−9) and rs2947411 (TMEM18, P = 1.7 × 10−8). 
Apart from rs2002675, these menarche signals were either identical 
to or in tight LD (r2 > 0.9) with those BMI loci, and in all cases, the 
BMI-increasing allele was associated with earlier menarche. Variants 
at these four loci have also been associated with childhood BMI18–20, 
and these findings support a likely causal effect of childhood BMI on 
earlier pubertal timing.

Three new menarche loci were found in or near further genes 
implicated in the regulation of energy homeostasis and body weight 
in animal models: rs6589964 (P = 1.9 × 10−12) lies ~18 kb from BSX, 
rs10423674 (P = 5.9 × 10−9) is intronic in CRTC1, and rs4840046  
(P = 2.4 × 10−8) lies ~160 kb from MCHR2. BSX encodes a DNA-
 binding protein and transcriptional activator. In mouse, Bsx is 
expressed specifically in the pineal gland, telencephalic septum, 
hypothalamic pre-mammillary body and arcuate nucleus and is nece-
ssary for postnatal growth, locomotory behavior, expression of the 
genes Npy and Agrp, and for the hyperphagic phenotype in leptin  
deficiency21. CRTC1 encodes the CREB-regulated transcription 
coactivator 1, an activator of cellular gene expression. Crtc1−/− mice 
are hyperphagic, obese and infertile, and Crtc1−/− females have low 
circulating luteinizing hormone levels22. Leptin potentiates the 
effects of Crtc1 transcriptional activity, and Crtc1 overexpression in 
hypothalamic cells increases expression of Kisspeptin, which in turn 
activates secretion of the gonadotrophin releasing hormone. MCHR2 
encodes the melanin concentrating hormone receptor 2, an orphan 
G protein–coupled receptor which shows high affinity binding to 
the hypothalamic neuropeptide melanin-concentrating hormone 
(MCH), which regulates nutrient intake and energy homeostasis 
through MCHR123. Furthermore, MCH directly inhibits gonado-
trophin releasing hormone neurons and thereby links energy balance 
to reproduction24.

rs852069 (P = 3.3 × 10−8) lies ~84 kb from PCSK2, which encodes 
proprotein convertase subtilisin/kexin type 2, an enzyme that cleaves 
latent precursor proteins, such as proinsulin and proopiomelano-
cortin, into their biologically active products. Although rare delete-
rious mutations and common variants in PCSK1 are known to 
influence obesity risk, it is notable that PCSK2 differs from PCSK1 
in that it additionally cleaves pro-luteinizing hormone-releasing 
hormone and could therefore have a more direct influence on the 
reproductive hormone axis.

Pathway analyses
Remaining new menarche loci were found in or near genes that 
are involved in a seemingly diverse range of biological functions 
(Supplementary Table 7). We used ingenuity pathway analysis (IPA) 
to identify potential biological pathways common to these identified 
loci. Based on direct interactions only, we identified two functional 
networks containing 16 and 11 genes, respectively, of those genes 
nearest to the new menarche loci (Supplementary Fig. 6). Network 1,  

45 loci associated with age at menarche
P < 5 × 10–8 in stage 1 meta-analysis (N = 87,802 women)

30 confirmed new menarche loci
P < 5 × 10–8 on meta-analysis of

2nd GC-corrected stage 1 and
replication cohorts

10 possible new menarche loci
P < 5 × 10–8 on initial stage 1 meta-analysis,

but not genome-wide significant on final
combined meta-analysis

2 previously known menarche loci
at LIN28B and 9q31.2

40 possible new menarche loci from stage 1,
30 of which survived 2nd genomic control correction

3 possible second signals in the same region
6q21 shown to be non-independent
2q33.1 and 14q32.2 not confirmed

in conditional analyses

Figure 1 Flow diagram of the discovery and confirmation of new loci for 
age at menarche. GC, genomic control.
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related to ‘gene expression, cellular growth and proliferation, and 
cellular function and maintenance’, covers a wide and nonspecific 
range of biological pathways. Functions in network 2 relate to ‘lipid 
metabolism, small molecule biochemistry and molecular transport’ 
(Supplementary Table 8). Central to network 2 are RXRG and several 

genes involved in fatty acid biosynthesis, including several fatty  
acid–binding proteins and ACSL1, which encodes an enzyme that 
converts free long-chain fatty acids into fatty acyl-CoA esters.

To identify potential further biological pathways that influence 
menarche timing, we used a gene set enrichment analysis (GSEA) 

table 1 stage 1 and replication results for 42 known, confirmed or possible new loci for age at menarche

SNP
Nearest  
gene(s)

Distance  
from  

gene (kb) Chr.
Position  

(Build 36) MAFa Allelesb

Stage 1 Replication Stage 1 and replication

Phet
c Pd P e 2-GC n P f βg s.e. Directionh P i

Previous menarche loci
rs7759938j LIN28B ~26 kb 6 105,485,647 0.32 C/T 0.04 1.6 × 10−58 4.3 × 10−50 14,185 4.6 × 10−11 6.4 0.4 +/+ 5.4 × 10−60

rs2090409 TMEM38B ~400 kb 9 108,006,909 0.31 A/C 0.05 4.4 × 10−33 2.3 × 10−28 14,708 2.7 × 10−6 –4.7 0.4 –/– 2.2 × 10−33

30 novel menarche loci
rs1079866 INHBA ~250 kb 7 41,436,618 0.15 G/C 0.81 1.9 × 10−16 2.7 × 10−14 14,731 1.9 × 10−1 3.9 0.5 +/+ 5.5 × 10−14

rs466639 RXRG Intronic 1 163,661,506 0.13 T/C 0.80 7.8 × 10−15 8.9 × 10−13 14,279 3.1 × 10−2 –4.2 0.6 –/– 1.3 × 10−13

rs6438424 3q13.32 Intergenic 3 119,057,512 0.50 A/C 0.99 8.4 × 10−14 4.6 × 10−12 8,634 6.7 × 10−3 –2.7 0.4 –/– 1.4 × 10−13

rs1398217 FUSSEL18 Intronic 18 43,006,236 0.43 G/C 0.33 5.7 × 10−13 2.5 × 10−11 14,344 2.3 × 10−3 –2.7 0.4 –/– 2.3 × 10−13

rs12617311 PLCL1 ~195 kb 2 199,340,810 0.32 A/G 0.90 2.6 × 10−13 1.2 × 10−11 14,007 1.1 × 10−2 –3.0 0.4 –/– 6.0 × 10−13

rs9635759 CA10 ~94 kb 17 46,968,784 0.32 A/G 0.43 2.0 × 10−13 1.5 × 10−11 14,002 1.1 × 10−2 3.0 0.4 +/+ 7.3 × 10−13

rs6589964 BSX ~18 kb 11 122,375,893 0.48 A/C 0.89 8.8 × 10−14 4.3 × 10−12 13,754 8.3 × 10−2 –2.7 0.4 –/– 1.9 × 10−12

rs10980926 ZNF483 Intronic 9 113,333,455 0.36 A/G 0.65 2.2 × 10−13 9.2 × 10−12 14,227 3.8 × 10−1 2.5 0.4 +/+ 4.2 × 10−11

rs17268785 CCDC85A Intronic 2 56,445,587 0.17 G/A 0.82 6.8 × 10−11 2.0 × 10−9 14,233 1.5 × 10−2 3.2 0.5 +/+ 9.7 × 10−11

rs13187289 PHF15 ~12 kb 5 133,877,076 0.20 G/C 0.99 2.0 × 10−10 3.6 × 10−9 14,303 1.4 × 10−2 3.0 0.5 +/+ 1.9 × 10−10

rs7642134 VGLL3 ~70 kb 3 86,999,572 0.38 A/G 0.65 2.3 × 10−9 4.3 × 10−8 14,205 2.1 × 10−3 –2.4 0.4 –/– 3.5 × 10−10

rs17188434 NR4A2 ~84 kb 2 156,805,022 0.07 C/T 0.59 3.4 × 10−11 9.1 × 10−10 14,356 2.2 × 10−1 –4.5 0.7 –/– 1.1 × 10−9

rs2002675 TRA2B,  
ETV5

~4 kb,  
~135 kb

3 187,112,262 0.42 G/A 0.94 3.9 × 10−9 4.7 × 10−8 14,334 6.6 × 10−3 2.2 0.4 +/+ 1.2 × 10−9

rs7821178 PXMP3 ~181 kb 8 78,256,392 0.34 A/C 0.38 6.7 × 10−10 1.2 × 10−8 14,151 8.0 × 10−2 –2.4 0.4 –/– 3.0 × 10−9

rs1659127 MKL2 ~28 kb 16 14,295,806 0.34 A/G 0.19 3.0 × 10−9 4.5 × 10−8 14,021 2.5 × 10−2 2.4 0.4 +/+ 4.0 × 10−9

rs10423674 CRTC1 Intronic 19 18,678,903 0.35 A/C 0.79 1.1 × 10−9 1.7 × 10−8 13,543 1.1 × 10−1 2.3 0.4 +/+ 5.9 × 10−9

rs10899489 GAB2 Intronic 11 77,773,021 0.15 A/C 0.16 2.4 × 10−10 4.7 × 10−9 14,201 2.5 × 10−1 3.1 0.5 +/+ 8.1 × 10−9

rs6575793 BEGAIN Intronic 14 100,101,970 0.42 C/T 0.51 1.7 × 10−10 3.7 × 10−9 13,899 4.6 × 10−1 2.3 0.4 +/+ 1.2 × 10−8

rs4929923 TRIM66 3′UTR 11 8,595,776 0.36 T/C 0.99 2.4 × 10−8 2.2 × 10−7 8,510 1.6 × 10−2 2.3 0.4 +/+ 1.2 × 10−8

rs6439371 TMEM108,  
NPHP3

~146 kb,  
~170 kb

3 134,093,442 0.34 G/A 0.35 1.5 × 10−8 1.6 × 10−7 8,581 3.0 × 10−2 2.3 0.4 +/+ 1.3 × 10−8

rs900145 ARNTL ~5 kb 11 13,250,481 0.30 C/T 0.35 7.7 × 10−9 1.1 × 10−7 8,649 6.5 × 10−−2 2.3 0.4 +/+ 1.6 × 10−8

rs6762477 RBM6 Intronic 3 50,068,213 0.44 G/A 0.22 1.4 × 10−9 2.4 × 10−8 12,447 1.5 × 10−1 2.5 0.4 +/+ 1.6 × 10−8

rs2947411 TMEM18 ~53 kb 2 604,168 0.17 A/G 0.27 2.1 × 10−8 2.6 × 10−7 8,657 1.9 × 10−2 2.8 0.5 +/+ 1.7 × 10−8

rs1361108 C6orf173,  
TRMT11

~98 kb,  
~407 kb

6 126,809,293 0.46 T/C 0.76 2.6 × 10−9 3.0 × 10−8 14,126 6.0 × 10−2 –2.1 0.4 –/– 1.7 × 10−8

rs1364063 NFAT5 ~10 kb 16 68,146,073 0.43 C/T 0.05 4.4 × 10−8 4.8 × 10−7 8,669 7.1 × 10−3 2.1 0.4 +/+ 1.8 × 10−8

rs633715 SEC16B ~44 kb 1 176,119,203 0.20 C/T 0.45 1.5 × 10−9 2.3 × 10−8 14,274 1.9 × 10−1 –2.6 0.5 –/– 2.1 × 10−8

rs4840086 PRDM13,  
MCHR2

~145 kb,  
~160 kb

6 100,315,159 0.42 G/A 0.98 8.2 × 10−9 1.2 × 10−7 8,669 7.5 × 10−2 –2.1 0.4 –/– 2.4 × 10−8

rs7617480 KLHDC8B Intronic 3 49,185,736 0.22 A/C 0.64 1.8 × 10−9 2.7 × 10−8 14,341 2.4 × 10−1 2.4 0.4 +/+ 2.8 × 10−8

rs9939609 FTO Intronic 16 52,378,028 0.40 A/T 0.17 3.3 × 10−11 1.1 × 10−9 8,665 5.3 × 10−1 –2.1 0.4 –/+ 3.1 × 10−8

rs852069 PCSK2 ~84 kb 20 17,070,593 0.37 A/G 0.47 1.1 × 10−9 2.0 × 10−8 14,306 3.3 × 10−1 –2.1 0.4 –/– 3.3 × 10−8

10 possible menarche locik

rs757647 KDM3B Intronic 5 137,735,214 0.22 A/G 0.23 1.4 × 10−9 2.0 × 10−8 14,326 4.4 × 10−1 –2.4 0.4 –/– 5.4 × 10−8

rs9555810 C13orf16,  
ARHGEF7

~185 kb,  
~223 kb

13 110,979,438 0.28 G/C 0.68 6.7 × 10−10 1.4 × 10−8 14,266 4.9 × 10−1 2.3 0.4 +/+ 5.6 × 10−8

rs16938437 PHF21A Intronic 11 46,009,151 0.09 T/C 0.32 1.4 × 10−9 2.2 × 10−8 14,330 3.8 × 10−1 –3.7 0.7 –/– 5.9 × 10−8

rs2687729 EEFSEC Intronic 3 129,377,916 0.27 G/A 0.36 1.0 × 10−8 1.4 × 10−7 8,669 3.2 × 10−1 2.3 0.4 +/+ 1.3 × 10−7

rs1862471 OLFM2 Intronic 19 9,861,322 0.47 G/C 0.17 4.6 × 10−10 8.3 × 10−9 13,470 9.4 × 10−1 2.0 0.4 +/– 1.5 × 10−7

rs12472911 LRP1B Intronic 2 141,944,979 0.20 C/T 0.65 3.9 × 10−8 3.9 × 10−7 8,585 1.4 × 10−1 2.5 0.5 +/+ 1.5 × 10−7

rs3914188 ECE2 3′ UTR 3 185,492,742 0.27 G/C 0.54 2.3 × 10−9 3.2 × 10−8 14,085 7.9 × 10−1 –2.2 0.4 –/– 2.6 × 10−7

rs2243803 SLC14A2 ~238 kb 18 41,210,670 0.40 A/T 0.89 2.8 × 10−8 3.3 × 10−7 8,659 3.9 × 10−1 2.0 0.4 +/+ 3.4 × 10−7

rs3743266 RORA 3′ UTR 15 58,568,805 0.32 C/T 0.24 2.6 × 10−8 2.9 × 10−7 8,666 7.8 × 10−1 –2.0 0.4 –/– 8.0 × 10−7

rs7359257 IQCH Intronic 15 65,489,961 0.45 A/C 0.82 3.9 × 10−9 4.7 × 10−8 14,303 6.0 × 10−1 1.7 0.4 +/– 1.9 × 10−6

UTR, untranslated region. 
aMinor allele frequency. bMinor/major allele. cP value for effect heterogeneity between studies. dP value from stage 1 meta-analysis with genomic control applied to individual studies (up to 
87,802 women from 32 studies). eP value from stage 1 meta-analysis with additional adjustment for overall genomic control. fP value from in silico replication studies (up to 14,731 women). 
gPer allele change in age at menarche (weeks) obtained from a meta-analysis of stage 1 and replication cohorts. hDirection of minor allele association with age at menarche in stage 1/replication 
cohorts. iP value from meta-analysis of stage 1 (second genomic-control–corrected estimates) and replication cohorts. jrs314276 was used as a proxy in the ALSPAC replication sample. kThese 
loci reached genome-wide significance in stage 1 but not in the final analysis with second genomic-control correction and combination with replication cohorts.
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approach in meta-analysis gene-set enrichment of variant associations 
(MAGENTA), in which each gene in the genome is assigned an 
adjusted score that represents its association with age at menarche, 
and predefined pathways are tested for enrichment of multiple asso-
ciations (Online Methods). The most significant pathway (P = 4.9 × 
10−3) was the biosynthesis of coenzyme A, which is a carrier of acyl 
groups and is necessary for pyruvate oxidation and fatty acid synthesis 
and oxidation (Supplementary Table 9).

Functional SNP and structural assessment
We explored the potentially functional impacts of our new menarche 
loci in order to identify their likely genetic mechanisms. In addi-
tion, by particularly focusing on those groups of SNPs that have 
been identified as functional, we aimed to identify possible further 
menarche loci which did not reach genome-wide significance in our 
primary meta-analysis.

Copy number variation. Using data from a recent genomic map 
of copy number variation (CNV)25, we established that none of the 
42 known, confirmed or possible new menarche loci were related 
to CNVs. Next, we explored the 1,052 CNV-tagging SNPs for asso-
ciation with age at menarche in our GWAS sample. Only one tag 
SNP was associated with age at menarche after Bonferroni correction 
(rs3101336, P = 3 × 10−7; Supplementary Fig. 7). This SNP tags a 
CNV near the NEGR1 gene locus, which has been previously associ-
ated with body mass index20.

Non-synonymous SNPs. None of the 42 known, confirmed or 
 possible new menarche variants were amino acid changing. However, 
two were in strong LD (r2 ≥ 0.8) with non-synonymous variants. 
rs1862471 (intronic in OLFM2 at 19p13.2) is in LD (r2 = 0.8) with 
rs2303100, which encodes an arginine to glutamine residue change in 
OLFM2. Second, rs4929923 (in the 3 untranslated region of TRIM66 
at 11p15.4) is in LD (r2 = 0.92) with rs11042023, which encodes a 
histidine to arginine residue change in TRIM66.

To identify possible further menarche loci, we then explored the set 
of 12,062 non-synonymous SNPs for association with age at menarche 
in our GWAS sample. Outside of the already associated regions, three 
non-synonymous SNPs were associated with age at menarche after 
correction for multiple testing (the Bonferroni threshold for 12,062 
independent tests was P < 4.1 × 10−6). These non-synonymous SNPs 
were rs1254319 in C14orf39 (P = 1.9 × 10−7), rs7653652 in C3orf38  
(P = 1.4 × 10−6) and rs913588 in JMJD2C (P = 3.3 × 10−6).

Expression QTLs. Three of the forty-two known, confirmed or 
 possible new menarche variants were highly significantly cis associ-
ated with mRNA expression (P < 1 × 10−6 for mRNA transcript abun-
dance) based on publicly available data from lymphoblastoid cell lines 
of 400 children (mRNA by SNP Browser). These transcripts were in 
GAB2 (associated with rs10899489), RBM6 (rs6762477) and NARG2 
(rs3743266) (Supplementary Table 10). As these genomic loci included 
a number of genes (Supplementary Fig. 3), these specific transcript 
associations inform the likely functional gene at each locus.

table 2 Associations between known obesity-related sNPs and age at menarche

Nearby gene SNPa Chr.
Obesity  
phenotype

Menarche β  
(weeks per allele) Menarche s.e. Menarche P

Obesity-susceptibility  
allele

Menarche-decreasing 
allele

FTO rs9939609 16q12 BMI 2.5 0.4 3.3 × 10−11 A A

SEC16B rs10913469 1q25 BMI 2.6 0.5 2.4 × 10−8 C C

GNPDA2 rs10938397 4p13 BMI 2.1 0.4 8.7 × 10−8 G G

NEGR1 rs2815752 1p31 BMI 1.9 0.4 5.9 × 10−7 A A

TMEM18 rs6548238 2p25 BMI 2.7 0.5 7.1 × 10−7 C C

FAIM2 rs7138803 12q13 BMI 1.8 0.4 1.7 × 10−6 A A

BDNF rs4923461 11p14 BMI 1.7 0.5 3.1 × 10−4 A A

KCTD15 rs11084753 19q13 BMI 1.4 0.4 5.9 × 10−4 G G

TRA2B, ETV5 rs7647305 3q27 BMI 1.2 0.5 9.0 × 10−3 C C

TFAP2B rs987237 6p12 WHR 1.6 0.5 7.8 × 10−4 G G

MSRA rs7826222 8p23 WHR 1.8 0.8 2.4 × 10−2 G G

BMI, body mass index; WHR, waist-hip ratio.  
aSelected SNPs at each locus are those published for association with BMI, WHR or obesity (rather than those with the strongest signal for age at menarche). SNPs listed are those with a significant 
association (P < 0.05) with age at menarche. A full version of this table including SNPs related to adiposity traits but not reaching significance for menarche can be found in supplementary table 13.

table 3 Associations between known height sNPs and age at menarche

Gene SNPa Chr. Position
Menarche β  

(weeks per allele) Menarche s.e. Menarche P
Height-increasing  
allele

Menarche-increasing  
allele

LIN28B rs314277 6 105,514,355 6.9 0.6 2.1 × 10−35 A A

PXMP3 rs7846385 8 78,322,734 2.5 0.4 1.9 × 10−9 C T

C6orf173 rs4549631 6 127,008,001 1.8 0.4 4.9 × 10−7 C T

SCMH1 rs6686842 1 41,303,458 –1.1 0.4 3.3 × 10−3 T C

Histone cluster 1 rs10946808 6 26,341,366 1.1 0.4 6.4 × 10−3 A A

NOG rs4794665 17 52,205,328 –0.9 0.4 1.1 × 10−2 A G

HMGA2 rs1042725 12 64,644,614 –0.8 0.4 2.0 × 10−2 C C

TBX2 rs757608 17 56,852,059 –0.9 0.4 2.2 × 10−2 A G

HLA Class III rs2844479 6 31,680,935 –0.9 0.4 2.4 × 10−2 A C

ZBTB38 rs6440003 3 142,576,899 0.8 0.4 3.5 × 10−2 A A

CABLES1 rs4800148 18 18,978,326 –1.0 0.5 3.7 × 10−2 A G

χ2 = 7.02, P = 0.008 for 11 out of 44 height-associated SNPs also associated with age at menarche (at P < 0.05) compared to the 2.2 expected by chance. However, seven 
height-increasing SNPs are associated with earlier menarche and four are associated with later menarche. Menarche P values are derived from our stage 1 meta-analysis of 32 
studies with genomic control applied to individual studies.
aSelected SNPs at each locus are those published for association with height (rather than those with the strongest signal for age at menarche). SNPs listed are those with a significant association 
(P < 0.05) with age at menarche. A full version of this table including SNPs associated with adult height but not reaching significance for menarche can be found in supplementary table 14.
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Given the likely close biological interaction between the regulation 
of age at menarche and adiposity, we hypothesized that adipose tissue 
expressed SNPs (eSNPs) might show a preponderance of associations 
with age at menarche. Of the 5,184 adipose eSNPs identified in the 
Icelandic Family Adipose cohort26, 23 were significantly associated 
with age at menarche after correction for multiple testing (using a 
1/n P value threshold for 5,184 independent tests (P < 1.9 × 10−4)) 
(Supplementary Table 11). Of these adipose eSNPs, rs10835211 
(menarche P = 9.4 × 10−6) is near BDNF, which is a BMI locus and 
is implicated in eating behavior and body weight regulation27,28. 
rs7160413 (menarche P = 2.2 × 10−5) is near DLK1, a gene impli-
cated in early onset puberty29. rs133934508 (menarche P = 3.6 × 10−5) 
is associated with expression of PITX1, which encodes a pituitary 
 transcriptional regulator30.

Candidate gene assessment
Candidate gene studies for age at menarche have largely focused 
on genes involved in sex steroid-hormone biosynthesis and meta-
bolism, highlighted through animal models or human cases with 
extreme delayed puberty or hypogonadotrophic hypogonadism31. 
We examined 8,770 SNPs in 16 candidate genes31–33 and their sur-
rounding regions (±300 kb) for association with age at menarche 
in our GWAS meta-analysis sample (Supplementary Table 12). 
SNPs in the regions of TAC3R (top hit, rs17034046, P = 3.4 × 10−7,  
~19 kb upstream of TAC3R) and ESR1 (top hit, rs9383922, P = 2.2 ×  
10−6, 110 kb upstream of ESR1) were significantly associated with 
age at menarche after correction for multiple testing (the Bonferroni 
 threshold for 8,770 independent tests was P < 5.7 × 10−6). Rare delete-
rious mutations in TAC3R, encoding a receptor for Neurokinin B, and 
in its ligand TAC3 have been found in families affected by hypogo-
nadotropic hypogonadism and pubertal failure31. ESR1 encodes an 
estrogen receptor that is essential for sexual development and repro-
ductive function, and polymorphisms in ESR1 have previously been 
nominally associated with age at menarche33.

Overlapping heritability of body size and menarche timing
Family studies have suggested a substantial coinheritance of the tim-
ing of puberty and BMI34, and this is supported by our finding of four 
established BMI variants among our new menarche loci. We therefore 
systematically assessed whether established loci for adiposity-related 
traits (BMI, waist-hip ratio (WHR) and obesity) and adult height were 
also associated with age at menarche. Nine of the twelve BMI loci and 
two of the four WHR loci tested were associated with age at menarche 
(Table 2 and Supplementary Table 13). In all cases, the BMI- or 
WHR-increasing allele was associated with earlier menarche, which 
is consistent with the direction of association in epidemiological stud-
ies35. Eleven of the forty-four adult height loci were associated with 
age at menarche (Table 3 and Supplementary Table 14). However, 
for seven of these loci, the adult height-increasing allele was associ-
ated with earlier menarche, which is in the opposite direction to the 
association in individual-level epidemiological studies35.

We then assessed the relevance of our new menarche loci to adult BMI 
and height by exploring in silico data from the GIANT consortium. Nine 
of the forty-two menarche loci were associated with adult BMI (at P < 
0.05; N = 32,530); in all cases, the allele associated with higher BMI was 
associated with earlier menarche (Supplementary Table 15). Eighteen 
of the menarche loci were associated with adult height (at P < 0.05;  
N ~ 130,000); although for three of these loci, the direction of effect was 
opposite to that predicted from epidemiological studies (Supplementary 
Table 16). Despite these joint associations with body size, in Avon 
Longitudinal Study of Parents and Children (ALSPAC) mothers, the 

combined influence of the menarche loci on age at menarche appeared 
to be completely unattenuated following adjustment for adult height 
and BMI (Supplementary Table 17), suggesting that in general, these 
menarche loci have direct effects on age at menarche. However, we 
acknowledge that further large studies with childhood growth data are 
needed to establish the causal directions of effect of these loci.

DISCUSSION
In a large GWAS meta-analysis comprising over 87,000 women, 
we identified 30 new loci for the timing of menarche and provide 
 evidence for a further ten possible new loci. These loci were in or 
near genes associated with cellular development, body weight regula-
tion, hormonal regulation and a wide variety of other biological func-
tions. Previous studies comprising up to 17,510 women had detected 
only one or two genome-wide significant signals8–11. We now show 
that those earlier signals at LIN28B and 9q31.2 represented the ‘low-
 hanging fruit’ with particularly large effect sizes relative to their MAF 
(Supplementary Fig. 5). The list of functions of those genes nearest 
to the menarche loci (Supplementary Table 7) and the results of 
pathway analyses indicate a wide diversity of biological processes that 
regulate the timing of female pubertal maturation.

Among the confirmed new menarche loci were several loci impli-
cated in body weight regulation, including four loci with estab-
lished associations with BMI (in or near FTO, SEC16B, TRA2B and 
TMEM18). Furthermore, our systematic analysis of established BMI-
related SNPs showed that the majority of alleles related to higher 
BMI and WHR also showed at least nominal associations with earlier 
menarche (Table 2). It is noteworthy that three new menarche loci are 
in or near genes implicated in energy homeostasis in animal models 
(BSX, CRTC1 and MCHR2). In the GIANT consortium data, we did 
not detect any associations between these loci and adult BMI, however 
the BSX and MCHR2 loci were nominally associated with adult height. 
In order to robustly investigate whether menarche loci have pleiotropic 
effects on growth or whether the association with menarche timing is 
driven through increased adiposity, measures of body fatness before 
menarche or even before the onset of puberty would be required but 
were unavailable in most studies. Further functional studies of these 
new menarche loci may also help to clarify the biological mechanisms 
linking these traits. In addition to influencing the timing of pubertal 
initiation, sufficient adiposity is also required for the maintenance of 
normal hypothalamic-pituitary-gonadal function through signaling 
by adipocytokines such as leptin36. Our pathway analyses highlighted 
coenzyme A and fatty acid biosynthesis as biological pathways related 
to menarche timing. Hypothalamic levels of long-chain fatty acyl 
coenzyme As have been shown to regulate rodent feeding behavior 
and glucose homeostasis37, and genetic variants in this pathway could 
therefore potentially alter central nutrient sensing.

Earlier age at menarche is related to shorter adult stature in large epi-
demiological studies35. We found that several adult height-increasing 
alleles were also associated with age at menarche (Table 3), but at differ-
ent loci, these alleles were associated with either earlier or later menarche. 
These paradoxical associations suggest a complex interplay between 
growth and pubertal timing. Earlier menarche is associated with taller, 
rather than shorter, childhood height, and there are likely separate causal 
effects of rapid linear growth on earlier puberty and of earlier pubertal 
maturation on earlier growth plate fusion and cessation of growth.

Although our pathway analyses strongly identified potential new 
biological pathways involved in pubertal timing, we acknowledge 
that the ability to assign putative functions to these menarche loci is 
substantially limited by the lack of identification of the causal variant 
at each locus. Many of the strongest associated SNPs were located 
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hundreds of kilobases distant to the nearest gene, and some menarche 
loci contained several plausible genes. Indeed, none of the top signals 
represented non-synonymous SNPs and only two SNPs were in LD 
with such variants (in OLFM2 and TRIM66). Use of eQTLs helped to 
identify the likely causal genes (GAB2, RBM6 and NARG2) at three 
menarche loci that spanned multiple genes. However, much future 
work will be required to identify the causal variants and implicated 
genes related to these menarche loci.

Despite the large size of our meta-analysis and the substantial 
increase in the number of menarche loci, these together explained 
between 3.6%–6.1% of the variance in age at menarche, equivalent to 
7.2%–12.2% of its heritability. The majority of menarche loci had esti-
mated effect sizes of between 2 and 3 weeks per allele. Assuming the 
presence of many true menarche SNPs with an effect size of 2 weeks 
per allele, even our large meta-analysis would only have had sufficient 
power to detect half of those SNPs with a MAF of 50% and only one in 
ten of those SNPs with MAF of 10% (Supplementary Fig. 8).

We corrected for population stratification by applying the genomic 
control method38 to each of the individual study results. When we applied 
a more stringent second correction for the overall genomic control infla-
tion factor across all 32 studies, 10 of the 40 possible new menarche vari-
ants fell below genome-wide significance (Fig. 1 and Table 1). However, 
our subsequent finding of confirmatory evidence (P < 0.05) even in 
our limited replication studies for four of these ten variants (in or near 
TRIM66, TMEM108, TMEM18 and NFAT5) suggests that the second 
correction for genomic control is likely to be overconservative.

Our identification of strong associations with SNPs near the can-
didate genes TAC3R and ESR1 supports the likely presence of fur-
ther menarche loci which did not meet the genome-wide significance 
threshold. Systematic assessment of functional genetic variants identi-
fied several further putative menarche loci. rs3101336, which tags a 
CNV near the BMI locus NEGR1, showed strong, but not genome-
wide significant, association with age at menarche (P = 3 × 10−7). 
Exploration of adipose tissue eQTLs also identified further putative 
menarche loci related to genes implicated in eating behavior (BDNF), 
precocious puberty (DLK1) and pituitary function (PITX1). It has been 
suggested that lower levels of statistical significance may be applied 
to variants with prior biological candidacy, however this must be bal-
anced against the desire to avoid false positives, and we suggest that 
these putative menarche loci require confirmation in further studies.

Notably all of the top menarche variants had MAF ≥ 7%. Although 
it has been suggested that low-frequency variants have larger effects 
than common variants39, our study was clearly underpowered to 
detect low-frequency variants (MAF < 5%) with modest effect sizes. It 
is also possible that rare variants are not well captured using genome-
wide chips. Future imputation using deep sequencing data from the 
1000 Genomes Project may identify additional low frequency hits as 
well as refine the location of possible functional variants.

In the majority of studies contributing to this report, age at 
menarche was recalled several years later and often to the near-
est completed whole year. Although recalled age at menarche is a 
valid measure40 and is unlikely to show systematic bias by genotype, 
any nondifferential error would lead to reduced statistical power. 
Menarche indicates the completion of puberty in females, and it 
is unclear whether our new menarche loci also influence timing of 
other pubertal phenotypes. The known menarche locus in LIN28B 
was shown to also influence the onset of breast development in girls, 
the timing of pubic hair development and voice breaking in boys9 
and the timing of the pubertal growth spurt in both boys and girls41. 
Although our new menarche loci might also regulate such wider 
pubertal processes, it is plausible that some (for example, INHBA) 

might have sex-specific effects. Our study was restricted to cohorts 
of European ancestry and our results are therefore not generalized to 
other groups. African-American girls tend to show earlier pubertal 
maturation compared to girls of European ancestry42, and genetic 
studies in such populations might reveal different menarche loci.

In summary, we identified at least 30 new loci for age at menarche. 
Our findings demonstrate the role of genes which regulate energy 
homeostasis and hormone pathways and illustrate the complexity of 
the regulation of the timing of puberty.

URLs. KBiosciences, http://www.kbioscience.co.uk; MACH, http://
www.sph.umich.edu/csg/abecasis/MaCH/; METAL, www.sph.umich.
edu/csg/abecasis/metal; mRNA by SNP Browser, http://www.sph.
umich.edu/csg/liang/asthma/; MAGENTA, http://www.broadinstitute.
org/mpg/magenta/; PANTHER, http://www.pantherdb.org/.

METhODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METhODS
Stage 1 GWAS populations. Thirty-two studies contributed to the stage 1 
GWAS meta-analysis, comprising 87,802 women of European ancestry. The 
consortium was made up of populations from the Age, Gene/Environment 
Susceptibility Study (AGES, n = 1849), the Amish population (Amish, n = 557), 
the Atherosclerosis Risk in Communities study (ARIC, n = 4247), the British 
1958 Birth Cohort (B58C-T1DGC and B58C-WTCCC, n = 1584), CoLaus  
(n = 2797), deCODE (n = 15,864), the Danish National Birth Cohort (DNBC,  
n = 1748), the Estonian Genome Center, University of Tartu (EGCUT, n = 987), 
the European Prospective Investigation into Cancer and Nutrition (EPIC-
obesity cases and cohort, n = 1840), the Erasmus Rucphen Family Study (ERF, 
n = 1103), the Framingham Heart Study (FHS, n = 3801), the Helsinki Birth 
Cohort (HBCS, n = 976), the Health 2000 study (Health 2000 cases and con-
trols, n = 922), InCHIANTI (n = 597), the Indiana University premenopausal 
Caucasian women peak BMD study (Indiana, n = 1497), the Nurse’s Heath 
Studies (NHS, n = 5360), the Northern Finland Birth cohort (NFBC, n = 2648), 
the Netherlands Twin Register (NTR, n = 1051), the Queensland Institute of 
Medical Research (QIMR, n = 3528), the Rotterdam studies (RS1, RS2 and 
RS3, n = 5406), the Study of Addiction: Genetics and Environment (SAGE,  
n = 1376), the SardiNIA study (n = 2158), Twins UK I, II and III (n = 3962), 
and the Women’s Genome Health Study (WGHS, n = 22,028). Full details can 
be found in the Supplementary Note. All studies were approved by local ethics 
committees and all participants provided written informed consent.

Phenotype measurement and inclusion criteria. Age at menarche recalled 
by the participant was recorded in each study. Specific questions asked can be 
found in Supplementary Table 1. Only women of European ancestry with a 
valid age at menarche between 9 and 17 years were included in this analysis, 
as this represents the normal physiological range. Information on birth year 
was also collected in each study.

Genotyping. The 32 stage 1 studies were genotyped using a variety of 
Affymetrix (6.0, GeneChip 500K, 250K, MIP50K and 10K) and Illumina 
(HumanHap 550K, 318K, HumanHap 300K, HumanHap 370K CNV, 
HumanHap610 quad, Human660W-Quad BeadChip, 6K and Human 1Mv1_C)  
genotyping arrays. Genotyping call rate cutoffs were at least 90%, and SNPs 
were filtered for those with a minor allele frequency of greater than 1%. More 
details on the filtering criteria for genotypes in each individual study can be 
found in Supplementary Table 2.

Genotype imputation. In order to increase genomic coverage and allow the 
evaluation of the same SNPs across as many study populations as possible, 
each study imputed genotype data based on the HapMap CEU Build 35 or 36. 
Algorithms were used to infer unobserved genotypes in a probabilistic manner 
in either MACH, IMPUTE43, or software that was developed by the research-
ers. As a quality control measure, we excluded non-genotyped SNPs with an 
imputation quality less than 0.3 (for observed versus expected variance in 
MACH) or 0.4 (for IMPUTE’s proper info statistic) from the meta-analysis.

Association testing. Each study performed genome-wide association test-
ing for age at menarche across approximately 2.5 million SNPs based on 
linear regression under an additive genetic model. Analyses were adjusted 
for birth year in order to remove the effect of the temporal decline in age at 
menarche. Studies used PLINK, ProABEL, MACH2QTL, SNPTEST, R pack-
ages or MERLIN-fastassoc for the association testing. The results from indi-
vidual studies were corrected by their respective genomic inflation factors (λ) 
(Supplementary Table 1) according to the genomic control method to correct 
for population stratification38.

Meta-analysis. We used an inverse-variance meta-analysis to test the effects 
of each genetic variant on age at menarche across the 32 studies. Fixed effects 
models were used, although in the absence of significant heterogeneity, 
choice of model has little impact on the results. In order to correct for poten-
tial relatedness between two Icelandic cohorts (AGES and deCODE), the 
 corrected association results for these cohorts were first meta-analyzed and 
the genomic-control method was reapplied to the results of the combined 
sample. These results were then meta-analyzed with the remaining 30 studies. 

We also displayed further results following a second correction for genomic 
control using the overall genomic inflation factor calculated from the meta-
analysis of all 32 studies. All meta-analyses were conducted using the METAL 
software package. We considered P values < 5 × 10−8 to indicate genome- 
wide significance.

We also meta-analyzed results from X-chromosome SNPs in a subset of 
studies with this data available. This included seven imputed datasets and 
one directly genotyped dataset. Total sample size was ~60% of the autosomal 
meta-analysis (N = 52,781) and the same statistical model was tested.

Conditional analysis. In order to establish whether genome-wide significant 
SNPs with low LD in the same chromosomal region (defined as r2 < 0.05 in a 
750-kb region) were independent loci, we carried out a conditional analysis. 
Each study performed a genome-wide analysis for age at menarche using linear 
regression adjusting for the top signal at each of the 42 associated regions to 
determine whether potential second signals remained significant even after 
adjusting for these variants. Birth year was also included as a covariate. Results 
from each individual study were meta-analyzed to determine whether these 
potential second signals were truly independent (that is, if P < 5.0 × 10−8).

Replication studies. In order to confirm our possible new menarche loci, we 
tested our 42 top hits for in silico association with age at menarche in 8,669 
women from 16 studies with GWAS data and which were not included in the first 
stage meta-analysis (Supplementary Table 4). In addition, new genotype data 
was generated for 30 of the 42 menarche loci and tested for association with age at 
menarche in up to 6,118 women from the Avon Longitudinal Study of Parents and 
Children (ALSPAC). Genotyping was performed by KBiosciences (Hoddesdon, 
UK) using their own unique system of fluorescence-based competitive allele-
 specific PCR (KASPar). As in stage 1, analyses were restricted to women reporting 
age at menarche between 9 and 17 years and adjustment was made for birth year. 
Mean age at menarche ranged from 12.4 to 13.5 years, consistent with studies 
in the stage 1 meta-analysis. Linear regression was used to test the association 
between each variant and age at menarche in an additive genetic model. These 
results were then meta-analyzed with genomic control–adjusted statistics from 
our stage 1 meta-analysis using inverse-variance fixed effects models.

In order to calculate the overall variance explained by these menarche loci 
in each of the replication cohorts, we calculated the r2 value from a model 
including all 42 known, confirmed and possible new menarche variants and 
birth year and compared this to a model including birth year alone. We only 
included cohorts with >800 women in their full model analyses, as sample 
sizes smaller than this may give spurious results.

Pathway analysis. Ingenuity pathway analysis (IPA) Knowledge Base 8.5 
(Ingenuity Systems) was used to explore the functional relationship between pro-
teins encoded by the 42 known, confirmed and possible new menarche loci. The 
IPA Knowledge Base contains millions of findings curated from the literature. 
Genes or nearest genes to the 42 loci (Table 1) were entered into the Ingenuity 
database. These ‘focus genes’ were analyzed for direct interactions only. Networks 
were generated with a maximum size of 35 genes and shown as graphical rep-
resentations of the molecular relationships between genes and gene products. 
Proteins are depicted as nodes in various shapes representing the functional 
class of the protein. The biological relationships between nodes are depicted by 
lines. To determine the probability of the analyzed gene to be found together in a 
network from Ingenuity Pathways Knowledge Base due to random chance alone, 
IPA applies a Fisher’s exact test. The network score or P value represents the sig-
nificance of the focus gene enrichment. There are 25 diseases and disorders cat-
egories and 32 molecular and cellular function categories in the IPA Knowledge 
Base. Enrichment of focus genes to these diseases and functional categories was 
also evaluated. The P value, based on a right-tailed Fisher’s exact test, considers 
the number of identified focus genes and the total number of molecules known 
to be associated with these categories in the IPA knowledge database.

MAGENTA was used to explore pathway-based associations in the full 
GWAS dataset. MAGENTA implements a GSEA-based approach, the metho-
dology of which has been previously described44. Briefly, each gene in the 
genome is mapped to a single index SNP with the lowest P value within a 110 kb 
upstream, 40 kb downstream window. This P value, representing a gene score, 
is then corrected for confounding factors such as gene size, SNP density and 
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LD-related properties in a regression model. Genes within the HLA region were 
excluded from analysis due to difficulties in accounting for gene density and LD 
patterns. Each mapped gene in the genome is then ranked by its adjusted gene 
score. At a given significance threshold (95th and 75th percentiles of all gene 
scores), the observed number of gene scores in a given pathway, with a ranked 
score above the specified threshold percentile, is calculated. This observed sta-
tistic is then compared to 1,000,000 randomly permuted pathways of identical 
size. This generates an empirical GSEA P value for each pathway. Significance 
was determined when an individual pathway reached a false discovery rate < 
0.05 in either analysis (Supplementary Table 9). In total, 2,529 pathways from 
Gene Ontology, PANTHER, KEGG and Ingenuity were tested for enrichment 
of multiple modest associations with age at menarche.

eQTLs. We tested the association between 5,184 adipose tissue eSNPs 
 identified in the Icelandic Family Adipose (IFA) cohort (n = 673) with age at 
menarche in our stage 1 meta-analysis sample. The IFA cohort dataset included 
the expression of 23,720 transcripts representing 84% of the 20,060 protein-
coding genes annotated in the Ensembl database (v 33)26.

43. Marchini, J., Howie, B., Myers, S., McVean, G. & Donnelly, P. A new multipoint 
method for genome-wide association studies by imputation of genotypes. Nat. Genet. 
39, 906–913 (2007).

44. Segrè, A.V. et al. Common inherited variation in mitochondrial genes is not enriched 
for associations with type 2 diabetes or related glycemic traits. PLoS Genet. 6, 
e1001058 (2010).
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