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Little is known about genes regulating male puberty. Further, while many identified pubertal timing variants
associate with age at menarche, a late manifestation of puberty, and body mass, little is known about these
variants’ relationship to pubertal initiation or tempo. To address these questions, we performed genome-wide
association meta-analysis in over 11 000 European samples with data on early pubertal traits, male genital
and female breast development, measured by the Tanner scale. We report the first genome-wide significant
locus for male sexual development upstream of myocardin-like 2(MKL2) (P = 8.9 x 10~°), amenarche locus tag-
ging a developmental pathway linking earlier puberty with reduced pubertal growth (P = 4.6 x 10~°) and short
adult stature (p = 7.5 x 10~°) in both males and females. Furthermore, our results indicate that a proportion of
menarche loci are important for pubertal initiation in both sexes. Consistent with epidemiological correlations
between increased prepubertal body mass and earlier pubertal timing in girls, body mass index (BMI)-increasing
alleles correlated with earlier breast development. In boys, some BMI-increasing alleles associated with earlier,
and others with delayed, sexual development; these genetic results mimic the controversy in epidemiological
studies, some of which show opposing correlations between prepubertal BMI and male puberty. Our results
contribute to our understanding of the pubertal initiation program in both sexes and indicate that although
mechanisms regulating pubertal onset in males and females may largely be shared, the relationship between

body mass and pubertal timing in boys may be complex and requires further genetic studies.

INTRODUCTION

Puberty is an important milestone in life that marks the passage
from childhood to reproductive maturity. It is a complex stage
characterized by a defined sequence of developmental events,
for example breast and genital development, menarche and the
pubertal growth spurt, many of which are challenging to assess
in an epidemiological setting. The timing of pubertal events is
highly variable, with 4—6 years mean variation in onset within
each sex and ~2 years variation between the sexes (1—3). Puber-
tal traits are also highly heritable, with heritability estimates
of up to 0.8-0.9 (4,5). Nonetheless, while altered pubertal
timing is correlated with risk for the development of metabolic
syndrome-related disorders such as obesity, diabetes and cardio-
vascular disease (6,7) as well as hormone-dependent cancer
(8—10) later in life, the molecular machinery underlying
pubertal variation still remains poorly understood.
Genome-wide association (GWA) studies of pubertal timing
have mainly targeted females. The largest studies have assessed
age at menarche (AAM), a late manifestation of puberty that is
accurately recalled (11) and thus easy to assess. These studies
revealed over 30 associated loci in European women (12—16),
a proportion of which also associated with menarcheal timing
in African Americans (17). In addition, two GWA studies of
the pubertal growth spurt, utilizing longitudinal height measure-
ments in both girls and boys, have pinpointed altogether five pu-
bertal timing loci (18,19), four of which were associated in both

sexes. Since most pubertal timing loci have been identified in
analyses of females, the genetic underpinnings of male pubertal
timing are still underexplored. It also remains unknown to what
extent menarche-associated loci may act on pubertal initiation,
especially in males.

To identify genetic loci associated with the timing of puber-
tal onset, particularly in males, we chose to assess the earliest
physical signs closely following the central activation of the
hypothalamic—pituitary—gonadal (HPG) axis which triggers
pubertal onset, namely genital enlargement in boys and breast
development in girls, using visually assessed Tanner scale mea-
surements ranging from pre-adolescent (Stage 1) to fully mature
morphology (Stage 5) (2,3). Within the Early Growth Genetics
(EGG) Consortium (20), we included European-based cohorts
with Tanner genital and breast stage data in slightly >11 000
adolescents in a GWA study of these early pubertal traits, as
well as an investigation into the overlap among variants that
impact pubertal onset in both sexes.

RESULTS

GWA meta-analysis on male genital stage and follow-up
genotyping reveals a novel male puberty locus at chr
16p13.12

Within the EGG Consortium, we performed GWA meta-
analyses for Tanner genital stage in boys at age 12.6—15 years,
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Table 1. GWA meta-analysis results for Tanner genital stage (males), Tanner breast stage (females) and males and females combined. All SNPs associating with
P <1 x 10™° are reported

SNP Chr  Pos® Nearby gene  Effect/other allele  Effect allele freq 8 SE P® N P gender het®
Males
1246185 16 14302933 MKL?2 T/C 0.68 0.13 0.026 501x1077 3769 42x10°*
Females
rs9391253 6 105474309  LIN28B T/A 0.33 —0.088 0017 25x1077 6146 029
rs2095812 6 105490671  LIN28B G/C 0.33 —0.088 0017 26x107’ 6147 028
1s395962 6 105504111  LIN28B T/G 0.33 —0.088 0017 3.0x107’ 6146  0.28
rs314263 6 105499438  LIN28B T/C 0.67 0.088 0.017 3.1x1077 6147 029
rs314276 6 105514692  LIN28B C/A 0.66 0.087 0017 3.7x107’ 6146 037
rs167539 6 105516741  LIN28B C/A 0.34 —0.086 0017 43 x107’ 6147 038
rs7759938 6 105485647  LIN28B T/C 0.68 0.088 0018 5.6x107’ 6145 034
rs314273 6 105568575  LIN28B T/G 0.34 —0.085 0017 68x107’ 6146 043
rs1149336 1 7454877 CAMTAI T/C 0.27 0.09 0.018 8.7 x 107" 6145 034
rs314268 6 105524671  LIN28B G/A 0.34 —0.084 0017 9.6x 1077 6143 043
Combined
rs314276 6 105514692 LIN28B C/A 0.66 0.08 0.014 1.6x1078% 9915  0.37
rs167539 6 105516741  LIN28B C/A 0.34 -0.079 0014 18x10°® 9916  0.38
159391253 6 105474309  LIN28B T/A 0.33 -0.079 0014 23x10°® 9915 0.29
rs314273 6 105568 575  LIN28B T/G 0.34 —0.079 0014 23x10°" 9915 043
rs2095812 6 105490671  LIN28B G/C 0.33 -0.079 0014 25x10°% 9916  0.28
1s395962 6 105504 111 LIN28B T/G 0.33 —0.079 0014 29x10°® 9915 0.28
15314263 6 105499438  LIN28B T/C 0.67 0.078 0014 3.0x10°® 9916 0.29
rs7759938 6 105485647  LIN28B T/C 0.68 0.08 0.014 34x10°°% 9914 0.34
rs314268 6 105524671  LIN28B G/A 0.34 —0.078 0014 37x10°8 9912 043
1s369065 6 105550751  LIN28B T/C 0.66 0.077 0014 51x10°® 9916 0.5
151149336 1 7454877 CAMTAI T/C 0.27 0.081 0.015 72 %1078 9914  0.34
rs1149332 1 7451433 CAMTAI T/C 0.27 0.08 0.015 9.7x10°% 9916 037

Markers passing a genome-wide significance threshold of 1.67 x 10 ® (adjusting for three GWA analyses) are marked in bold.
*Marker position reported according to genome build 36 and allele coding based on the positive strand.

bP-value adjusted for genomic control by GWAMA (67,68) during meta-analysis.

“Test for heterogeneity among male and female effects performed by GWAMA during meta-analysis.

including up to 3769 samples from four cohorts. While there were
no genome-wide significant signals after the primary meta-
analysis, one marker at chromosome 16‘}313.12 (rs246185) sug-
gestively associated at P =15.0 x 10~ " (Table 1). When we
included a further 208 samples from an additional cohort that
had DNA available for follow-up genotyping, rs246185 sur-
passed genome-wide significance (P = 8.9 x 10") (Table 2b).
Although our follow-up sample was limited, we found no evi-
dence for heterogeneity of effects between the discovery and
follow-up studies (Cochran’s statistic O = 0.23, P = 0.99; Sup-
plementary Material, Fig. S1) and sample characteristics were
similar between the discovery and follow-up study subjects
(Supplementary Material, Table S1). Thus, we report the first
genetic locus associated with male sexual development.

GWA meta-analysis of female breast stage shows overlap
with leading menarche signals

With data available on Tanner breast development at the age of
10.5—12.5 years in 6147 samples from six cohorts, we also ran a
female-specific GWA analysis. Furthermore, since girls enter
puberty an average of 2 years prior to boys (1) these data
provide an estimate of pubertal timing at a similar stage of
development, and because the phenotypes were measured on
the same scale in boys and girls, these measures of early
puberty are directly comparable between the sexes. Thus, we
also performed a combined-sex meta-analysis. The female-
specific and combined-gender analyses both displayed deviation

from the expected P-value distribution under the null hypothesis
(Supplementary Material, Fig. S2). However, only rs314276
(P=1.6 x 10~% n=9915) near LIN28B, a locus previously
implicated in the timing of menarche (16), breast development
(12), the timing of the pubertal height growth spurt (18,19) and
adult stature (21), reached genome-wide significance in the com-
bined male and female analysis, corrected for analyzing three
models (P < 1.7 x 1078) (Table 1). Similar to previous
findings, the association was more significant in females
(B (SE)=0.087 (0.017), P=3.7 x 10"7) than in males
(B(SE) = 0.064 (0.024), P = 0.0085). Two signals at a suggest-
ive locus for males and females combined on chromosome
1 falling within the CAMTAI gene, rs1149336 and rs1149332,
failed to reach genome-wide significance despite the addition
of 1376 and 1305 additional samples, respectively (Table 2a).

Rs246185 is associated with advanced menarche
and diminished pubertal growth

Further assessment 0of rs246185 with puberty and growth pheno-
types showed strong association with traits that support arole for
this locus in central GnRH activation in both males and females.
Central activation of puberty by gonadotropin-releasing
hormone (GnRH) release from the hypothalamus triggers a
cascade of downstream events that culminate in manifestations
of pubertal development such as the appearance of secondary
sex characteristics, the onset of menstruation in girls and the pu-
bertal growth spurt in both sexes (22). To assess the association
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Table 2. Follow-up genotyping of suggestively associated signals. Novel signals with a P-value of <1 x 10~° were genotyped or analyzed in additional cohorts.

The P-value threshold for genome-wide significance is 1.67 x 10™8

Effect allele/other allele

Effect allele frequency

B SE P N

a. Inclusion of further samples (de novo genotyped and GWA data) for two signals at the chromosome 1p36.23 locus at CAMTAI

rs1149336
Primary analysis T/C 0.27 0.081 0.015 722%x 1078 9914
Additional samples T/C 0.25 —0.025 0.032 0.44 1376
Combined T/C 0.26 0.062 0.014 579 x 107¢ 11290
rs1149332
Primary analysis T/C 0.27 0.08 0.015 9.66 x 1078 9916
Additional samples T/C 0.25 —0.023 0.033 0.49 1305
Combined T/C 0.26 0.062 0.014 5.09 x 107° 11221
b. Inclusion of de novo genotyped samples for the chromosome 16p13.12 locus near MKL2
rs246185
Primary analysis T/C 0.68 0.131 0.026 5.01 x 1077 3769
Additional samples T/C 0.67 0.231 0.076 0.0025 208
Combined T/C 0.68 0.141 0.025 8.88 x 1077 3977
Markers surpassing the genome-wide significant threshold are marked in bold.
Table 3. Association between rs246185 (T) and related puberty and growth traits
Trait B SE P N Reference
Tanner breast stage at age 11-12 0.019 0.019 0.31 6144 NA
Tanner breast stage in 80th percentile of BMI 0.06 0.03 0.043 2637 NA
AAM? —0.047 0.008 1.03 x 1073 up to 87 802 Elks 2010
10F° —0.028 0.020 0.16 6974 Cousminer 2013
12M° 0.035 0.020 0.072 6983 Cousminer 2013
10F + 12M" 0.004 0.014 0.77 13957 Cousminer 2013
PGF® —0.062 0.021 0.0027 5756 Cousminer 2013
PGMP —0.042 0.023 0.065 5043 Cousminer 2013
PGF + PGM® —0.053 0.015 0.00054 10799 Cousminer 2013
PTF® —0.069 0.023 0.003 4946 Cousminer 2013
PTM® —0.071 0.025 0.0052 4282 Cousminer 2013
PTF + PTM" -0.070 0.017 4.61 x 10°° 9228 Cousminer 2013
Adult stature® —0.029 NA 75 %1076 132029 Lango Allen 2010

We queried the female breast meta-analysis results and previously published datasets for association of puberty and growth traits withrs246185. 10F, height SDS atage
10 years in females. 12M, height SDS at age 12 years in males. PGF, total pubertal growth in females (height SDS change between age 8 years and adult). PGM, total
pubertal growth in males (height SDS change between age 8 years and adult). PTF, pubertal timing in females (height SDS change between age 14 years and adult).
PTM, pubertal timing in males (height SDS change between age 14 years and adult). P-value threshold for significance is 0.004 (Bonferroni correction for 12 traits).
Reported here for rs246185, although rs1659127, which is in high LD with rs246185 (> = 0.84), is more strongly associated with AAM (16) and adult stature (21).

®For a detailed description of these models, see (18). Markers surpassing the genome-wide significant threshold are marked in bold.

between this locus and the timing of pubertal activation, we
queried our GWA data on breast development as well as previ-
ously published data on menarcheal timing, the pubertal
growth spurt, and adult stature (Table 3) for association with
rs246185. Although no significant effect could be detected in
our GWA data on girls’ breast development at age 10.5—12.5
years despite a consistent direction of effect, rs246185 is in
high LD (+* = 0.84) with a previously published menarche
SNP (rs1659127) (16). Looking up our best SNP in the complete
ReproGen dataset (16) showed that the T allele at rs246185 asso-
ciated with 2.1 weeks earlier menarche (P = 1.0 x 10™%), con-
sistent with our data showing association between the same
allele and advanced genital development (higher Tanner score)
in boys.

Furthermore, we found that the puberty-advancing allele also
associated with decreased total pubertal growth (standardized

height difference between age 8 years and adult, relative to the
population mean), and decreased late pubertal growth (standar-
dized height difference between age 14 years and adult, relative
to the population mean) (18). The early cessation of growth
during puberty results in shorter adult stature, evidenced by the
significant association between rs1659127 and reduced final
adult height (P = 1.1 x 10~ '") in the large meta-analysis of
adult stature performed by the GIANT Consortium (21). Our
leading SNP also associated with adult stature, although to a
lesser degree (P=7.5 x 10~°). Thus, this locus tags a
pathway which impacts adult stature predominantly through
earlier pubertal timing. While adult height SNPs affect growth
during multiple growth periods (18,19,23,24), rs246185 primar-
ily affects growth during puberty. These findings are consistent
with epidemiological observations which link early puberty to
reduced pubertal growth and shorter adult stature (25,26).
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Functional exploration of the genetic landscape around
rs246185

We were unable to link rs246185 at the 16p13.12 locus to a gene
in the region, although this variant falls in a predicted promoter
region containing a cluster of transcription factor-binding sites.
Expression quantitative trait locus (eQTL) analyses from whole
blood (27,28) (N > 5000 (see Supplementary Material) (29),
lymphoblastoid cell lines (30,31) and skin and adipose tissue
(30) did not reveal any links between genotype at rs246185
and nearby gene expression levels (data not shown). However,
studies of genes nearby height-associated SNPs indicate that
the most likely candidate gene is the closest gene to a given
variant (21,32). The nearest gene to rs246185, MKL2, falls
38 kb upstream from the SNP and is a transcriptional activator
involved in cell differentiation and development. Still, other pos-
sible candidate genes lie in the region (Supplementary Material,
Fig. S3 and Table S2).

To further investigate the region surrounding rs246185, we
fine-mapped this region in the four cohorts which contributed
to the primary male analysis [Avon Longitudinal Study of
Parents and Children (ALSPAC), Western Australia Pregnancy
Study (RAINE), Young Finns Study (YFS) and TEENs of
Attica: genes and Environment (TEENAGE)] by imputing
against the 1000 Genomes reference set (33). Only a handful
of newly imputed markers showed evidence for association of
similar strength as the leading GWA a SNP (Supplementary
Material, Fig. S3). None of these variants affect nearby gene
structure. However, rs193536, an SNP in high LD with
15246185 (r* = 0.85), had a slightly stronger association with
male genital stage and is predicted to be likely to affect tran-
scription factor binding by the RegulomeDB web tool (34)
based on multiple lines of evidence including transcription
factor-binding motifs, DNase footprints and DNase peaks. Fur-
thermore, when we queried additional SNPs in high LD (here
defined as 7> > 0.6) with rs246185 but not present in the 1000
Genomes imputed data, we detected evidence for another
nearby marker, 174755650 (+* = 0.75), as potentially impact-
ing transcription factor binding (Supplementary Material,
Table S3). For each of these polymorphic sites, two transcrip-
tion factor-binding motifs were predicted to be affected by vari-
ation in their target sequences based on position weight matrices
and footprinting, which combines genome sequence informa-
tion with experimental data to map bound TF-binding sites
(35,36). Variation at rs193536 (= 0.85) is predicted to
affect binding of PAX-3 and ER, and variation at rs74755650
(r* = 0.75) is predicted to affect binding of PATZI (also
known as MAZR) and WT1, each supported by evidence from
multiple cell types (35,36). However, examination of the
consensus-binding motifs (Supplementary Material, Fig. S4)
shows that the polymorphisms at the PATZ1 and PAX-3
target sequences would have greater impact on the ability of
these factors to recognize their target sites and bind to DNA
than the polymorphisms at the WT1- and ER-binding sites.
For the PATZ1-binding motif, a G is strongly preferred to a T
or A variant at rs74755650, while the PAX-3 transcription
factor strongly prefers a C allele to an A allele at rs193536. Vari-
ation at these TF-binding sites may thus influence variability in
nearby gene expression.

Overlap of menarche loci with Tanner association results

If a marker associates with both early and late manifestations of
puberty, it can be assumed that the marker is tagging mechan-
isms that regulate the timing of pubertal onset. With GWA
data on early markers of pubertal initiation, we evaluated what
proportion of menarche signals tag the onset of puberty. With
data also on male development, we were able to assess the
overlap between regulators of male and female puberty.
We extracted all significantly associated (n = 32; 12—16) and
possible (rn = 12; 16,18) menarche loci from each of the three
Tanner meta-analysis results (Supplementary Material,
Table S5).

While our data provided limited power (Supplementary Ma-
terial, Table S4) to detect significant associations with much
smaller sample sizes than were available to the ReproGen Con-
sortium, we did observe deviation from the line of null associ-
ation for menarche variants in both the male and female
Tanner stage GW A meta-analysis results (Fig. 1). Furthermore,
when we performed regression analyses comparing the associ-
ation effect on pubertal timing between the menarche and
Tanner associations, we found them to be highly consistent for
the majority of loci (Fig. 1), with the menarche-advancing
allele also associating with higher Tanner score and thus
earlier development (females P = 0.02, males P = 0.006, com-
bined P = 0.0009). For the combined-gender analysis, in add-
ition to LIN28B and MKL2, the AAM locus at TMEM38B was
significantly associated with Tanner pubertal stage (P = 1.8 x
10~ 3; significance threshold accounting for 44 tests = 0.001).
Furthermore, rs3743266 at the gene RORA, previously listed
as a possible menarche locus that did not surpass a stringent
genome-wide significance threshold (16) but was associated
with menarche in African-American women (17), was asso-
ciated with Tanner stage in our data (P = 0.0008), providing
further evidence for this signal as a true puberty locus (Supple-
mentary Material, Table S5).

Overlap of adiposity loci with Tanner association results

There is a clear correlation between higher body mass index
(BMI) and advanced pubertal timing in girls. While the relation-
ship between body mass and pubertal timing remains controver-
sial in boys, the majority of studies show obesity to be associated
with earlier puberty, with a subset of overweight boys exhibiting
adelay (37). Furthermore, it has been shown that pubertal devel-
opment and childhood adiposity partially share a genetic basis
(38), and loci which associate with both BMI and AAM have
been explored (39).

To assess whether adiposity loci also associate with earlier
markers of pubertal onset in both sexes, we performed a
similar analysis, extracting known adiposity loci (n =31
(40,41)) from the Tanner meta-analysis results. We again
observed deviation from the null association in both sexes
(Fig. 2) for BMI SNPs in the Tanner staging results. Regression
analyses of BMI loci that are also associated with AAM (Fig. 2)
showed that the majority of BMI-increasing alleles associated
with earlier pubertal development, especially in girls (female
P = 0.019), consistent with studies of BMI loci and menarcheal
timing (16,39). Furthermore, rs3817334 (T) at MTCH2, a locus

102 ‘T2 AInC Uo Wepeswy 181seAIUN 3l A e /610°sfeuno [piojxo Buuy//:dny wouy papeojumog


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/

-log10(Observed P-value) <log10(Observed P-value)

<0g10(Observed P-value)

Females

AAM beta

-log10{Expected P-value)

AAM beta

Human Molecular Genetics, 2014, Vol. 23, No. 16

004 002

000 002 004 006 008

Tanner females beta

P=0.006

005

0.00 0.05 0.10

Tanner males beta

Males and females combined

0.0 05 1.0 15
-log10(Expected P-value)

AAM beta

-log10(Expected P-value)

P =0.0009

0.02

T T T T
0.00 0.02 0.04 0.06

Tanner combined beta

Later

sexual development

T
0.08

Je1eT

Ja1e

Ja1e

ayoJeUSL

8yoeusL

ayoJeUsW

4457

Figure 1. Menarche-advancing alleles in Tanner stage meta-analysis results. QQ plots for the P-values of AAM loci (16,18) in the female Tanner breast stage
meta-analysis, male Tanner genital stage meta-analysis and male and female combined meta-analysis can be seen on the left. On the right, the Tanner analysis
effect size is plotted for each menarche-advancing allele against the effect size on the timing of menarche [taken from Elks ef al. (16) or Cousminer et al (18)].
B, SE and P-value for each marker are presented in more detail in the Supplementary Material, Table S5.
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Figure 2. BMI-increasing alleles in Tanner stage meta-analysis results. QQ plots for alleles which are associated with BMI (39,40) are presented on the left for the
female Tanner breast stage meta-analysis, male Tanner genital stage meta-analysis, and the combined male and female meta-analysis. On the right, scatter plots show
the Tanner analysis effect size for BMI-increasing alleles that have also been associated with AAM (16,38). B, SE and P-value for each marker are presented in more
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suggestively associated with decreased growth across puberty
(18) but not the timing of menarche, here associated with
advanced breast development (P = 0.0008; threshold account-
ing for testing 31 loci = 0.0016; sex difference P = 0.003)
(Supplementary Material, Table S6).

Although the QQ plot for BMI loci in the male genital analysis
showed a similar deviation from the line of null association as
in females, the correlation between previously reported BMI-
increasing effects and pubertal timing effects was different
between boys and girls (Fig. 2; Supplementary Material,
Table S6 and Fig. S5). While some body mass increasing loci
showed the same trend towards association with earlier pubertal
development, several of these alleles robustly displayed the
opposite association. For example, the BMI-increasing allele
(A) at rs571312 (MC4R), a locus not previously associated
with puberty, was in our data associated with delayed male
genital development (P = 0.0009; sex difference P = 0.003).
Of the menarche-associated BMI alleles, the T allele at rs887912
(FANCL) also associated with delayed sexual development in
boys, although the association was non-significant after correc-
tion for multiple testing (P = 0.005; sex difference P = 0.004).

MAGENTA pathway analysis

Finally, to get a glimpse of the biological pathways that are
enriched for genes with markers associated with Tanner stage
at lower than expected P-values, we entered the results from
the GWA meta-analyses into MAGENTA to perform gene-set
enrichment (GSE) analysis (42) (Supplementary Material,
Table S7). For the combined male and female GWA results,
pathways that were enriched for genes near or containing asso-
ciated SNPs (P < 0.001, false discovery rate, FDR < 0.05)
included aminopeptidase activity, hormone-sensitive lipase
(HSL) mediated triacylglycerol hydrolysis and apoptosis. For
the female analysis, enriched pathways included thyrotropin-
releasing hormone (TRH) receptor signaling, cardiomyopathy,
cancer (acute myeloid leukemia, endometrial cancer, prostate
cancer and the PI3 pathway), as well as apoptosis and the
regulation of the actin cytoskeleton. For males, only the protease
inhibitor pathway surpassed an FDR of <0.05.

DISCUSSION

Male puberty is challenging to address in epidemiological and
genetic studies due to the lack of an easy-to-assess non-invasive
marker of pubertal development (43). While the ReproGen Con-
sortium reported association between menarcheal timing and
over 30 common genetic variants (16), male pubertal develop-
ment has not been addressed in a similar setting. In this study,
we pooled known European-based cohorts with Tanner staging
data and genotype information within the EGG Consortium,
amassing up to 11290 study subjects in total for GWA and
follow-up genotyping. With the ability to assess male genital
staging, our study successfully uncovered the first robust
genome-wide significant locus for male sexual development
on chromosome 16 upstream of MKL2. This locus associates
both with measurements of pubertal timing and height growth
during puberty and can thus be added to a growing number of
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loci which tag a pathway linking earlier pubertal timing to
decreased pubertal growth and reduced adult stature (18).
Although MKL?2 could not be definitively implicated as the
causative gene as no eQTLs were found that would provide a
direct link between polymorphisms at this locus and nearby
gene expression, this may be partly due to the lack of eQTL-gene
expression studies in tissues relevant for sexual maturation.
While 1000 Genomes imputation and fine-mapping of the
region surrounding our leading GWA SNP did not enrich the as-
sociation signals at this locus, two transcription factor-binding
sites, for PATZ1 and PAX-3, were predicted to be affected by
polymorphisms in LD with rs246185, the leading associated
SNP. While both PATZ1 and PAX-3 are compelling candidates
as mediators of variation in the timing of sexual development as
they are both important for morphological development during
embryogenesis (44,45), PATZ1 is both a transcriptional repres-
sor (46) and activator (47) that has been shown to have a critical
role in spermatogenesis (48), embryonic and postnatal growth
(44), and acts as a corepressor of androgen receptor-dependent
transcription (49), which is important for normal puberty in
both males and females (50). Furthermore, both male and
female knock-out mice for the Patzl gene were infertile (48)
(Mouse Genome Informatics database; http://www.informa
tics.jax.org/), indicating a potentially broad role for this factor
in the sexual development of both sexes. Still, further study is
needed to investigate whether rs74755650, the polymorphism
predicted to affect PATZ1 binding, is the underlying functional
variant at this locus, and through which nearby gene it may act.
While our study was unable to detect novel genetic associa-
tions for female breast development, our ability to assess a
marker of early puberty in both genders revealed that menarche
loci appear to be important for pubertal timing in both sexes and
are thus tagging biological effects upstream of sex-specific
mechanisms, as evidenced by the high correlation between
menarche-advancing effects and earlier sexual development in
both boys and girls. While the effects of some specific alleles
may vary between the sexes (18) (Supplementary Material,
Table S5), itappears that the overall genetic architecture regulat-
ing pubertal initiation is similar in both boys and girls. Further-
more, these results show a high degree of overlap of genetic
variants on early manifestations of puberty as analyzed in the
current study, and late pubertal manifestations, e.g. age of me-
narche, which is consistent with a recent study which found
strong genetic overlap between genes involved in the first puber-
tal processes, such as increased hormone secretion, and the later
development of secondary sex characteristics (51).
Additionally, with data on early puberty in both genders, we
were able to perform GSE pathway analyses which revealed
both pathways expected to be involved in pubertal onset and de-
velopment and those which may lead to a greater understanding
of the biology underlying puberty. For example, apoptosis, a
hallmark of tissue remodeling, appeared multiple times as an
enriched pathway (in KEGG, REACTOME, GOterm and
Panther data sets). These analyses also picked up hypothal-
amus—pituitary pathways, such as the TRH receptor signaling
pathway. Similar to GnRH, TRH is released from the hypo-
thalamus into the pituitary, where it stimulates the release of
thyroid-stimulating hormone and prolactin. Thyroid hormones
are essential for normal sexual development (52). The presence
of other pathways known to be important in puberty, such as

102 ‘T2 AInC Uo Wepeswy 181seAIUN 3l A e /610°sfeuno [piojxo Buuy//:dny wouy papeojumog


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu150/-/DC1
http://hmg.oxfordjournals.org/

4460 Human Molecular Genetics, 2014, Vol. 23, No. 16

steroid hormone biosynthesis and the hormone biosynthetic
process, in the secondary tier of results shows that multiple
real signals beneath the significance threshold, and other, less
expected pathways, may lead to new insights into the mechan-
isms regulating the initiation of puberty.

While recent studies found no evidence for sex-specific
BMI effects (53), our data show that some BMI alleles display
sex-specific associations to pubertal initiation. BMI-increasing
loci correlated with advanced female breast development, as
expected based on previous studies of BMI alleles and menarche
(16,39) as well as epidemiological observations. In boys, despite
controversy surrounding the possible correlation between over-
weight/obesity and pubertal timing, we found that BMI variants
had lower P-values than expected based on a null hypothesis
(Fig. 2) in male genital development. While the majority of
BMlI-increasing alleles also tended to associate with earlier
sexual development as in girls (Supplementary Material, Fig.
S5), specific alleles strongly showed the opposite association,
providing the first suggestion of the genetic architecture under-
lying the epidemiological observation that a subset of over-
weight boys experience pubertal delay. Moreover, energy
metabolism was picked up in the GSE analysis results for both
sexes. For example, HSL-mediated triacylglycerol hydrolysis
was enriched in the combined-gender analysis, although it is
unclear whether this is a female-driven result. Triacylglycerol
is an important energy store and provides cholesterol for
steroid biosynthesis (54,55). Additionally, targeted disruption
of HSL in mice resulted in male sterility (56), further evidence
for this pathway as important in sexual development. Taken to-
gether, our results suggest a contrasting picture of the association
between body mass and puberty between boys and girls and high-
light the need for further in-depth genetic studies of the sex-
specific correlations between energy metabolism and pubertal
timing.

Only SNPs near LIN28B were associated with female breast
development. Although high BMI (57) and self-assessment
rather than clinician-assessment (58,59) both may interfere
with an accurate evaluation of breast development, our limited
ability to detect genome-wide significant associations is likely
due to low power rather than an incorrectly assessed phenotype
(Supplementary Material, Table S4). For example, when we
excluded the top 20th percentile of BMI in contemporary
cohorts and re-ran the Tanner breast stage association analysis,
we observed only a slight attenuation of the association signal
at the LIN28B locus (full dataset, rs314276 B (SE) = 0.09
(0.02), 20th percentile of BMI cutoff 8 (SE) = 0.06 (0.03)).
Finally, we observe high consistency between menarche-
advancing alleles (16) and association to advanced breast devel-
opment (Fig. 1; Supplementary Material, Table S5), showing
that our data are robust.

In conclusion, we report the first locus for male pubertal
development near the gene MKL2 on chromosome 16 and
show that this locus associates with both the timing of
sexual development and the pubertal height growth spurt.
This study sheds light on the genetic overlap between male
and female pubertal maturation and contributes to our under-
standing of the pubertal initiation program. Furthermore, we
provide new insights into the genetic architecture of male
puberty and show that although the leading association
signals vary between the sexes, there is likely a substantial

overlap of the molecular mechanisms that regulate pubertal
initiation in males and females.

MATERIALS AND METHODS

Phenotypes and study subjects

This study was carried out with the cooperation of the EGG Con-
sortium (20) (http://egg-consortium.org/). Tanner breast stage in
girls or genital stage in boys was treated as a quantitative traitona
scale of 1-5. Girls enter puberty on average 2 years prior to boys
(1), so we chose separate age ranges for boys and girls at which
the Tanner scale data were approximately normally distributed.

Female study subjects with a Tanner breast stage assessment
within 10.5—12.5 years of age were included in the female dis-
covery set. Cohorts contributing to the female discovery analysis
were the ALSPAC, 1958 British Birth Cohort (BC58-T1DGC
and BC58-WTCCC), Cardiovascular Risk in YFS, Netherlands
Twin Registry (NTR) and TEENAGE study. In total, 6147 girls
were included in the primary analysis.

Male subjects with a Tanner genital stage assessment between
12.6 and 15 years of age were included in the male discovery ana-
lysis. Cohort studies that contributed to the male discovery ana-
lysis were the ALSPAC, Western Australia Pregnancy Study
(RAINE), Cardiovascular Risk in YFS and TEENAGE study.
A total of 3769 boys were included.

In some cohorts, Tanner stage was assessed by a clinician
or trained researcher, and in others, Tanner stage was based on
self-reports using pictures or schematic drawings. Tanner
stage was measured by self-assessment in ALSPAC, RAINE
and TEENAGE. Self-assessment or maternal assessment was
performed in Infancia y Medio Ambiente. Studies that had
Tanner stage assessed by a medical professional were B58C-
WTCCC, B58C-T1DGC, YFS, the Leipzig Childhood Cohort
(LEIPZIG) and the Special Turku Coronary Risk Factor Inter-
vention Project (STRIP). In NTR, data collection were per-
formed in several subprojects (see Supplementary Material,
Table S1 on cohort details for more information on the specific
questions asked and collection methods).

For the BMI-restricted Tanner breast stage analysis, females
in the lower 80th percentile of BMI were included from each re-
spective cohort. Contemporary studies that contributed to this
analysis were the ALSPAC, Cardiovascular Risk in YFS and
NTR. Leading SNPs from the LIN28B locus were then extracted
and compared with the original female meta-analysis results.
2637 girls were included in this analysis.

Genotyping and quality control

Directly genotyped SNPs from high-density genotyping plat-
forms (Illumina and Affymetrix) and imputed SNPs were ana-
lyzed for association (see Supplementary Material, Table S1).
Prior to imputation, SNPs with a minor allele frequency
(MAF) <1%, a call rate <95% and Hardy—Weinberg fre-
quency of P <1 x 10~° were excluded. Further exclusions
included duplicates, excess heterozygosity, non-European an-
cestry or ambiguous sex. Imputation was performed using
MACH (60), IMPUTE (61,62) or BEAGLE (63) for ~2.5
million SNPs against HapMap Phase II (release 21/22). Prior
to meta-analysis, the imputed SNPs were filtered to exclude
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poorly imputed SNPs (IMPUTE filter PROPER INFO <0.4,
MACH filter 7* < 0.3 or Plink INFO < 0.3).

GWA analyses

Each cohort individually performed GWA using an additive
model accounting for genotype imputation uncertainty for all
autosomes by linear regression, adjusting for population sub-
structure (the first principal components) if necessary and age
at measurement (in years, to the nearest month, ifavailable). Pro-
grams used to perform the GWA analyses were MACH2QTL
(60,64), QUICKTEST (65), SnpTest (61), Plink (66) and Prob-
ABEL (67).

Meta-analyses

Prior to meta-analysis, cohort-specific results were further filtered
to exclude SNPs with MAF < 0.03. Meta-analysis of individual
cohort results was performed using GWAMA (68,69) (http://
www.well.ox.ac.uk/gwama/index.shtml) version 2.0.5 for quan-
titative traits with two genomic control corrections enabled (on in-
dividual study results and on the meta-analysis summary output).
Gender-differentiated and gender-heterogeneity analysis options
were also enabled (see the GWAMA website for more details on
these options).

Follow-up genotyping

Markers with a P-value of <5 x 10”7 in the discovery analyses
were selected for follow-up. Genotyped markers included
15246185 (MKL?2), rs1149336 and rs1129332 (CAMTAI).
GWA was performed in Infancia y Medio Ambiente (INMA),
with the relevant markers extracted for follow-up analysis in
females. De novo follow-up genotyping was performed in
both male and female samples in STRIP and the LEIPZIG.
Genotyping of STRIP samples was performed with TagMan
Pre-Designed SNP Genotyping Assays on the LightCycler 480
Real-Time PCR System (Roche) according to the manufac-
turer’s instructions at the Finnish Genome Center to the Technol-
ogy Center at FIMM (Helsinki, Finland) with a success rate of
0.94,0.87 and 0.84. LEIPZIG sample genotyping was performed
using TagMan Pre-Designed SNP Genotyping Assay run on an
Applied Biosystem 7500 Real Time PCR System and applying
the autocaller algorithm of 7500 Software V.2.0.3 with calling
rates of 0.98, 0.98 and 0.93, respectively.

Association of genotype with Tanner stage was performed by
the contributing cohorts. The follow-up association results were
then meta-analyzed together with the primary discovery
summary statistics using linear regression in PLINK (66) v 1.07.

Expression quantitative trait loci

eQTLs were queried from existing datasets. Whole blood eQTLs
were queried from the DILGOM study (27) and NTR and
Netherlands Study of Depression and Anxiety (28) [NESDA
(29)]. GENEVAR (70) (GENe Expression VARiation; http://
www.sanger.ac.uk/resources/software/genevar/) was used to
look up data on rs246185 from lymphoblastoid cell lines
(30,31) and skin and adipose tissue (31).
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1000 Genomes imputation and meta-analysis of the
Chr 16 locus

ALSPAC, YFS, RAINE and TEENAGE all had 1000 Genomes
imputed data for chromosome 16 available. Imputation was per-
formed with IMPUTE (61), MaCH (60,64) and Minimac (71).
The association analysis was performed in each cohort using
SNPtest V2 (61-63), mach2qtl (64,71) and QUICKTEST
(65). After the cohort-specific association was performed,
results were filtered based on imputation quality (PROPER
INFO <0.4, > < 0.3 or INFO < 0.3). Meta-analysis was then
performed using GWAMA (68,69), and the 1 Mb region sur-
rounding rs246185 was extracted.

Functional investigation of variants in LD with rs246185

SNPs nearby rs246185 were queried from the 1000 Genomes Pilot
I dataset in the online SNAP proxy search v2.2 web tool (http://
www.broadinstitute.org/mpg/snap/ldsearch.php) with an »*
threshold of 0.6. The resulting 12 SNPs (plus rs246185) were
then entered into the RegulomeDB (33) webtool (http://www.
regulome.stanford.edu/index), which annotates variants with
known and predicted regulatory elements in intergenic genomic
regions. Known and predicted regulatory elements include
regions of DNAase hypersensitivity, transcription factor-binding
sites and biochemically characterized promoter regions that
affect transcription. These data are sourced from public datasets
from GEO, the ENCODE project and other published literature.

Follow-up of rs246185

This marker was extracted from the female Tanner GWA ana-
lysis results as well as from previously published GWA studies
on AAM by the ReproGen Consortium (16), three pubertal
height growth phenotypes (18) and adult stature (21).

Overlap of published menarche and BMI SNPs
with Tanner staging

32 previously published menarche (16) loci, 10 possible menar-
che loci, 2 pubertal growth loci with evidence for menarche-
association (18) and 31 SNPs associated with adult (40) and/or
childhood (41) BMI were extracted from the Tanner GWA dis-
covery analysis results sets.

GSE analysis

GSE analysis was performed using MAGENTA (41) on the
discovery-set results for males and females separately and com-
bined. Default values were used for the number of gene-set per-
mutations, for the upstream and lower boundaries surrounding
each gene, and for the gene-set size limits. The GSE analysis
was run for 75th and 95th percentiles. The genes in the human
leukocyte antigen (HLA) region were removed prior to analysis.
Pathways are reported that had a FDR of <0.05 and a nominal
GSEP<1x 10"

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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