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ABSTRACT
Puberty is a developmentally plastic phase. Variations in pubertal tempo have implications for the
risk of later adult diseases. Influences on pubertal tempo have been widely discussed, but the
underlying biological mechanisms remain unclear. Epigenetic modifications are known to regulate
development processes; they could play an important role in affecting pubertal outcomes. We
conducted a population-based analysis to investigate the association of peripubertal blood DNA
methylation at LINE-1 and growth-related candidate genes with pubertal onset and progression in
healthy adolescents. The analytic sample included 114 males and 129 females aged 10 to 18 years.
DNA methylation at growth-related candidate loci IGF2, H19, HSD11B2, as well as LINE-1 repetitive
elements were quantified. Cox survival and ordinal regression models were used to examine sex-
and locus-specific associations of epigenetic markers with pubertal development using physician-
assessed Tanner stages and self-reported menarche, adjusted for covariates. Among boys, DNA
methylation at H19 was associated with later pubarche. HSD11B2 methylation was associated with
earlier onset of pubic hair and genitalia development and slower pubertal progression. IGF2 was
associated with later onset of genital development. Among girls, LINE-1 methylation was asso-
ciated with later onset of breast development. For each percent increase of methylation at H19,
there was 5% increased odds in the earlier onset of breast development. DNA methylation of IGF2
was associated with earlier onset of pubic hair. DNA methylation at genes known to influence
early-life growth may also influence pubertal outcomes.
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Introduction

Puberty is the process by which and during which
sexual maturation occurs and reproductive capa-
city is attained [1]. The timing of puberty ranges
widely. Early onset of puberty has been documen-
ted, with U.S girls exhibiting pubertal change
before age 6 among African Americans and age
7 among Caucasians, age 8 for girls in other parts
of the world, and age 9 for Caucasian boys [2–5].
Delayed puberty, on the other hand, is defined as
the lack of pubertal onset by an age ≥2 SD above
the population mean and can occur as late as age
13 in girls and age 14 in boys [6]. These varia-
tions in pubertal timing have implications for the
risk of later adult diseases, including polycystic
ovary syndrome (PCOS), obesity, type 2 diabetes,

cardiovascular disease and reproductive tract can-
cers [1,6]. Moreover, they may negatively affect
adult psychosocial functioning, educational
achievement, height, and bone mineral density
[1,6]. Over recent decades, the risk factors of
earlier or later puberty, including chemical expo-
sures, unbalanced diet, and abnormal hormone
levels caused by diseases and psychological stress,
have been discussed [7,8]. However, the under-
lying biological mechanisms that lead to early or
delayed puberty remain unclear. Moreover, stu-
dies in racially and ethnically diverse groups are
few and have methodologic limitations (for
instance, cross-sectional study design).

Epigenetic modification is a biological mechanism
that may underline pubertal timing and progression,
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since it is known to regulate development processes
and is responsive to environmental factors. The epi-
genome consists of heritable, yet potentially reversi-
ble, modifications including DNA methylation,
posttranslational histone tail modifications and non-
coding RNA (ncRNA)-associated gene silencing
which regulate gene expression but do not alter the
DNA sequence [9]. Epigenetic modifications includ-
ing DNA methylation are known to regulate devel-
opmental processes [10–12]. Given that sexual
maturation is continual from the time it is initiated
in intrauterine life through the life cycle [1], epige-
netic programming may contribute to the timing of
puberty. Several reports have examined the role of
epigenetics in regulating changes in body composi-
tion and growth milestones, which typically occur at
the same time as puberty [12,13]. Epigenetic age, an
estimate of biological age based on changes in DNA
methylation at particular locations along the genome
[14], was associated with longitudinal changes in
weight, BMI, height and fat mass during childhood
and adolescence in a sample of 1018 children [15].
Other studies found the levels of cord blood DNA
methylation were related to development of adipos-
ity later in life [12,16]. However, few studies have
examined the specific effect of epigenetics on pub-
ertal onset and progression. A rat study revealed
epigenetic control of Kiss1 is important for pubertal
timing in females, and an epidemiological study
linked repetitive element DNA hypomethylation at
long interspersed nucleotide elements (LINE-1) to
increased odds of menarche by age 12 among girls
and lower luteinizing hormone levels at age 9 years
among boys [17,18].

Based upon previous biological evidence, there are
two reasons to hypothesize an association between
altered DNA methylation and changes in pubertal
timing. Firstly, a growing body of literature has
demonstrated that increased body mass index
(BMI) is associated with altered methylation at mul-
tiple genes [19–21]. Moreover, evidence from both
animal and human studies suggest that pre-pubertal
obesity might be causally related to earlier puberty
[22,23]. Secondly, reproductive hormones, primarily
testosterone and dehydroepiandrosterone (DHEA),
two androgens that facilitate masculine develop-
ment, and estradiol, an estrogen that facilitates fem-
inine development [24], advance puberty. DNA
methylation levels could potentially modify

reproductive hormone levels or sensitivity/expres-
sion of hormone receptors [18,25–27]. These two
proposed mechanisms are possibly intertwined,
given that feedback from reproductive hormones
fat mass might stimulate the central pulsatile gona-
dotrophin secretion and trigger the onset of puberty
[28,29]. However, in spite of evidence to support the
possible association betweenDNAmethylation, BMI
and sexual maturation outcomes, no research has
examined relationships among all three in adolescent
children.

To address these research gaps, this longitudinal
observational study in Mexico City tests the
hypothesis that peripubertal blood leukocyte
DNA methylation at LINE-1 and specific genes
(HSD11B2, as well as imprinted genes IGF2 and
H19) will be associated with pubertal onset and
progression assessed at two time periods, adjusted
for BMI, age and household socioeconomic status
(SES). Regions were selected for DNA methylation
analysis based on demonstrated variability across
age and/or by various environmental factors in
previous studies [30–35]. In addition, LINE-1
repetitive elements have been associated with pub-
ertal status and hormone levels in Mexican
Americans. H19, IGF2, and HSD11B2 are linked
to early life growth but their implications for ado-
lescent health, specifically with regards to pubertal
onset and tempo, have not yet been studied.

Results

The cohort included 250 subjects who attended the
early-teen visit (boys: 118 (47.2%), girls: 132
(52.8%), and 222 subjects who attended both visits
(boys: 108 (48.6%), girls: 114 (51.4%)). After elim-
inating 7 individuals with missing predictors, the
analytical sample included 243 subjects (boys: 114
(46.9%), girls: 129 (53.1%)). The mean age for the
early-teen visit was 10.4 years in boys and
10.3 years in girls; the mean was 13.7 years in
boys and 13.5 for girls for the late-teen visit. We
observed children moving to more advanced pub-
ertal stages from the early- to late-teen visits.
Among boys, 79.7% and 48.3% were at Tanner
stage 1 for pubic hair and genital development in
the early-teen visit; and the number dropped down
to 25.0% and 6.5% in the second visit. In terms of
testicular volume, the percentage of boys in the
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pre-pubertal stage dropped from 15.3% to 0%.
Among girls, 74.2% of them had Tanner stage 1
for pubic hair and 65.9% for breast development in
the early-teen visit; and the percentage dropped to
7.9% and 4.4% later (Table 1).

LINE-1 methylation was higher among boys
compared to girls, both before (Table 2) and after
(Supplemental Table 1) imputation of missing
values. No statistically significant sex differences
of DNA methylation levels at HSD11B2, H19 or
IGF2 were observed.

Among boys, we observed associations between
early-teen DNA methylation and pubertal out-
comes cross-sectionally at the early teen visit as
well as prospectively at the late teen visit, and with
the progression between the two. In the cross-
sectional adjusted analysis (Table 3), we found
for each percent increase of DNA methylation at
H19 CpG sites 2 and 3 (equivalent to 0.31 and 0.29
SD increase of DNA methylation, respectively;
they were obtained as 1/SD in % (sex-specific
and site-specific) from Supplemental Table 1),
there were 36% and 26% increased odds of later
pubarche (p = 0.025 and 0.039). However, the
associations did not remain statistically significant
in the prospective analysis (Table 3). We also
found for each percent methylation increase of
HSD11B2 site 4 (0.62 SD), there was a 60%
increased odds of earlier pubarche (p = 0.030),
and a 67% increased odds in earlier onset of geni-
tal development (p = 0.003), in cross-sectional
analysis. Prospectively, for each percent methyla-
tion increase of HSD11B2 site 4, there was 20%
increased odds of earlier pubarche (p = 0.034).
HSD11B2 site 4 was also associated with 17%
increased odds of slower genital development pro-
gression (p = 0.016, Table 4). For each percent
methylation increase of IGF2 site 3 (0.13 SD),
there was 7% increased odds of later onset of
genital development, in both cross-sectional and
prospective analyses (p = 0.010 and 0.005). IGF2
methylation was also associated with faster genital
development progression (p = 0.036) (Table 4).
Among girls, we found for each percent increase
in methylation of LINE-1 CpG sites 3 and 4 (0.36
and 0.44 SD equivalents, respectively), there were
11% and 17% increased odds of later onset of
breast development (p = 0.008 and <0.001) in the
cross sectional analysis. For each percent increase

in methylation of H19 sites 1 and 4 (0.11 SD of
each), there were 5% increased odds in the earlier
onset of breast development (both p values
<0.001). However, the associations mentioned
above were not statistically significant in prospec-
tive analyses. In terms of HSD11B2, we found for
each percent increase in methylation of site 1 and
3 (0.51 and 0.45 SD), there were 20% and 13%
increased odds of later onset of breast develop-
ment (p < 0.001 and 0.02); for each percent
increase in methylation of site 4 (0.53 SD), there
were 25% increased odds in the expected earlier
onset of breast development (p < 0.001). In addi-
tion, with one percent increase methylation of
IGF2 site 5 (0.18 SD), there was 7% increased
odds of earlier pubarche (p = 0.020) (Table 3).
DNA methylation was not found to be associated
with pubertal progression among girls (Table 4).

After corrections for multiple testing, associations
of LINE-1, H19 and HSD11B2 with breast onset
among girls, as well as the association of HSD11B2
with genital onset among boys remained significant
with p values < 0.0028 (Table 3). None of the pubertal
progression results maintained statistical significance,
however, after correction for multiple testing
(Table 4).

Discussion

There have been a limited number of population-
based longitudinal studies examining the potential
association between epigenetics and puberty. The
goal of this sex-specific analysis was to investigate the
potential effects of peri-pubertal DNAmethylation on
pubertal status and progression. We found that DNA
methylation of H19, IGF2, and HSD11B2 were asso-
ciated with pubic hair and genital onset in boys, while
methylationof LINE-1,H19, IGF2 andHSD11B2were
associated with pubic hair and breast development
among girls. These findings suggest that DNAmethy-
lation at genes known to influence early-life growth
and development may also influence pubertal out-
comes, though the mechanism (direct or indirect)
remains to be elucidated.

While it is well established that pubertal timing and
progression is controlled by many genes [36–38], the
epigenetic regulation involved in this process is less
understood. One study found rats treated with 5-aza-
cytidine (Aza), a DNA methylation inhibitor had
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delayed vaginal opening, failed to reach puberty, as
assessed by the lack of ovulation, and showed no
estrous cyclicity [17]. In our gene-specific analysis,
we found decreased DNA methylation levels in H19
and IGF2 were linked to later onset of breast develop-
ment and menarche in girls. Among boys, decreased
DNA methylation levels in HSD11B2 were associated
with delayed pubic hair onset and genitalia onset.

Our findings build on prior studies in other
important ways, with both consistent and contrast-
ing results. For example, in a longitudinal study,
Huen et al examined the relationship of Alu and
LINE-1 repetitive element DNA methylation mea-
sured in umbilical cord and 9-year old child blood
samples with puberty status in Mexican-American
participants of the Center for Health Assessment of
Mothers and Children of Salinas (CHAMACOS)
cohort. They found no association between child
LINE-1 methylation and odds of genital or pubic
hair development in boys, but found a significant
association with later onset of menarche in girls [18].
We also did not observe any association between
peri-pubertal LINE-1 methylation and male sexual
characteristics in either cross-sectional or longitudi-
nal analyses. However, cross-sectional analysis
showed that elevated LINE-1 methylation was sug-
gestively associated with later breast onset, but not
menarche in girls. The findings were consistent in
terms of directionality. As both breast development
and menarche are advanced by estrogens [39], the
different findings may be due to age differences
between the two cohorts. Moreover, based on obser-
vational studies, the estimatedmean age at menarche
is different in Mexico City (11.40 years [40]), versus
among Mexican Americans (12.25 years [41]), and
timing differed between the two studies as children
were only followed through age 12 in the
CHAMACOS study.

To our knowledge, although no population-
based studies have examined the associations
between H19 and IGF2 methylation and pubertal
outcomes specifically, several articles support the
effect of methylation on imprinted genes with
growth, growth-related hormone concentrations,
adiposity and birth weight. For instance, Huang
et al found greater peripheral blood H19/IGF2
methylation was associate with elevated subcuta-
neous fat measures in 315 young adults [42]. In
addition, Deodati et al observed that elevated IGF2

Table 1. Distributions of tanner stages and other covariates
among 250 ELEMENT children at the early-teen visit (Visit 1)
and again at the late-teen visit (Visit 2) for 222 children who
continued follow-up.

Visit 1
(N = 118)

Visit 2
(N = 108)

Boys N % N %

Pubic Hair: Tanner Stage
Refused Observation/Missing 3 2.54 3 2.78

1 94 79.66 27 25.00
2 17 14.41 16 14.81
3 3 2.54 30 27.78
4 1 0.85 18 16.67
5 0 0.00 14 12.96

Genital Development: Tanner Stage
Refused Observation/Missing 3 2.54 3 2.78

1 57 48.31 7 6.48
2 43 36.44 17 15.74
3 10 8.47 26 24.07
4 5 4.24 37 34.26
5 0 0.00 18 16.67

Testicular Development (L)
Refused Observation/Missing 3 2.54 3 2.78

1–3 ml 18 15.25 0 0.00
3–11 ml 75 63.56 16 14.81
>11 ml 22 18.65 89 82.41

Testicular Development (R)
Refused Observation/Missing 4 3.39 3 2.78

1–3 ml 18 15.25 0 0.00
3–11 ml 76 64.41 16 14.81
>11 ml 20 16.95 89 82.41

Age 10.35 ± 1.61 13.72 ± 1.75
BMI 19.06 ± 3.14 20.43 ± 3.68
Household SES: Quartile N = 100
1 24 24.00
2 27 27.00
3 24 24.00
4 25 25.00

Visit 1
(N = 132)

Visit 2
(N = 114)

Girls N % N %

Pubic Hair: Tanner Stage
Refused Observation/Missing 0 0.00 2 1.75

1 98 74.24 9 7.90
2 22 16.67 39 34.21
3 9 6.82 29 25.44
4 2 1.52 21 18.42
5 1 0.76 14 12.28

Breast Development: Tanner Stage
Refused Observation/Missing 0 0.00 2 1.75

1 87 65.90 5 4.39
2 20 15.15 12 10.53
3 18 13.63 46 40.35
4 7 5.30 31 27.19
5 0 0.00 18 15.79

Menarche
Refused Observation/Missing 0 0.00 1 0.88

Yes 30 22.73 90 78.95
No 102 77.27 23 20.17

Age 10.30 ± 1.72 13.54 ± 1.75
BMI 19.66 ± 3.95 21.61 ± 4.07
Household SES: Quartile N = 102
1 25 24.51
2 29 28.43
3 24 23.53
4 24 23.53
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methylation levels from blood lymphocytes were
associated with higher levels of triglycerides, tri-
glyceride/HDL-cholesterol ratio and C-peptide
concentrations among overweight and obese ado-
lescents [43]. Future studies are needed to explore
the sexually differentiated mechanisms behind
DNA methylation and pubertal status.

In the post-hoc analysis examining the pubertal
progression pattern, our findings that may provide
statistical evidence to support the ‘catch-up
growth’ and ‘compensatory growth’ theory in pub-
ertal development. Based on previous studies [44],
we had hypothesized that individuals with early
pubertal onset would have faster pubertal progres-
sion, and those with later onset would have slower
pubertal progression. However, we found older
age of onset of puberty was associated with shorter
duration (tempo) of puberty, and vice versa [45].
IGF2 site 3 was associated with later onset of
genital development in both cross-sectional and
prospective analyses (Table 3). Correspondingly,
we observed 20% increased odds of faster genital
development progression with IGF2 methylation,
though the association was not statistically signifi-
cant. Similarly, HSD11B2 site 4 was associated

with earlier onset of genital development but
slower tempo among boys. Much research on
catch-up growth has been published since 1963
[46–48]. Most studies observed that among infants
and children whose growth had been slowed by
illness or starvation, there was a rapid and longer
phase of growth until the children reached their
pre-illness growth curve [46,47]. However, catch-
up in pubertal characteristics during adolescence is
less well-described. Based on our results, pubertal
timing and tempo adjustments may exist among
Mexican boys. Considering pre-adult periods of
adaptive plasticity from juvenility to adolescence
establishes longevity and the age of reproduction
and fecundity [49], our results indicated modified
DNA methylation levels may affect this timing and
progression. Some significant associations seen at
pubertal onset were attenuated in the progression
model, which may be due in underpowered statis-
tics part to less sensitivity of the ordinal regression
model compared to the Cox proportional hazard
model [50].

This analysis had some limitations, including
a moderate sample size with approximately 20%
missing rates of IGF2 DNA methylation at some of

Table 2. DNA Methylation at LINE-1, H19, HSD11B2 and IGF2 among all individuals and stratified by sexa.

Entire Cohort Boys Girls

N Mean % methylation (SD) N Mean % methylation (SD) N Mean % methylation (SD) P valueb

LINE-1 methylation
Site 1 243 79.88 (3.87) 113 80.48 (4.13) 130 79.37 (3.57) 0.026
Site 2 243 81.89 (1.99) 113 82.20 (2.15) 130 81.62 (1.80) 0.022
Site 3 243 78.64 (2.93) 113 79.26 (2.99) 130 78.10 (2.77) 0.002
Site 4 243 73.54 (2.14) 113 73.96 (1.96) 130 73.18 (2.22) 0.004
H19 methylation
Site 1 245 59.08 (8.24) 115 58.46 (7.57) 130 59.63 (8.79) 0.266
Site 2 245 58.23 (4.83) 115 58.23 (3.32) 130 58.22 (5.87) 0.990
Site 3 245 59.26 (3.78) 115 59.05 (3.54) 130 59.45 (3.98) 0.412
Site 4 245 56.66 (8.51) 115 55.83 (7.74) 130 57.39 (9.09) 0.153
HSD11B2 methylation
Site 1 246 −1.54 (2.14) 115 −1.57 (2.35) 131 −1.51 (1.94) 0.844
Site 2 246 0.08 (0.92) 115 −0.04 (0.92) 131 0.19 (0.92) 0.057
Site 3 245 −2.20 (2.25) 115 −2.23 (2.33) 130 −2.18 (2.19) 0.856
Site 4 244 −0.76 (1.75) 115 −0.70 (1.58) 129 −0.81 (1.89) 0.601
Site 5 229 0.24 (4.46) 108 0.20 (4.33) 121 0.28 (4.58) 0.898
IGF2 methylation
Site 1 223 35.15 (12.23) 101 34.71 (11.98) 122 35.51 (12.46) 0.630
Site 2 213 44.85 (14.06) 94 42.99 (14.56) 119 46.31 (13.54) 0.087
Site 3 228 53.79 (6.40) 102 53.57 (6.92) 126 53.97 (5.97) 0.644
Site 4 196 37.87 (4.26) 88 37.69 (4.65) 108 38.01 (3.94) 0.607
Site 5 229 52.94 (6.51) 103 52.90 (6.21) 126 52.97 (6.76) 0.932

a LINE-1, HSD11B2, and H19 data exhibited batch effects and as such were standardized to controls included on experimental plates as previously described
[30], while the IGF2 data exhibited no batch effect. Batch adjustment for HSD11B2 involves subtracting the value of the 0%methylated control from each
experimental plate and sometimes results in negative values due to low raw methylation values for HSD11B2.

b P-value of 2-sample t test comparing boys and girls.
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Table 3. Associations between site-specific visit 1 (early-teen) DNA methylation and visit 1 (early-teen) or visit 2 (late-teen) pubertal
onset, in adjusted Cox survival modela,b. CpG sites with at least one significant relationship (p < 0.05) are shown. See Supplemental
Table 2 for full results.

Pubic Hair Genital Development Testicular Volume (L) Testicular Volume (R)

Hazard Ratio(CI) Hazard Ratio (CI) Hazard Ratio (CI) Hazard Ratio (CI)

Boys (N = 114) Visit 1 Visit 2 Visit 1 Visit2 Visit 1 Visit 2 Visit 1 Visit 2

Site Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted

H19 2 0.64
(0.43, 0.94)

0.96
(0.87, 1.05)

0.93
(0.84, 1.03)

0.96
(0.90, 1.03)

1.08
(0.97, 1.21)

1.08
(0.97, 1.20)

1.07
(0.97, 1.18)

1.07
(0.97, 1.18)

3 0.74
(0.55, 0.99)

0.97
(0.88, 1.06)

0.93
(0.84, 1.03)

0.95
(0.89, 1.02)

1.10
(0.98, 1.24)

1.10
(0.98, 1.24)

1.08
(0.97, 1.19)

1.08
(0.98, 1.19)

HSD11B2 4 1.60
(1.05, 2.44)

1.20
(1.01, 1.43)

1.67 *
(1.19, 2.33)

1.01
(0.88, 1.16)

0.99
(0.78, 1.27)

1.01
(0.78, 1.30)

1.03
(0.83, 1.29)

1.05
(0.84, 1.31)

IGF2 3 0.95
(0.89, 1.01)

0.96
(0.92, 1.01)

0.93
(0.88, 0.99)

0.93
(0.89, 0.98)

1.03
(0.97, 1.10)

1.03
(0.96, 1.10)

1.01
(0.96, 1.07)

1.01
(0.95, 1.07)

Pubic Hair Breast Development Menarche (Y/N) Menarche Age

Girls (N = 129) Hazard Ratio (CI) Hazard Ratio (CI) Hazard Ratio (CI) Hazard Ratio (CI)

Site Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted Adjusted

LINE1 3 1.07
(0.86, 1.34)

0.95
(0.84, 1.08)

0.89
(0.82, 0.97)

0.97
(0.87, 1.09)

0.83
(0.67, 1.03)

0.98
(0.89, 1.08)

0.87
(0.72, 1.06)

0.94
(0.92, 1.10)

4 1.01
(0.78, 1.31)

0.92
(0.79, 1.07)

0.83 *
(0.75, 0.93)

0.88
(0.76, 1.02)

0.85
(0.66, 1.09)

0.88
(0.77, 1.01)

0.89
(0.74, 1.06)

1.01
(0.84, 1.04)

H19 1 1.03
(0.95, 1.12)

1.02
(0.98, 1.07)

1.05 *
(1.02, 1.07)

1.02
(0.99, 1.06)

0.99
(0.94, 1.06)

1.02
(0.99, 1.06)

1.01
(0.95, 1.06)

1.01
(0.99, 1.04)

2 1.21
(1.00, 1.47)

1.02
(0.96, 1.07)

1.02
(0.96, 1.09)

0.93
(0.88, 0.99)

0.98
(0.88, 1.09)

0.99
(0.94, 1.04)

0.96
(0.85, 1.09)

1.00
(0.96, 1.04)

3 1.22
(1.01, 1.49)

1.07
(0.99, 1.17)

1.06
(0.99, 1.13)

0.99
(0.91, 1.07)

0.99
(0.87, 1.13)

1.01
(0.93, 1.10)

0.97
(0.86, 1.09)

1.01
(0.95, 1.08)

4 1.03
(0.95, 1.13)

1.03
(0.98, 1.08)

1.05
(1.03, 1.08)

1.03
(0.99, 1.06)

1.00
(0.94, 1.06)

1.03
(1.00, 1.06)

1.01
(0.95, 1.06)

1.01
(0.99, 1.04)

HSD11B2 1 0.98
(0.79, 1.22)

0.97
(0.84, 1.11)

0.80 *
(0.71, 0.91)

0.86
(0.72, 1.02)

0.93
(0.76, 1.14)

0.95
(0.80, 1.12)

0.92
(0.77, 1.10)

0.98
(0.88, 1.09)

3 1.07
(0.87, 1.33)

1.04
(0.90, 1.20)

0.87
(0.77, 0.98)

0.92
(0.79, 1.07)

0.89
(0.72, 1.11)

0.91
(0.79, 1.06)

0.91
(0.77, 1.08)

0.96
(0.87, 1.06)

4 1.32
(0.91, 1.90)

1.06
(0.93, 1.20)

1.25 *
(1.13, 1.38)

1.08
(0.95, 1.24)

1.18
(0.87, 1.60)

0.93
(0.76, 1.13)

1.21
(0.94, 1.57)

0.90
(0.76, 1.07)

IGF2 3 0.96
(0.88, 1.04)

0.98
(0.90, 1.07)

1.00
(0.95, 1.05)

0.97
(0.91, 1.04)

1.12
(1.02, 1.22)

0.99
(0.94, 1.04)

1.03
(0.98, 1.09)

0.98
(0.94, 1.01)

5 1.05
(0.94, 1.17)

1.07
(1.01, 1.14)

1.01
(0.96, 1.07)

1.02
(0.96, 1.09)

1.12
(1.00, 1.26)

1.00
(0.95, 1.06)

1.02
(0.96, 1.09)

0.99
(0.95, 1.03)

a Adjusted for age, BMI and SES status at visit 1 (early-teen).
b Bolded value indicates the association is significant with a P value < 0.05.
* Association is significant after multiple testing with a P value < 0.0028.

Table 4. Associations between site-specific visit 1 (early-teen) DNA methylation and pubertal progression from visit 1 (early-teen) to
visit 2 (late-teen), in adjusted multivariate regression model a,b,c. CpG sites with at least one significant relationship (p < 0.05) are
shown (see Supplemental Table 3 for full results). Odds Ratios are shown from adjusted models for the main effect of DNA
methylation along with the interaction between DNA methylation and time between visits.

Pubic Hair Genital Development Testicular Volume (L) Testicular Volume (R)

Boys (N = 114) Odds Ratio (CI) Odds Ratio (CI) Odds Ratio (CI) Odds Ratio (CI)

Site Main Effect Site by Time Main Effect Site by Time Main Effect Site by Time Main Effect Site by Time

HSD11B2 1 0.84
(0.42, 1.68)

1.04
(0.90, 1.20)

0.77
(0.53, 1.12)

1.12
(1.01, 1.24)

0.94
(0.60, 1.50)

1.03
(0.92, 1.15)

0.96
(0.64, 1.45)

1.03
(0.93, 1.14)

4 1.36
(0.47, 3.96)

0.97
(0.76, 1.23)

1.59
(0.92, 2.74)

0.83
(0.72, 0.97)

1.08
(0.49, 2.40)

1.01
(0.85, 1.19)

1.14
(0.55, 2.38)

1.00
(0.85, 1.18)

IGF2 4 0.95
(0.78, 1.15)

1.02
(0.98, 1.06)

0.93
(0.82, 1.05)

1.04
(1.00, 1.07)

1.04
(0.85, 1.27)

1.01
(0.96, 1.06)

1.04
(0.87, 1.25)

1.01
(0.96, 1.06)

a Adjusted for age, BMI and SES status at visit 1 (early-teen).
b Bolded value indicates the association is significant with a P value < 0.05.
c Model: logit (Y ij) = β0 + β1*age + β2*time_difference + β3*CpG_Site + β4*CpG_Site*time_difference +β5*age*time_difference
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the CpG sites. Though we used multiple regression
imputation to increase the number of predictors,
this method can underestimate standard error,
which might result in inflated p-values [51].
While pubertal status was based on a highly
trained physicians’ observation, age of menarche
was self-reported and may not be accurate due to
recall bias. Our sample comes from a mixed ances-
try population but we did not genotype this popu-
lation in order to estimate ancestry. As such, it is
possible that ancestry differences could influence
the relationships we are observing between DNA
methylation and pubertal timing. Since the epigen-
ome and transcriptome vary by cell and tissue
type, analyzing DNA methylation in blood leuko-
cytes which consist of multiple cell types is
a limitation, though recent studies have identified
blood leukocyte differentially methylated genes
associated with BMI or adiposity in adults that
replicated in adipose or skeletal muscle, biologi-
cally relevant tissues [19,52,53]. The number of
genes studied was also a limitation, and we recom-
mend epigenome-wide studies in this area to iden-
tify key genes regulating puberty. In addition, we
performed both unadjusted and adjusted model
analyses of onset and progression and observed
that including BMI did not significantly attenuate
the associations. Nevertheless, we cannot rule out
the possibility that DNA methylation is a mediator
between BMI and sexual maturation, if BMI had
been measured at an earlier time point.

In conclusion, this is the first study to eval-
uate the effect of DNA methylation of H19,
IGF2, and HSD11B2 in combination with
LINE-1 on pubertal onset and progression
among boys and girls. Unlike previous puberty-
related studies that primarily used menarche as
the only pubertal indicator [54,55], we applied
multiple secondary sexual characteristics (pubic
hair, genital development and testicular
volumes in boys, as well as pubic hair, breast
development and menarche in girls). We found
suggestive evidence of associations of DNA
methylation with pubertal onset among adoles-
cents. By using ordinal regression models and
repeated measurements of Tanner stages, we
observed the effect of DNA methylation on
pubertal progression in boys only. The findings
also raise the possibility of influencing pubertal

timing by regulating DNA methylation levels.
Future work in this field should consider epi-
genetic regulation in a larger panel of genes
that may directly or indirectly influence
puberty.

Methods

Study population

The study population comprised a subset of parti-
cipants from the Early Life Exposure in Mexico to
ENvironmental Toxicants (ELEMENT) project,
a longitudinal epidemiological study consisting of
three sequentially-enrolled birth cohorts. As origin-
ally designed, ELEMENT focused primarily on lead
exposure and its impact on cognitive performance,
and analysis of other metals, chemicals and epige-
netics have been incorporated over time [56,57].
Participants were recruited at three maternity hos-
pitals representing low- to moderate-income popu-
lations (Mexican Social Security Institute, Manuel
Gea Gonzalez Hospital, and the National Institute
of Perinatology) in Mexico City from 1994 to 2005.
Mothers provided written consent upon enrollment
in the study, and children also provided assent at
peri-adolescent study visits. The research protocol
was approved by the Human Subjects Committee of
the National Institute of Public Health of Mexico,
participant hospitals, and the Internal Review
Board at all participating institutions including the
University of Michigan. The subjects in this project
were a subset of mother-child pairs from the second
and third birth cohorts (n = 1079 pairs at baseline).
At the clinic visit after the child was born, mothers
provided household and demographic information,
including age, education, and previous numbers of
pregnancies. Their offspring were followed from
birth until 4 years of age. Starting in 2011, we re-
contacted a subset of the offspring (n = 250; hence-
forth referred to as the early-teen visit, see Figure 1)
based on availability of prenatal and neonatal bios-
pecimens [56]. One more peri-pubertal visit (late-
teen visit) was completed approximately five years
later (n = 549, with 223 having also participated in
the early-teen visit). Fasting blood, pubertal status
and anthropometry were collected at both teen
visits [58] (Figure 1).
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Laboratory measurements and outcomes

DNA Methylation
Blood samples were obtained at the early teen visit
and collected in PAXGene tubes by trained staff
following standard protocols. High-molecular-
weight DNA was extracted from blood leukocytes
with the PAXgene Blood DNA kit (PreAnalytix,
Switzerland). DNA samples were treated with
sodium bisulfite using kits from Zymo or Qiagen
[59]. Percent of methylated cells was then quantita-
tively analyzed in well-characterized differentially
methylated regions (DMRs) of two imprinted genes
(the DMR upstream of theH19 paternally imprinted,
maternally expressed transcript (non-coding). H19,
which is within the imprinting control region [60];
and the DMRwithin exon 3 of the IGF2AS transcript
of the maternally imprinted, paternally expressed
insulin-like growth factor, IGF2 [61], the promoter

region of a non-imprinted gene (hydroxysteroid (11-
beta) dehydrogenase 2, HSD11B2), and a conserved
sequence found in the promoter region of LINE-1
repetitive elements of all subfamilies (sequence: 5ʹ-
CTCGTGGTGCGCCGTTTCTTAAGCCG). DNA
methylation was quantified via pyrosequencing at 4
(H19, LINE-1) or 5 (HSD11B2) CpG sites. The
Sequenom EpiTYPER was used to quantify DNA
methylation at 5 units of IGF2 representing a total
of 7 CpG sites due to the resolution capabilities of
EpiTYPER. Quality control includes running >10%
of samples in duplicate and including human DNA
controls of knownmethylation status (i.e. 0%, 100%)
on each batch. Full details on primers, quality con-
trol, and analysis methods have been previously
published [30]. Primer sequences and loci of CpG
sites can be found in Supplemental Table 4. LINE-1,
HSD11B2, and H19 data exhibited batch effects and
as such were standardized to controls included on

DNA methylation at LINE-1, H19, HSD11B2 & IGF2; BMI:SES 2011-2012
Male: N=114 Adolescents

Female: N=129 Adolescents

Cohort 3: 2001-2003
Prenatal recruitment

N=393 children
Randomized trial

Early-teen info: 2011-2012
Puberty Status

Male: N=118 Adolescents
Female: N= 132 Adolescents

Late-teen info: 2015-2018
Puberty Status

Male: N= 258 Adolescents
Female: N= 279 Adolescents

Final sample size (adolescents with both DNA methylation levels AND pubertal status information)
Pubertal onset and progression analyses:

Male: N=114 Subjects
Female: N= 129 Subjects

Cohort 2: 1997-2000
Prenatal recruitment

N=686 children
Observational study

Figure 1. Selection of ELEMENT subjects for the study1.
1Offspring from enrollment cohorts 2 and 3 were re-contacted and re-enrolled based on availability of prenatal and neonatal
biospecimens. We did not re-contact Cohort 1 participants, originally recruited in 1994–96, because the majority had advanced
stages or had completed pubertal development.
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experimental plates as previously described [30]. For
example, the value of 0% methylation controls on
each plate of samples amplified and pyrosequenced
together (a batch) forHSD11B2 was subtracted from
the raw DNA methylation values generated for each
sample in the same batch.

Pubertal Outcomes
Pubertal outcomes were obtained at both early-teen
and late-teen visits. Tanner stages of breast and pubic
hair growth in girls aswell as Tanner stages of genitalia
and pubic hair growth in boys were examined and
collected by trained physicians [62]. Outcomes were
recorded with a range from stage 1 indicating pre-
puberty to stage 5 indicating full maturation [63].
Testicular volumes were measured by trained physi-
cians using orchidometers (range from 1 to 25 ml).
Occurrence and age of menarche were gathered from
a self-reported questionnaire [62,64].

Covariates
Based on a priori knowledge and preliminary cor-
relation tests between predictors and potential
confounders, covariates included in the final
model were SES and BMI of the child, obtained
at the early-teen visit. The socioeconomic status
(SES) information was collected, using a validated
questionnaire consisting of thirteen questions on
housing quality, services, material goods and edu-
cation of the head of household by AMAI
(Asociación Mexicana de Agencias de
Investigación de Mercados y Opinión Pública, ver-
sion 13 × 6). With the use of fourteen hierarchical
trees this scale classified households into six SES
categories (A/B, C+, C, D+, D, E; with A/B being
the highest category) [8,65]. This scale was vali-
dated using the results of the National Survey of
Household Income and Expenditure 2005, Mexico
(ENIGH, Encuesta Nacional de Ingresos y Gastos
de los Hogares 2004), classifying households into
seven SES categories (A/B, C+, C, C-, D+, D, E;
with A/B being the highest category) using a point
based system [8,65].

[8,65]. Weight and height of the child were mea-
sured by trained nurses, following standardized pro-
tocols we have previously described [66]; BMI was
calculated as weight over height squared (kg/m2)
[66]. Children’s age was recorded at each visit.

Statistical methods

We examined the distribution of Tanner stages
among individuals who attended only the early-
teen visit and among those who attended both
early- and late teen visits, and compared the dis-
tributions across categories of background charac-
teristics using χ2 tests.

Some participants had missing CpG site values
forHSD11B2 (n of missing = 14 at site 5), IGF2 (n of
missing = 20 at site 1, 30 at site 2, 15 at site 3, 47 at
site 4, 14 at site 5), SES (n of missing = 48). Thus, we
performed multiple imputation [67] including all
covariates; five imputed datasets were obtained. In
order to test the assumption that the gene variables
were missing at random, we examined the DNA
methylation distribution (means ± SD) of CpG
sites in all genes before and after imputation. The
final sample size for the DNA methylation dataset
was 114 boys and 129 girls. Values were not imputed
for 7 subjects that were missing 3 out of 4 genes.

We used interval censored regression models to
analyze time to pubertal onset at each visit separately.
We created binomial Tanner stage outcomes using >
1 as the pubertal onset cut-off point [45,63] for pubic
hair, genital development and breast development
characteristics. Testicular volume ≤ 3 mL indicated
pre-pubertal stage; testicular volume > 3mL but ≤
11mL indicates pubertal onset; and > 11mL indicated
sexual maturity [45,63]. Age from early-teen visit was
used as the time to follow-up here.

We used the following ordinal regression
model:

Logit Yij
� � ¼ β0 þ β1 � ageð Þ þ β2

� time differenceð Þ þ β3
� methylationð Þ þ β4
� methylation� time differenceð Þ
þ β5 � age� time differenceð Þ þ β6
� covariatesð Þ

to analyze pubertal progression between early- and
late-teen visits in boys and girls separately where
methylation is the percent methylation at a given
CpG site in one of the four genes, age is the age at
the early teen visit, and time difference is the time
between the early and late teen visits.

We selected confounders based on a priori
knowledge and variables that were significantly
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associated with DNA methylation and pubertal
stage. We included BMI and SES in adjusted inter-
val censored regression models. BMI, SES and age
from early-teen visit as well as the time difference
between these two visits in the adjusted ordinal
regression model. We used a cutoff value of
p < 0.05 to define statistical significance.
However, since we conducted a large number of
tests, we also considered significance after adjust-
ing for multiple testing. A Bonferroni correction
for multiple testing would be overly conservative
given that correlations among the 18 CpG sites can
be large (e.g. several CpG sites within LINE-1
(Pearson r > 0.7) or within H19 (r > 0.85) are
highly correlated within assay). Moreover, puber-
tal outcomes are also correlated. Thus, we cor-
rected for multiple testing by using a cutoff point
of 0.0028, obtained as 0.05/18, which considers
that for each outcome we tested 18 CpG sites. All
analyses were conducted using SAS software ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA).

Implications and contribution

Our results show that peripubertal blood DNA methylation at
growth-related candidate loci IGF2, H19, HSD11B2, as well as
LINE-1 repetitive elements may influence pubertal onset and
progression. We believe the findings will help to understand
and develop future scientific knowledge and potential interven-
tion strategies accommodating the health needs of adolescents.
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