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signi�cant increase in the circulating levels as children progressed through puberty (Fig.�3d). TRIP6 levels dou-
bled in boys from 3.4 (95% CI: 2.5�4.2) ng/ml pre-pubertally to 6.9 (4.5�9.3) ng/ml post-pubertally. Even though 
variation was observed, the increase was highly signi�cant (p-value: 0.005). Similar data was obtained in girls 
where the mean pre-pubertal levels were 4.4 (3.4�5.4) ng/ml and signi�cantly increased (p-value: 0.004) to 8.3 
(6.1�10.5) ng/ml in post-pubertal girls. In general, TRIP6 levels appeared to be higher in girls than in boys, and 
the TRIP6 promoter also seemed to be more di�erentially regulated in girls (Fig.�3d and Supplementary Figure 3).

Moreover, changes in methylation levels of the same genomic region between SLC12A9 and TRIP6 were sig-
ni�cantly associated with testosterone (boys), FSH (boys and girls), and LH (boys and girls) levels. �is was 
however not the case for Inhibin B (boys and girls), AMH (boys and girls), or estradiol (girls; data not shown).

In addition, a region in the proximity of KCNAB3 was identified as the third most significant region 
(Supplementary Table 7) to be di�erentially methylated during pubertal transition.

Figure 1.  Identi�cation of CpGs associated with pubertal age. (a) From the COPENHAGEN puberty 
study of children followed longitudinally, selected pre- and post-pubertal samples from 31 boys and 20 girls 
were included in the study. Time relative to onset of puberty as measured by a testicular volume of 4 ml or 
breast tanner stage B2 or above was calculated and de�ned as the pubertal age. (b) Genomic in�ation of the 
genome-wide DNA methylation patterns correlating with pubertal age were corrected by applying an improved 
surrogate variant analysis (SmartSVA) resulting in a genomic in�ation factor of 1.2 and a qq-plot leaving 457 
signi�cant CpG sites at a FDR of 0.05 (red). (c) Manhattan plot of the signi�cant CpG sites reveal a distribution 
across all autosomes. (d) Unsupervised hierarchical centroid clustering of CpGs associated with pubertal age. 
�e resulting dendrograms were colour coded according to their height and divided samples into two major 
groups that nearly uniquely represented pre- and post-pubertal boys and girls. (e) Gene ontology analysis of 
all signi�cant CpGs revealed several ontologies (p-value �​ 0.05) that could be related to pubertal development. 
Biological process gene ontologies were plotted in a sematic space, using REVIGO, that groups related 
ontologies together.
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Prediction of pubertal age from DNA methylation patterns.  DNA methylation patterns have been 
shown to predict biological aging, and with our longitudinal data on pubertal age (Fig.�4a), we therefore tried 
to predict the pubertal age of boys and girls based on our methylation data. Normalised and �ltered probes 
(n �​ 467,873) were used as predictors in an elastic net regression model (similar to the algorithms earlier used in 
prediction of biological aging). �e prediction error (standard deviation of residual error) was estimated using 
10-fold cross validation and corrected for chronological age. Using the minimal lambda penalisation value (0.10 
and 0.13), the pubertal age was predicted with a residual error of 0.39 and 0.74 year, equalling �ve and nine 
months in boys and girls, respectively (Fig.�4b,c). In comparison, the residual error obtained from our data on 
predicted biological aging (Fig.�4d) was 0.94 year (11 months; lambda �​ 0.06). When boys and girls were com-
bined into one analysis, the residual error was 0.6 year (seven months) for prediction of pubertal age.

Boys-pre Age (yrs.)
Pubertal age 

(yrs.)
Pubic hair 

(stage) Testis size (ml) FSH (IU/l) LH (IU/l) AMH (pmol/l) T (nmol/l) E2 (pmol/l)
Inhibin B 
(pg/ml)

  Median 9.38 �​2.67 1 2 0.64 0.06 600 0.01 1 89

  Mean 9.10 �​2.47 1 2 0.75 0.10 654 0.018 4 93

  1st�3rd Qu 8.98�9.65 �​3.07-1.80 1�1 2�2 0.38�0.99 0.04�0.10 506�757 0.01�0.01 1�1 72�109

  Range 6.15�10.52 �​5.06-0.42 1�2 1�3 0.15�1.75 0.02�0.72 311�1451 0.01�0.17 1�20 40�157

Boys-post

  Median 15.53 3.48 4 18 2.91 2.92 50 14.96 53 204

  Mean 15.07 3.50 4 17 3.07 3.04 97 14.53 54 222

  1st�3rd Qu 14.58�15.93 3.08�4.42 4�5 15�21 2.36�3.46 2.54�3.35 33�67 12.26�18.11 38�71 167�274

  Range 12.57�16.39 0.00�5.95 1�6 4�25 1.09�7.26 1.08�8.51 14�1059 0.42�23.92 1�125 113�362

Girls-pre Age (yrs.) Pubertal age 
(yrs.)

Pubic hair 
(stage) Breast (stage) FSH (IU/l) LH (IU/l) AMH (pmol/l) T (nmol/l) E2 (pmol/l) Inhibin B 

(pg/ml)

  Median 9.06 �​1.02 1 1 1.40 0.04 16 0.01 20 19

  Mean 8.31 �​1.74 1 1 1.70 0.07 20 0.06 23 18

  1st�3rd Qu 6.47�9.51 �​2.54-0.85 1�1 1�1 1.16�2.09 0.02�0.07 14�25 0.01�0.01 10�26 12�23

  Range 5.59�11.32 �​6.01-0.42 1�2 1�2 0.08�3.96 0.01�0.50 6�47 0.01�0.60 1�103 3�39

Girls-post

  Median 13.76 3.90 5 5 4.24 3.89 16 0.83 167 46

  Mean 14.04 3.99 4 4 4.01 4.00 19 0.93 220 46

  1st�3rd Qu 12.59�15.81 3.15�5.53 4�5 4�5 2.56�5.38 2.34�5.51 12�23 0.67�1.19 131�284 24�57

  Range 12.20�16.32 0.54�5.95 3�5 3�5 0.73�7.20 0.01�9.41 4�46 0.01�1.98 1�858 8�117

Table 1.   Summary data on the pre- and post-pubertal boys and girls included in the study.

Figure 2.  Identi�cation of CpGs associated with changes in circulating reproductive hormones in boys.  
(a) Venn diagram of CpGs associated with Testosterone (n �​ 999), FSH (n �​ 492), LH (n �​ 403), AMH (n �​ 282),  
and Inhibin B (n �​ 218) at a FDR cut-o� of 0.05 in boys a�er correcting for genomic in�ation and age. (b) Binary  
tree obtained from a sequence of union operations showing how related the hormone CpG clusters are to each 
other. (c) Venn diagram of the CpGs associated with pubertal age and circulating reproductive hormones 
(Supplementary Tables 1, 5 and 6).
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Discussion
To our knowledge, this is the �rst human longitudinal study describing individual changes in speci�c epigenetic 
pro�les associated with pubertal onset. We identi�ed a number of CpGs and CPG islands, suggesting novel key 
players for pubertal development.

Our study cannot reveal the cause and e�ect of di�erentially regulated CPGs. However, a downstream bio-
logical consequence of a change in a single CpG is less likely and, as such, these may represent surrogate mark-
ers of pubertal transition. It is more likely that coordinated changes of DNA methylation in genomic regions 
have a downstream biological e�ect. Consequently, we searched for such regions in our data and identi�ed a 
potential regulatory region upstream of TRIP6 that was co-ordinately regulated during pubertal transition. 
Not much is known about human TRIP6 (�yroid Hormone Receptor Interactor 6, 7q22), which according to 
ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/; RRID:SCR_006169) does not contain any SNPs that are clearly 

Figure 3.  Identi�cation of di�erentially methylated regions associated with pubertal age. (a) �e most 
signi�cant di�erentially methylated genomic region (nine probes with a mean p-value of 1.3e�31) was found 
on chromosome 7 (chr7:100463206-100464771) that contains both gene body and 3�​ UTR of SLC12A9 and 
transcription start site of TRIP6. �e CpGs were located in several putative transcription factor bindings sites 
upstream of TRIP6. TX Factor ChIP, DNase1 clusters tracks were obtained from the ENCODE database and the 
CpG Islands from the UCSC database. (b) Immunohistochemical staining for TRIP6 in normal adult testicular 
tissue showing intense and speci�c staining in Leydig cells (arrow heads) producing testosterone. (c) TRIP6 
staining of pre-pubertal (7.9 years old) testicular tissue. TRIP6 staining was absent from Leydig cells (arrow 
heads) in pre-pubertal testis. Bar equals 20 �​m. Negative controls are shown in Supplementary Figure 4 together 
with staining of ovarian tissue. (d) Circulating levels of TRIP6 were determined by ELISA in boys and girls pre-
pubertally, around pubertal onset and post-pubertally. �e box plots show the distribution of the measurements 
(the band inside the box depicts the median) at each time point and the connected lines are drawn from the 
mean of each group. �​�​Denotes a p-value below 0.01.
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