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Puberty is an important developmental period marked by hormonal, meta-
bolic and immune changes. Puberty also marks a shift in sex differences in

susceptibility to asthma. Yet, little is known about the gene expression changes
in immune cells that occur during pubertal development. Here we assess

pubertal development and leukocyte gene expression in a longitudinal cohort
of 251 children with asthma. We identify substantial gene expression changes
associated with age and pubertal development. Gene expression changes

between pre- and post-menarcheal females suggest a shift from predominantly
innate to adaptive immunity. We show that genetic effects on gene expression
change dynamically during pubertal development. Gene expression changes
during puberty are correlated with gene expression changes associated with
asthma and may explain sex differences in prevalence. Our results show that

molecular data used to study the genetics of early onset diseases should
consider pubertal development as an important factor that modifies the

transcriptome.

Puberty is an important developmental period marked by hormonal,
metabolic and immune changes, which have been implicated in dis-
ease predisposition later in life. Starting at puberty the physiology of
men and women is influenced by different hormones - primarily
androgens such as testosterone in males and estrogen and proges-
terone in females - with broad effects on all body systems'. The typical
age for puberty onset is approximately 9-13.5 years in males and
8.5-13 years in females, yet there are fundamental differences between
males and females in the dynamics of the reactivation of the

gonadotropic axis at puberty onset”. Physiological changes during this
period that are common to both sexes include growth spurts, increase
in BMP, growth of body hair, skin changes (increased oil production
and acne), and the maturation of gonads*. Females experience breast
growth and menarche, while males undergo deepening of the voice
and develop facial hair*.

In addition to these physiological changes, certain pathological
conditions also manifest during puberty or develop sex-specific
symptom profiles’®. In particular, incidence of many autoimmune
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diseases increases in the peri-pubertal period, with females bearing a
higher disease risk than males’?. Puberty also marks a shift in sex
differences in susceptibility to asthma - males have higher asthma
prevalence in childhood, but starting from young adulthood, females
are more prone to asthma™'* Sex hormones are hypothesized to play a
role in the switch of sex skew, as asthma symptoms are also known to
worsen around menstruation'°, Recently, a Mendelian randomization
study showed a protective effect of increased sex hormone-binding
globulin (SHBG) levels on asthma onset, with a larger effect in females
than males”. Furthermore, in a cross-sectional study of a large cohort
of children with severe asthma, circulating levels of androgens were
found to positively associate with improved lung function and symp-
tom control in pubescent males, while late puberty in females was
associated with increased estradiol levels and decreased lung
function' Despite sex differences in susceptibility to asthma before
and after puberty onset®, earlier onset of puberty has been found to
increase the risk of asthma in both sexes”. Age at menarche is also
known to have substantial effects on growth and disease®. Earlier
menarche has been associated with increased risk of asthma', cardi-
ovascular disease”, type 2 diabetes” and higher BMI°. A thorough
understanding of the longitudinal changes in the immune system that
accompany puberty is needed to understand their impacts on asthma
and other disease susceptibility.

The molecular mechanisms underlying the physiological and
pathological changes in the immune system during puberty remain
understudied and largely uncharacterized. Previous studies have
explored the effects of puberty on DNA methylation”® in peripheral
blood immune cells. DNA methylation is an important epigenetic mark
regulating gene expression during development and aging”. Hormo-
nal changes in puberty have been associated with changes in DNA
methylation”. For example, differentially methylated regions between
pre- and post-pubertal females were enriched for estrogen response
element, reproductive hormone signaling and immune and inflam-
matory responses, while differentially methylated regions in males
were enriched for genes involved in adrenaline and noradrenaline
biosynthesis*. Prior studies found a larger number of genomic regions
changing methylation status during puberty in females than in
males®**°. Furthermore, regions experiencing changes in methylation
status in both sexes show changes with higher magnitude in females®.
In contrast, other studies on pre- and post-pubertal subjects found
limited differences in DNA methylation patterns between sexes*?.
These inconsistencies may be due to age differences between studies
and could be further investigated by employing a study design that
focuses on all pubertal developmental stages rather than comparing
pre- and post-pubertal stages only.

Although DNA methylation findings support the hypothesis that
blood gene expression during puberty undergoes reprogramming,
little is known about the transcriptional changes accompanying human
pubertal development, particularly from a genome-wide perspective.
Most studies to date explored epigenetic differences between pre- and
post-puberty, yet we don’t have a complete picture of the gene
expression changes during pubertal development in healthy or asth-
matic children.

Here we analyze a longitudinal cohort of 103 females and 148
males aged 10-17 years old and diagnosed with childhood onset
asthma. We investigate the associations between pubertal factors (i.e.,
age, pubertal stage, and menarche status in females), asthma symp-
toms, and genome-wide gene expression in blood. We identify gene
expression changes in peri-pubertal males and females for thousands
of genes over a short time period, as well as gene expression changes
associated with pubertal development. Substantial transcriptional
changes detected between pre- and post-menarcheal females suggest
a shift from predominantly innate to adaptive immunity as females
sexually matured. To assess the contribution of genetic factors, we
explore the effects of genetic variation on gene expression changes

associated with puberty using an expression quantitative trait locus
(eQTL) mapping approach, and show that genetic variation interacts
with puberty to influence gene expression. Our work demonstrates
that gene expression changes during puberty are correlated with gene
expression changes associated with asthma and may explain differ-
ences in prevalence between males and females.

Results

Gene expression changes associated with age

Participants in this study were recruited as part of the longitudinal
Asthmain the Lives of Families Today (ALOFT) study. The ALOFT study
recruited males and females with childhood onset asthma and
between 10 and 17 years old from Metropolitan Detroit. Children were
followed annually for up to three years.

We collected gene expression, genotype, puberty and menarche
data for a total of 251 participants. For 163 participants we collected
data for two timepoints: baseline and follow-up (Fig. 1, Table SI).
Average time to follow-up was 1.27 years (SD = 0.46). The entire range
of puberty stages, measured using a scale equivalent to Tanner
stages”, were represented for both sexes.

We employed a longitudinal study design to investigate leukocyte
gene expression changes in peri-pubertal males and females. We mod-
eled gene expression with DESeq2* in each sex separately and identified
160 genes in females and 535 genes in males (Fig. 2a, Fig. S2, Supple-
mentary Data 1, 2), whose expression changed between the two time
points. Genes differentially expressed as females grew older were enri-
ched among genes differentially expressed in males (OR =9, p-value =
6.5 x107%, Fig. 2b), suggesting a similar effect of age on gene expression
in both sexes, despite the difference in the number of significant genes.

Gene expression changes associated with puberty are likely to be
associated with age, but also with pubertal development and other
developmental changes that happen during this period of life in
children. To further validate these results, we considered all 251
individuals with at least one observation and used a cross-sectional
study design to identify gene expression differences associated with
the age of the donor. We observed a significant correlation between
the gene expression changes measured longitudinally and cross-
sectionally (Spearman rho=0.43 in females, rho=0.3 in males, p-
value <2.2 x107%), thus strengthening the evidence of gene expres-
sion changes associated with age in peri-pubertal children (Fig. 2¢c, d,
Supplementary Data 3, 4).

To directly investigate whether the observed longitudinal
changes in gene expression were similar in males and females, we
used multivariate adaptive shrinkage (mash)®. This method uses
correlations between effects measured in different conditions (e.g.,
males and females) to improve effect size estimates, increasing the
power of discovery and enabling direct comparison between effects
measured in different individuals. Applying this method to the
results of the longitudinal analysis, we discovered over two thousand
differentially expressed genes (Fig. 2e, Supplementary Data 5, 6).
Specifically, we found 818 genes in males and 746 genes in females
being upregulated when children grew older, and 1482 genes in
males and 1439 genes in females being downregulated when children
grew older. We found that these gene expression changes were lar-
gely shared between sexes, with 721 genes upregulated as children
grew older and 1404 genes downregulated as children grew older in
both sexes (Spearman rho = 0.95, p-value < 2.2 x 107, Fig. 2e, g), this
could be because we have limited power to detect sex-specific effects
of age and puberty with the current sample size. One of the
genes whose expression increased dramatically as a function of
age was PLXNDI1 (Fig. 3a), which encodes a semaphorin receptor
important for thymocyte development®. One of the genes most
strongly downregulated as a function of age was MACROD?2 (Fig. 3b),
which encodes a deacetylase involved in removing ADP-ribose from
mono-ADP-ribosylated proteins. MACROD2 deletions lead to
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Fig. 1| Analysis of gene expression in peri-pubertal males and females. a - Study
design. We employed longitudinal and cross-sectional study designs to investigate
the patterns of gene expression associated with pubertal development, b - Histo-
grams of age distribution in females (left panel) and males (right panel) at baseline

(tan) and at follow-up (green), ¢ - Histograms of Pubertal Development Score™
distribution in females (left panel) and males (right panel) at baseline (tan) and at
follow-up (green), d - Bar graph of menarcheal status in the cross-sectional sample.

congenital anomalies of multiple organs®. MACROD2 has been
demonstrated to increase estrogen receptor coactivator binding to
estrogen response elements®, while its close paralog, MACRODI, is
known to enhance transcriptional activation by androgen® and
estrogen receptors®,

There are limited data available on immune gene expression
changes throughout the lifespan. A recent study investigated gene
expression changes between the eighth and ninth decade of life*,
using a longitudinal study design. Here, we asked to what extent age
effects on gene expression were similar at different life stages, i.e.
during puberty and aging. Of the 1291 genes changing expression with
age in the elderly, 188 were also differentially expressed in both sexes
in our longitudinal peri-pubertal sample (OR=1.2, p-value=0.03).
Among the genes differentially expressed in both youth and elderly, 44
genes increased expression and 76 decreased expression as a function
of age in both groups. These genes may be unrelated to ageing and
puberty, specifically; instead they may be associated with age-related
biological processes shared across the lifespan. For 68 genes, age was
associated with opposite effects on gene expression in peri-pubertal
children and the elderly.

To understand what biological processes were represented by the
observed gene expression changes in peri-pubertal children, we per-
formed Gene Ontology and KEGG Pathways enrichment analyses on
the longitudinal results. Genes downregulated with age in both sexes
were enriched for genes in the Herpes simplex virus infection pathway

(g-value =3.1 x107*). Genes upregulated when the children grew older
were most strongly enriched for genes involved in biological processes
related to carbohydrate metabolism (g-value =1.7 x 10™*), neutrophil
activation (g-value=7.2x10") and vacuole organization (g-value =
4.5x10™) (Fig. 3¢c)*°. We also found significant enrichments for genes
in the following biological processes and pathways: lysosome (g-
value=1.8 x10°®), carbon metabolism (g-value=0.01), and glycan
degradation (g-value = 0.01) (Fig. 3d).

Gene expression changes across pubertal stages

Despite the association between age and puberty, children of the same
age might be at different stages of pubertal development*’. To directly
investigate transcriptional changes in immune cells during pubertal
development, we used the same longitudinal study design described
above and considered a quantitative pubertal development index ana-
logous to Tanner stages*>** that ranged from 1 (no development) to 4
(completed development)® (Table S2). We found 108 genes differen-
tially expressed with advancement through puberty in females and
none in males (10% FDR) (Fig. 4a, Supplementary Data 7, 8). These
results may reflect the different timing of puberty between females and
males, with females in our study being more advanced in their pubertal
development, compared to males. Among the 108 genes differentially
expressed as females progressed through puberty, 72 of them were also
differentially expressed as children became older: most genes (66) were
downregulated, while only six genes were upregulated.
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Fig. 2 | Gene expression changes over time in peri-pubertal males and females.
a Barplot with the number of genes differentially expressed (DEGs) with age in the
two sexes (10% FDR), b QQplot of p-values of age effect on gene expression in males
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longitudinal model (y axis). Correlation assessed with Spearman’s Rho and its two-
sided p-value. Blue line represents the linear regression trendline, e Scatterplot of
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Our study design allowed us to ask whether similar gene expres-
sion changes were observed across individuals experiencing different
stages of pubertal development at the time of sampling using the
cross-sectional sample (Fig. S1). To this end, we considered all indivi-
duals with at least one observation in a cross-sectional study design in
each sex. We observed significant correlations (Spearman rho = 0.13 in
females and rho = 0.31in males, p-value < 2.2 x 107°) between the gene
expression log fold changes from the longitudinal and cross-sectional
models (Supplementary Data 9, 10). Differences in the results between
the two models could be due to additional sources of variation which

are usually present in cross-sectional datasets, including genetic and
environmental effects that vary across individuals. Nevertheless, cross-
sectional results support the findings of gene expression changes
across pubertal stages from the longitudinal analysis.

To compare the transcriptional effects we discovered with
previously-known epigenetic changes associated with pubertal devel-
opment, we considered the overlap between genes differentially
expressed as females advanced through puberty and 338 genes pre-
viously associated with regions differentially methylated in pre- and
post-pubertal females*. Three of the 108 genes changing expression
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as females advance through puberty had also been found to be dif-
ferentially methylated between pre- and post-pubertal stages. This
overlap is not higher than expected by chance (Fisher’s test p-value =
0.75). Of these, ITGB3 was downregulated in children in later pubertal
stages and also hypermethylated, while two others, TOX and HMG20A,

were downregulated but hypomethylated in children that were in a
later pubertal stage (Fig. 4b-d). Genes upregulated as females
advanced through puberty were enriched for biological processes
related to negative regulation of protein modification (q-value=0.04).
Additionally, several genes were involved in processes important for
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pubertal development in females. For example, MGATI and RPNI are
involved in N-glycan biosynthesis, reflecting previously-reported
changes in serum concentration of N-glycans with age****, TSPO
enables cholesterol translocation into the mitochondria to allow
steroid hormone synthesis, and ACAAI plays a role in fatty acid meta-
bolism/degradation, potentially reflecting the changes in female body
fat distribution that appear during puberty and characterize the adult
body*.

Gene expression changes post-menarche

Menarche is an important milestone of pubertal transition marking
sexual maturity in females. We utilized a cross-sectional study design
to analyze whether gene expression differed between pre-menarche
(females who have not yet experienced menarche at the time of the
study, N=22) and post-menarche females (females who are already
menstruating at the time of the study, N=44). A longitudinal analysis
was not performed for menarche because this approach was only
possible for 4 individuals in our cohort. We identified 667 differentially
expressed genes, 604 genes had higher expression in pre-menarche
females while 63 genes had higher expression in post-menarche
females (Supplementary Data 11).

Genes downregulated after menarche were enriched for GO bio-
logical processes involved with immune responses, such as myeloid
leukocyte activation (g-value = 2.6 x 107%), and inflammatory response
(g-value =4.3 x1077) and KEGG pathways related to bacterial infection
(e.g. Pathogenic Escherichia coli infection, Legionellosis g-value=
0.05). Genes with higher expression after menarche were enriched for
the KEGG term T cell receptor signaling (g-value = 0.08), suggesting a
shift from predominantly innate to adaptive immunity as females
sexually matured (Fig. 4f, Fig. S3). Nine of the genes that changed
expression past menarche had also been found to have methylation
changes between pre- and post-puberty in females (LASP1, GAS7,
CTSA, MYL9, AGO4, CIRL, GALNT2, TRAPPC1, C170rf62)**. This over-
lap is not higher than expected by chance (Fisher’s test p-value =1). All
of these were downregulated post menarche, and six were hyper-
methylated in females post puberty (e.g., Fig. 4e). Genes changing
methylation status between pre- and post-puberty had also been found
to be enriched for genes harboring nearby estrogen response
elements®. Estrogen and androgen are the main hormones driving the
developmental changes during puberty in females and males,
respectively. These hormones bind to their specific hormone recep-
tors, which in turn bind the DNA at response elements and regulate the
expression of target genes. The androgen receptor was not expressed
in leukocytes in our cohort, however, the estrogen receptor gene
(ESRI) was expressed both in males and females. To investigate whe-
ther estrogen may directly regulate gene expression in immune cells
during puberty, we performed a motif scan for estrogen receptor

response elements in the cis-regulatory region of differentially
expressed genes. We identified binding sites for the estrogen receptor
in the regulatory region of 30 genes with transcriptional changes
during puberty and 236 genes that were differentially expressed
between pre- and post-menarcheal females. However, we observed no
enrichment for genes with nearby estrogen receptor binding sites.

Childhood asthma traits and gene expression changes during
puberty

Asthma and other diseases with an immunological component change
severity and disease manifestation during adolescence™'*'*’, We used
quantitative measures of asthma symptoms and severity to investigate
whether the changes in gene expression in immune cells during pub-
erty are also associated with changes in the disease status in our
cohort. We considered longitudinal changes in asthma symptoms and
investigated whether they are associated with longitudinal changes in
gene expression. We found that for 83 genes expression is associated
with asthma severity across male individuals. When considering overall
correlation in gene expression changes that are associated both with
puberty and asthma, we observed sex-specific patterns (Fig. 5a). In
males, gene expression changes associated with puberty (and age) are
inversely correlated with those associated with asthma symptoms and
positively correlated with those associated with pulmonary function.
Note that children with asthma generally have decreased pulmonary
function, while significant correlations between effects of peak
expiratory flow and age (and, likewise, pubertal development) are
expected as peak expiratory flow rate increases with age and height*®.
For example, pulmonary function (e.g. FEVI/FVC percent predicted
values) is positively correlated with puberty and age, indicating that
genes upregulated in older males are also upregulated during puberty
in males that have high pulmonary function (Fig. 5b). Conversely, in
females gene expression changes associated with puberty (and age)
are positively correlated with those associated with asthma symptoms
and inversely correlated with pulmonary function (Fig. 5c).

Genetic variation interacts with puberty to affect gene
expression

Timing of puberty is influenced by both environmental*’ and
genetic®*' factors acting primarily through their influence on gene
expression®. We sought to identify genetic variants whose effect on
gene expression changed throughout puberty. For example, an allele
may increase gene expression in early puberty but decrease it in late
puberty (qualitative change in the genetic effect on gene expression
during puberty). A quantitative change in the genetic effect on gene
expression during puberty would be defined instead as an allele that
is associated with increased gene expression but the magnitude of
the increase varies in different puberty stages. This type of analysis is
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also known as dynamic or context quantitative trait locus (QTL)
mapping*> .

We first investigated whether genetic effects on gene expression
changed across age. We did not find age to modify the effect of genetic
variation on gene expression in either males or females. To find genetic
variants whose effect on gene expression changes during puberty, we
tested for interaction between puberty stage or menarche and geno-
type on expression of the nearby gene. We found that genetic effects
on gene expression varied across puberty stages for four genes: IGKV1-
27 and PGAPI in males, and TBV30 and DSCI in females. Additionally, in
females, genetic effects on the expression of FLOT2 varied pre- and
post-menarche (Fig. 6, Supplementary Data 12). We observed the C
allele at rs12938658 to increase the expression of the FLOT2 gene in
pre-menarcheal females, while its effect in post-menarcheal females
trended in the opposite direction (Fig. 6a). FLOT2 encodes a caveolae-
associated integral membrane protein, and its expression has been
implicated in asthma risk via Transcriptome-Wide Association Study
(TWAS)%,

We also found interactions between genotype and puberty on
expression of B cell (/GKV1-27 in males, Fig. 6b, f) and T cell (TRBV30 in
females, Fig. 6d, h) antigen-recognition proteins, with genetic effects
on gene expression disappearing by late puberty. We had previously
identified genotype-specific effects of lymphocyte and neutrophil
fractions as well as nightly asthma symptoms on expression of TRBV30
in the same cohort®, which suggests that this association may be
mediated by changes in blood cell composition that accompany
puberty’®. Interestingly, a sex-biased genetic effect on expression of
TRBV30 had been previously reported” with a significant effect in adult
male but not female spleen. Our findings suggest that the genetic
effect on TRBV30 expression may be active in pre-pubertal females but
disappear due to different mechanisms of gene expression regulation
in post-pubertal females.

In males, we found an interaction between the pubertal devel-
opment stage and the genotype at rs116200096 on the expression
of the PGAPI (Fig. 6¢, g) gene. This gene encodes an enzyme catalyzing
the inositol deacylation of glycosylphosphatidylinositol, which
ensures proper folding of proteins involved in embryogenesis,

neurogenesis, immunity, and fertilization’. Previously, we had found
that expression of PGAPI was modulated by the interaction with gen-
otype across many contexts including cell composition and psycho-
social factors, such as the extent of self-disclosure of thoughts and
feelings, and frequency of verbal arguments within the family®’. Lastly,
we observed a strong effect of the T allele at rs28630791 on the
expression of the nearby DSCI gene only in mid-pubertal females
(Fig. 6e and i). DSCI encodes desmocollin 1 - a cell surface protein
forming part of the desmosome that ensures tight junctions between
epithelial cells” but is also highly expressed by macrophages where it
may impair HDL biogenesis’.

Changes in gene expression during puberty are associated with
age at menarche and asthma risk

We have limited information on the genetic underpinnings of pubertal
development. As a consequence, our knowledge of the molecular
mechanisms accompanying developmental changes in the different
body sites during puberty is limited. Our study identified changes in
the expression of several genes in immune cells. To confirm that these
gene expression changes are markers of pubertal development in
independent cohorts, we considered GWAS data for age at menarche
from the UK Biobank® jointly with gene expression data in whole blood
from the GTEx study”. To investigate the expression of which genes is
associated with age at menarche, we performed a Transcriptome-wide
association study (TWAS). TWAS allows the integration of gene
expression data with GWAS data to identify plausible candidate genes
driving trait variability in the population. We performed TWAS for age
at menarche by incorporating whole blood eQTL data from GTEx(v8)
with a GWAS of age at menarche from 370,000 individuals®™ using
SPrediXcan. Among 7174 tested genes, we detected a total of 108
genes associated with age at menarche at a genome-wide significant
level (Bonferroni corrected p-value<0.05, Fig. 7a, Supplementary
Data 13). These genes associated with age at menarche were mostly
enriched in immune-related pathways or diseases: MHC protein com-
plex and autoimmune thyroid disease or antigen processing and pre-
sentation, (10% FDR). Notably, we found that 27 of the genes
associated with age at menarche in the TWAS were undergoing
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significant expression changes in peri-pubertal females: 17 genes with
expression changes associated with age, 10 genes whose expression
differed between pre- and post-menarcheal females, and one gene
whose expression was higher when females were at later pubertal
stages (Fig. 7b, Supplementary Data 14). For example, the gene EEFSEC
(Selenocysteine-Specific Elongation Factor) is upregulated as females
become older. Previous studies implicated this gene in endometrial
cancer’® and preterm birth”’, and a meta-analysis found a protective
effect of late menarche on endometrial cancer risk’®.

Pubertal transition is associated with a shift in the sex distribution
of asthma prevalence - in childhood males have higher asthma pre-
valence, while in adulthood, women have higher asthma prevalence
and morbidity/severity'>'*”°, A previous TWAS®® associated expression
of 1621 genes with asthma risk. We investigated whether pubertal
development affected the expression of these genes. In both sexes, we
observed gene expression changes over time during the peri-pubertal
period for 124 genes associated with asthma risk. In addition, the
expression of 56 genes associated with asthma risk differed between
pre- and post-menarcheal females, and four genes associated with
asthma risk changed expression as females progressed through pub-
erty (Fig. 7c, Supplementary Data 15).

Discussion

Previous genomic studies have focused on exploring DNA methylation
changes between pre- and post-puberty’* > in peripheral blood
immune cells. Yet, despite the clear evidence of epigenetic repro-
gramming during pubertal development, gene expression changes
throughout puberty remain understudied. Here, we presented a
comprehensive analysis of immune cell gene expression during the
peri-pubertal period by analyzing the association of age, pubertal
development stage, and menarche status with gene expression in a
sample of 251 children with asthma. Unlike previous approaches, we
sampled the entire span of pubertal development, thus capturing both
early and late changes associated with puberty. Furthermore, we

augmented our longitudinal study design with cross-sectional analyses
to corroborate findings on gene expression changes accompanying
the peri-pubertal period.

Changes to human physiology across the lifespan have been
extensively studied for decades® ™. Yet, the effect of age on gene
expression in humans has not been explored thoroughly. Particularly,
we lack insight into the transcriptional changes across the peri-
pubertal period. Here, we discovered the widespread effects of age on
immune cell gene expression in both males and females. To directly
compare gene expression changes associated with age between the
two sexes, we applied multivariate adaptive shrinkage, which revealed
a remarkable consistency of age effect on gene expression between
peri-pubertal males and females. Genes overexpressed when children
were older were enriched for genes involved in biological processes
related to viral gene expression and translation initiation, which may
reflect the higher demand for protein anabolism when children are
growing most rapidly*°. We observed a small but significant enrich-
ment of genes differentially expressed with age in our peri-pubertal
sample within genes differentially expressed with age in the elderly®,
which implies that some age effects on gene expression may be uni-
versal across the lifespan, or at least shared between puberty and
senescence. However, age had the opposite effect on gene expression
in youth and the elderly for 35% of those genes, suggesting that
senescence may be associated with reversal of some of the same
physiological processes leading to sexual maturity.

While the epigenetic changes accompanying pubertal develop-
ment have been explored previously in several studies* 2, the likely
subsequent transcriptional changes are largely unknown. We explored
the gene expression changes in males and females tracked long-
itudinally through puberty. While we find a larger number of differ-
entially expressed genes with age in males compared with females,
we only detected significant longitudinal gene expression changes
in females but not males across puberty stages. In our sample,
females and males were of similar age. However, because females
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experience puberty earlier than males, females in our sample were
overrepresented at later pubertal stages while males were over-
represented at earlier pubertal stages (Fig. 1c, t-test p-value =3.54 x
1079). Our results thus suggest that in immune cells, gene expression
changes during later pubertal stages are more pronounced than those
occurring during earlier pubertal development. Our sample size
should be adequate to detect large changes at any stage if those were
to occur. Thus despite puberty being an important time for develop-
mental changes in both sexes, expression changes associated with
pubertal development in males during the time frame considered in
our dataset were relatively smaller when compared to those of
females. Furthermore, our results are in line with previous findings of
more genes differentially methylated between pre- and post-pubertal
females than males®****°, Accordingly, our study adds to the existing
evidence of a stronger effect of pubertal development on the func-
tioning of the immune system in females compared to males. However,
we found only a small overlap between genes changing expression
with pubertal development in females and those previously reported
to change methylation status between pre- and post-puberty in
females*. One biological explanation for this lack of enrichment may
be that some genes are epigenetically poised for transcription even
before puberty but are not expressed until activated by sex hormones.
Alternatively, the small overlap between genes differentially expressed
as females advance through puberty and genes associated with regions
differentially methylated in pre- and post-pubertal females may sug-
gest that some of the differentially expressed genes we discovered are
specific to the pubertal transition period.

Expectedly, gene expression changes associated with pubertal
development in females were well correlated with age effects. This
finding helps further validate the use of self-reported pubertal devel-
opment scores in research settings. However, we discovered more
genes differentially expressed with age than pubertal development.
This could be because some of the females in our sample had com-
pleted pubertal development and only differed by age, thus allowing
us to discover additional genes for which age effects may be subtler
but continue past puberty.

A recent study of DNA methylation changes associated with the
five markers of pubertal development used in our study found that
menarche status was the puberty marker associated with the highest
number of regions differentially methylated®. In agreement with this
finding, we found more genes whose expression differed between pre-
and post-menarcheal females compared to genes discovered to
change expression as females progress through pubertal develop-
ment. This is likely because the onset of first menstruation is a less
ambiguous marker of the shift into sexual maturity.

Previous studies of DNA methylation changes between pre- and
post-puberty in females found an overrepresentation of genes
involved in immune and inflammatory responses****?, reproductive
hormone signaling®, and other physiological changes related to
growth and development®. Our results allowed a more fine-grained
insight into the changes in the immune system that accompany the
sexual maturation of females. We discovered an enrichment of pro-
cesses related to innate immunity within genes more highly expressed
in pre-menarcheal females and enrichment for T cell receptor signaling
in genes more highly expressed in post-menarcheal females. The latter
result corroborates a previous finding of T cell receptor signaling
being overrepresented within genes near differentially methylated
regions, which were co-expressed in post-menarcheal females™.
Our results suggest a shift from innate to adaptive immunity past
menarche. This is supported by the known effects of sex hormones
on the immune system. For example, estrogen has been shown to
promote adaptive immunity*® and may promote or restrict innate
immunity®’.

Previous cross-sectional studies of asthma severity and age in
large cohorts have shown that prior to puberty, the incidence of

asthma is higher in males, and then post-puberty, adults with asthma
are more likely to be female'. However, a recent longitudinal study
throughout adolescence found that asthma severity decreased equally
in male and female subjects, probably due to an increase in androgens
in both sexes*’. Androgen levels were found to be positively associated
with increased pulmonary function'*®, as well as suppression of airway
inflammation®”°°. Due to the demographics of our cohort, we captured
late pubertal stages in females, which are associated with increased
incidence of asthma, thus resulting in the sex-specific patterns of
gene expression that we observed. Indeed, we found that gene
expression changes in late puberty in males are positively correlated
with gene expression changes associated with pulmonary function and
inversely correlated with changes associated with asthma symptoms,
while in females, these patterns are reversed. Furthermore, the genes
expressed in late pubertal stages in females are enriched for adaptive
immunity processes, which have been found to be influenced by
estrogen®. This is a potential mechanism for previously observed
associations between estradiol and decreased pulmonary function in
adolescent females with asthma'® and could be further investigated in
conjunction with hormone level measurements in future studies.

While sex-biased genetic effect on gene expression had been
reported before”, previous studies included only adult participants.
Here we demonstrate that genetic regulation of gene expression varies
during pubertal development. For example, the genetic effect on the
expression of the B cell antigen recognizing protein /IGKVI-27 gene
disappears by late puberty in males. We found hormone response
elements for androgen and estrogen receptors near /GKVI-27, sug-
gesting that the different hormonal context between early and late
puberty may explain the observed interactions between genetic effect
and puberty at this locus. In females, we discovered that the genotype
at rs73170626 is associated with the expression of TRBV30 gene in
early puberty, but this genetic effect disappears in late puberty. This
gene encodes a T cell receptor. Interestingly, a sex-biased eQTL was
previously reported for this gene, with genetic effects on gene
expression present only in adult males but not females™. This impli-
cates puberty in origins of sex-biased genetic effects on gene expres-
sion, which may translate into disease risk in women later in life.

A previous TWAS identified 205 genes whose expression in neural
tissues is associated with age at menarche®. Using a similar TWAS
approach here we demonstrated an association between blood
expression levels of 108 genes and age at menarche. For 31 of these
genes, our results confirmed previous observations for causal or
pleiotropic effects between blood gene expression and age at
menarche that were based on Mendelian randomization. This overlap
represents a significant enrichment over chance (OR =195, p-value <
2.2e-16)”". We demonstrated that expression of 27 genes associated
with age at menarche changed across puberty, including a gene
implicated in endometrial cancer risk’®, which may help explain the
link between earlier age at menarche and increased endometrial can-
cer risk’®. Additionally, we demonstrated that pubertal transition was
associated with changes in expression of genes associated with asthma
risk. Further investigations of genes that are both associated with
asthma risk and differentially expressed between pre- and post-
menarche females may provide clues to understanding increased
asthma risk in females post puberty.

Our study is the first genome-wide characterization of patterns of
gene expression changes in peri-pubertal males and females, and
complements the existing body of literature on the epigenetic repro-
gramming of immune cells during puberty. Our results also add to the
literature on lifespan changes in gene expression by focusing on early
adolescence. Overall, our findings suggest a shift from a more innate to
a more adaptive immune response past puberty in females, which
might be a mechanism for the higher incidence of autoimmune disease
in adult women compared to men. Additionally, we demonstrate that
the associations between gene expression and pubertal development
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can be modified by genetic variation, which may contribute to inter-
individual variability in incidence and severity of diseases with peri-
pubertal onset.

Methods

Study participants

Participants were drawn from the Asthma in the Lives of Families
Today study (ALOFT; samples collected November 2010-July 2018).
The study was approved by Wayne State University Institutional
Review Board, decision #0412110B3F. This multi-ethnic cohort was
established to investigate the effects of psychosocial experiences on
asthma symptoms in youth living in the Detroit Metropolitan Area.
To be included in the study, youth were required to be between 10 and
17 years of age at the time of recruitment and diagnosed with at least
mild to persistent asthma by a physician (with diagnosis confirmed
from medical records). The total sample included in the current study
consisted of 251 participants (103 females and 148 males) aged 10-17 at
recruitment for whom we successfully collected RNA-seq and genome-
wide genotype data (cohort described previously®). Written assent
and consent were obtained from the participating youth and their
parent, respectively. Participants were compensated. The ALOFT study
included three measurements at annual intervals, but only the first two
sampled time points were included for individuals with more than two
longitudinal data points in the ALOFT study. This strategy allowed us
to maximize the sample size for the longitudinal analysis. For 65% of
the participants, we were able to collect longitudinal gene expression
data from at least two timepoints. The average time interval between
the two-time points was 1.27 years (SD = 0.46 years).

Gene expression data

Leukocyte gene expression data for all timepoints and genotypes
imputed to the whole genome were obtained as described
previously®. In brief, RNA was extracted using LeukoLOCK (Thermo
Fisher) and only samples with RNA Integrity Number (RIN) of at least 6
measured on Agilent Bioanalyzer were included. Library preparation
was done in batches of up to 96 samples following standard Illumina
TruSeq Stranded mRNA protocol, with longitudinal samples from the
same individual processed together in the same batch. Samples were
sequenced on the Illumina NextSeq500 Desktop Sequencer to obtain
75bp paired-end reads. A total of 21 million (M) to 76 M reads were
collected per sample, with a mean of 41 M reads/sample. The RNA-seq
data were aligned to the human genome version GRCh37 using
HISAT2” and counted across all genes using HTSeq. Samples with
excess PCR duplicate rate (>60%) were excluded and sample identity
was confirmed by comparing the genotypes obtained from the RNA-
seq data with those obtained from the DNA samples. For all gene
expression analyses, genes on sex chromosomes and genes with
expression below 6 reads or 0.1 counts per million in at least 20% of
samples were dropped. Data for the first time point for each individual
and longitudinal data for 120 of the participants have been previously
published®, and together with additional new data included in this
study are accessible at dbGaP accession #phs002182.v2.pl.

Genotype data

VCF files were generated from low-coverage (-0.4x) whole-genome
sequencing of one blood-derived DNA sample per individual and
imputed to 37.5M variants using the 1000 Genomes database by
Gencove (New York, NY). These data are accessible at dbGaP accession
#phs002182.v2.pl.

Puberty measurements

Puberty staging was self-reported as this has been shown to be reliable,
less intrusive, and allows for large epidemiological studies®***. Pubertal
development was assessed at each timepoint prior to the blood draw
for gene expression measurement via a sex-specific self-report

questionnaire®. The questions and possible responses can be found in
Table S2. The overall pubertal development score is a mean of the
responses to specific questions 1-5, given that at least four valid
responses are provided. Pubertal development stages are analogous to
the Tanner stages*** and were treated as a continuous variable in all
analyses. For female participants, we also considered self-reported
menarche status (pre-menarche/post-menarche).

Asthma measurements

Measures of asthma symptoms and severity were collected at each
timepoint prior to the blood collection as described previously®’.
Briefly, we used measures of lung function collected via spirometry
(FEVI1 percent predicted, FVC percent predicted, FEVI/FVC percent
predicted) and peak expiratory flow meter (morning and evening peak
expiratory flow averaged over four days), and self-reported measures
of asthma symptoms, severity and inhaler use.

Differential gene expression analysis

Longitudinal analysis. We used DESeq2 to test for gene expression
changes over time, across puberty stages and with asthma traits in the
longitudinal sample. Specifically, we used the following models:

gene expression ~ fraction of reads mapping to exons + fraction of
high-quality reads + RIN + participant ID + age

gene expression ~ fraction of reads mapping to exons + fraction of
high-quality reads + RIN + participant ID + pubertal stage

gene expression ~ fraction of reads mapping to exons + fraction of
high-quality reads + RIN + participant ID + age + asthma measure

In the DESeq model, we corrected for fraction of reads mapping to
exons, fraction of high-quality reads (after removing PCR duplicates),
RNA Integrity Number (RIN), and individual effect.

These analyses were run in each sex separately. A subset of 24
participants reported a lower pubertal development score in the second
timepoint compared to baseline. To account for these mis-reported
data, we corrected the second timepoint to match the pubertal devel-
opment score measured for the same individual at baseline.

Significance threshold for differentially expressed genes was set
at 10% FDR using the Benjamini-Hochberg correction method.

Cross-sectional analysis. We used DESeq2 to test for gene expression
associated with sex, age, puberty, and menarche status in each sex
separately. To account for possible confounding factors, we corrected
for library preparation batch, fraction of reads mapping to exons,
fraction of high-quality reads, RNA Integrity Number (RIN), and the top
three genotype PCs.

gene expression ~ batch + fraction of reads mapping to exons +
fraction of high-quality reads + RIN + genotype PCs + age

gene expression ~ batch + fraction of reads mapping to exons +
fraction of high-quality reads + RIN + genotype PCs + pubertal stage

gene expression ~ batch + fraction of reads mapping to exons +
fraction of high-quality reads + RIN + genotype PCs + menarche

Multivariate adaptive shrinkage (mash). To investigate gene
expression changes associated with age in both sexes, we used the
multivariate adaptive shrinkage (mash) method® using the mashr
package v.0.2.40 in R v4.0. As input, we provided the log-fold change
and corresponding standard error from the DESeq analysis in each sex,
subset for genes tested in both sexes (18341 genes). We considered
genes with local false sign rate (LFSR)<O0.1 to be differentially
expressed.

Hormone receptor binding site analysis

To test for enrichment of estrogen receptor binding sites near differ-
entially expressed genes, we downloaded position weight matrices
(PWM) for ESR1 from the JASPAR Vertebrate Core Motifs database
version 2020°*. We counted the number of genes with at least one
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strongly-predicted (log(2) odds over genomic background>10) bind-
ing motif within 10 kb of the transcription start site within the set of
differentially expressed genes and the set of all tested genes for each
binding motif separately. We tested for enrichment using Fisher’s
exact test and used P-value < 0.05 as threshold for significance.

Gene ontology enrichment analysis

We used the clusterProfiler” package for R to run Gene Ontology
enrichment analysis for the differentially expressed genes for each
variable. We used as background all genes tested for differential
expression for that same variable The significance threshold was set at
10% FDR, and we only considered categories that included at least
three genes from the test set.

To investigate pathway-level changes between pre- and post-
menarcheal females, we calculated pathway scores of interest as fol-
lows: (1) calculated residual expression values by regressing the effects
of confounders used in differential gene expression analysis; (2)
extracted the subset of differentially expressed genes between pre-
and post-menarcheal females and belonging to a specific GO term or
KEGG pathway; (3) scaled mean-centered gene expression for each
gene across individuals; (4) calculated the average values as a specific
pathway score across genes for each individual.

Interaction eQTL mapping
To prepare the data for eQTL mapping, we quantile-normalized the
gene expression data for the cross-sectional sample of 251 participants
using the voom(method ="quantile”) function in limma (Law et al.
2014). To remove the effect of technical confounders, we regressed
the effects of: RIN, fraction of reads mapping to exons, fraction of high-
quality reads, data collection batch, library preparation batch, geno-
type PCl, genotype PC2, genotype PC3, age, weight, and height. We
first performed eQTL mapping in both sexes combined to identify
genetic variants associated with gene expression levels. To do this, we
used FastQTL’® with adaptive permutations (1000-10,000). For each
gene, we tested all genetic variants within 1 Mb of the transcription
start site (TSS) and with cohort MAF>0.1. We defined significant
eGenes atFDR<10%. For interaction eQTL mapping, we tested the SNP
with the lowest p-value for each eGene. We quantile-normalized the
gene expression data in each sex separately using the voom(-
method ="quantile”) function in limma and regressed the effects of:
RIN, fraction of reads mapping to exons, fraction of high quality reads,
library preparation batch, genotype PCl, genotype PC2, genotype PC3.
To identify genetic variants that interacted with puberty stage, age or
menarche status to influence expression of the nearby gene, we tested
the interaction between genotype dosage and each of these variables
while controlling for the marginal effects using the following models in
each sex separately:

Normalized gene expression ~ genotype dosage + age + genotype
dosage x age

Normalized gene expression ~ genotype dosage +pubertal
stage + genotype dosage x pubertal stage

Normalized gene expression ~ genotype dosage +menarche +
genotype dosage x menarche

We used 1000 permutations to correct the p-values as described
previously®® before applying Storey’s g-value method to control
for FDR.

Transcriptome-wide association study of age at menarche

We performed TWAS for age at menarche (AAM) by running the
module SPrediXcan in the MetaXcan software v0.6.11”. To perform
TWAS, we first downloaded GWAS summary statistics of AAM from the
ReproGen consortium (https://www.reprogen.org/)”, which were
generated based on data from 329,345 women from 40 studies. This
data set contains over 10 million genetic markers. After transferring
marker name from “chr:position” to “rs id” using annovar pipeline’®,

over 4 million markers remained in the following TWAS analysis. As
input for SPrediXcan, we also provided covariances file (single-tissue
LD reference files) and gene expression model in the blood tissue from
the GTEx (V8) project”, available from (https://predictdb.org/). We
used gene expression models trained in the blood tissue based on the
Elastic Net model from the GTEx (V8) project. To validate our results,
we used Fisher’s exact test to consider the enrichment of genes asso-
ciated with age at menarche through TWAS within genes previously
implicated in age at menarche through Mendelian randomization®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The phenotype, genotype and gene expression data (RNA-seq fastq
files) used in this study are available on dbGAP under accession
number: phs002182.v2.p1. All other data generated or analyzed during
this study are included in this published article (and its supplementary
information files) and source data are provided as a Source Data
file. Source data are provided with this paper.

Code availability
The scripts detailing the analyses conducted in R are available at
https://github.com/piquelab/ALOFT_puberty.

References

1.  Rey, R. A, Campo, S. M., Ropelato, M. G. & Bergada, |. Hormonal
Changes in Childhood and Puberty. in Puberty: Physiology and
Abnormalities (eds. Kumanov, P. & Agarwal, A.) 23-37 (Springer
International Publishing, 2016). https://doi.org/10.1007/978-3-319-
32122-6_3.

2. Howard, S. R. & Dunkel, L. Delayed Puberty-Phenotypic Diversity,
Molecular Genetic Mechanisms, and Recent Discoveries. Endocr.
Rev. 40, 1285-1317 (2019).

3. Growth Charts. https://www.cdc.gov/growthcharts (2019).

4. Mendle, J., Beltz, A. M., Carter, R. & Dorn, L. D. Understanding
puberty and its measurement: ideas for research in a new genera-
tion. J. Res. Adolesc. 29, 82-95 (2019).

5. Halmi, K. A., Casper, R. C., Eckert, E. D., Goldberg, S. C. & Davis, J. M.
Unique features associated with age of onset of anorexia nervosa.
Psychiatry Res. 1, 209-215 (1979).

6. Raab, J. et al. Continuous rise of insulin resistance before and after
the onset of puberty in children at increased risk for type 1 diabetes -
a cross-sectional analysis. Diabetes Metab. Res. Rev. 29,

631-635 (2013).

7. Keselman, A. & Heller, N. Estrogen signaling modulates allergic
inflammation and contributes to sex differences in asthma. Front.
Immunol. 6, 568 (2015).

8. Charania, S. N. et al. Bullying Victimization and Perpetration Among
US Children with and Without Tourette Syndrome. Journal of Devel-
opmental & Behavioral Pediatrics vol. Publish Ahead of Print (2021).

9. Huang, J.L., Yao, T. C. & See, L. C. Prevalence of pediatric systemic
lupus erythematosus and juvenile chronic arthritis in a Chinese
population: a nation-wide prospective population-based study in
Taiwan. Clin. Exp. Rheumatol. 22, 776-780 (2004).

10. Ceovic, R. et al. Psoriasis: female skin changes in various hormonal
stages throughout life-puberty, pregnancy, and menopause.
Biomed. Res. Int. 2013, 571912 (2013).

1.  Waubant, E. Effect of puberty on multiple sclerosis risk and course.
Mult. Scler. 24, 32-35 (2018).

12. Ingram, J. R. The epidemiology of hidradenitis suppurativa. Br. J.
Dermatol. 183, 990-998 (2020).

13. Vink, N. M., Postma, D. S., Schouten, J. P., Rosmalen, J. G. M. &
Boezen, H. M. Gender differences in asthma development and

Nature Communications | (2023)14:230


https://www.reprogen.org/
https://predictdb.org/
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs002182.v2.p1
https://github.com/piquelab/ALOFT_puberty
https://doi.org/10.1007/978-3-319-32122-6_3
https://doi.org/10.1007/978-3-319-32122-6_3
https://www.cdc.gov/growthcharts

Article

https://doi.org/10.1038/s41467-022-35742-z

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

remission during transition through puberty: the tracking adoles-
cents’ individual lives survey (TRAILS) study. J. Allergy Clin. Immu-
nol. 126, 498-504.e1-6 (2010).

Teague, W. G. et al. Baseline features of the severe asthma research
program (sarp iii) cohort: differences with age. J. Allergy Clin.
Immunol. Pract. 6, 545-554.e4 (2018).

Eliasson, O., Scherzer, H. H. & DeGraff, A. C. Jr. Morbidity in asthma
in relation to the menstrual cycle. J. Allergy Clin. Immunol. 77,
87-94 (1986).

Vrieze, A., Postma, D. S. & Kerstjens, H. A. M. Perimenstrual asthma:
a syndrome without known cause or cure. J. Allergy Clin. Immunol.
112, 271-282 (2003).

Arathimos, R. et al. Genetic and observational evidence supports a
causal role of sex hormones on the development of asthma. Thorax
74, 633-642 (2019).

DeBoer, M. D. et al. Effects of endogenous sex hormones on lung
function and symptom control in adolescents with asthma. BMC
Pulm. Med. 18, 58 (2018).

Minelli, C. et al. Age at puberty and risk of asthma: a mendelian
randomisation study. PLoS Med. 15, €1002634 (2018).

Day, F. R., Perry, J. R. B. & Ong, K. K. Genetic regulation of puberty
timing in humans. Neuroendocrinology 102, 247-255 (2015).
Lakshman, R. et al. Early age at menarche associated with cardio-
vascular disease and mortality. J. Clin. Endocrinol. Metab. 94,
4953-4960 (2009).

Elks, C. E. et al. Age at menarche and type 2 diabetes risk: the EPIC-
InterAct study. Diabetes Care 36, 3526-3534 (2013).

Almstrup, K. et al. Pubertal development in healthy children is
mirrored by DNA methylation patterns in peripheral blood. Sci. Rep.
6, 28657 (2016).

Thompson, E. E. et al. Global DNA methylation changes spanning
puberty are near predicted estrogen-responsive genes and enri-
ched for genes involved in endocrine and immune processes. Clin.
Epigenetics 10, 62 (2018).

Han, L. et al. Changes in DNA methylation from pre- to post-
adolescence are associated with pubertal exposures. Clin. Epige-
netics 11, 176 (2019).

Chen, S. et al. Age at onset of different pubertal signs in boys and
girls and differential DNA methylation at age 10 and 18 years: an
epigenome-wide follow-up study. Hum. Reprod. Open 2020,
hoaa006 (2020).

Moore, S. R. et al. Distinctions between sex and time in

patterns of DNA methylation across puberty. BMC Genomics 21,
389 (2020).

De Vito, R. et al. Differentially methylated regions and methylation
QTLs for teen depression and early puberty in the Fragile Families
Child Wellbeing Study. Preprint at bioRxiv 2021.05.20.444959
https://doi.org/10.1101/2021.05.20.444959 (2021).

Horvath, S. & Raj, K. DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nat. Rev. Genet. 19,

371-384 (2018).

Almstrup, K. et al. Erratum: Pubertal development in healthy chil-
dren is mirrored by DNA methylation patterns in peripheral blood.
Sci. Rep. 6, 30664 (2016).

Carskadon, M. A. & Acebo, C. A self-administered rating scale for
pubertal development. J. Adolesc. Health 14, 190-195 (1993).
Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol.
15, 550 (2014).

Urbut, S. M., Wang, G., Carbonetto, P. & Stephens, M. Flexible sta-
tistical methods for estimating and testing effects in genomic stu-
dies with multiple conditions. Nat. Genet. 51, 187-195 (2019).

Gay, C. M., Zygmunt, T. & Torres-Vazquez, J. Diverse functions for
the semaphorin receptor PlexinD1 in development and disease.
Dev. Biol. 349, 1-19 (201M1).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lombardo, B. et al. Intragenic deletion in MACROD2: a family with
complex phenotypes including microcephaly, intellectual dis-
ability, polydactyly, renal and pancreatic malformations. Cyto-
genet. Genome Res. 158, 25-31 (2019).

Mohseni, M. et al. MACROD2 overexpression mediates estrogen
independent growth and tamoxifen resistance in breast cancers.
Proc. Natl Acad. Sci. USA 111, 17606-17611 (2014).

Yang, J. et al. The single-macro domain protein LRP16 is an essential
cofactor of androgen receptor. Endocr. Relat. Cancer 16,

139-153 (2009).

Han, W.-D. et al. Estrogenically regulated LRP16 interacts with
estrogen receptor alpha and enhances the receptor’s transcrip-
tional activity. Endocr. Relat. Cancer 14, 741-753 (2007).

Balliu, B. et al. Genetic regulation of gene expression and splicing
during a 10-year period of human aging. Genome Biol. 20,

230 (2019).

Mauras, N., Rogol, A. D., Haymond, M. W. & Veldhuis, J. D. Sex
steroids, growth hormone, insulin-like growth factor-1: neu-
roendocrine and metabolic regulation in puberty. Horm. Res. 45,
74-80 (1996).

Abreu, A. P. & Kaiser, U. B. Pubertal development and regulation.
Lancet Diabetes Endocrinol. 4, 254-264 (2016).

Marshall, W. A. & Tanner, J. M. Variations in pattern of pubertal
changes in girls. Arch. Dis. Child. 44, 291-303 (1969).

Marshall, W. A. & Tanner, J. M. Variations in the pattern of pubertal
changes in boys. Arch. Dis. Child. 45, 13-23 (1970).

Ding, N. et al. Human serum N-glycan profiles are age and sex
dependent. Age Ageing 40, 568-575 (2011).

Pucic, M. et al. Changes in plasma and IgG N-glycome during
childhood and adolescence. Glycobiology 22, 975-982 (2012).
Loomba-Albrecht, L. A. & Styne, D. M. Effect of puberty on body
composition. Curr. Opin. Endocrinol. Diabetes Obes. 16,

10-15 (2009).

Ross, K. R. et al. Severe asthma during childhood and adolescence:
a longitudinal study. J. Allergy Clin. Immunol. 145,

140-146.e9 (2020).

Hast, A., Hast, A. H. & Ibsen, T. Peak expiratory flow rate in healthy
children aged 6-17 years. Acta Paediatr. 83, 1255-1257 (1994).
Euling, S. Y., Selevan, S. G., Pescovitz, O. H. & Skakkebaek, N. E. Role
of environmental factors in the timing of puberty. Pediatrics 121,
$167-S171 (2008).

Day, F. R. et al. Shared genetic aetiology of puberty timing between
sexes and with health-related outcomes. Nat. Commun. 6,

8842 (2015).

Day, F. R. et al. Genomic analyses identify hundreds of variants
associated with age at menarche and support a role for puberty
timing in cancer risk. Nat. Genet. 49, 834-841 (2017).

Knowles, D. A. et al. Determining the genetic basis of anthracycline-
cardiotoxicity by molecular response QTL mapping in induced
cardiomyocytes. eLife 7, e33480 (2018).

Findley, A. S. et al. Functional dynamic genetic effects on gene
regulation are specific to particular cell types and environmental
conditions. Elife 10, 67077 (2021).

Zhernakova, D. V. et al. Identification of context-dependent
expression quantitative trait loci in whole blood. Nat. Genet. 49,
139-145 (2017).

Manry, J. et al. Deciphering the genetic control of gene expression
following Mycobacterium leprae antigen stimulation. PLOS Genet.
13, 1006952 (2017).

Nédélec, Y. et al. Genetic ancestry and natural selection drive
population differences in immune responses to pathogens. Cell
167, 657-669.e21 (2016).

Alasoo, K. et al. Shared genetic effects on chromatin and gene
expression reveal widespread enhancer priming in immune
response. https://doi.org/10.1101/102392.

Nature Communications | (2023)14:230

12


https://doi.org/10.1101/2021.05.20.444959
https://doi.org/10.1101/102392

Article

https://doi.org/10.1038/s41467-022-35742-z

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

Kim-Hellmuth, S. et al. Genetic regulatory effects modified by
immune activation contribute to autoimmune disease associations.
https://doi.org/10.1101/116376.

Quach, H. et al. Genetic adaptation and neandertal admixture
shaped the immune system of human populations. Cell 167,
643-656.€17 (2016).

Caligskan, M., Baker, S. W., Gilad, Y. & Ober, C. Host genetic variation
influences gene expression response to rhinovirus infection. PLoS
Genet. 11, 1005111 (2015).

Lee, M. N. et al. Common genetic variants modulate pathogen-
sensing responses in human dendritic cells. Science 343,
1246980 (2014).

Fairfax, B. P. et al. Innate immune activity conditions the effect of
regulatory variants upon monocyte gene expression. Science 343,
1246949 (2014).

Maranville, J. C. et al. Interactions between glucocorticoid treat-
ment and cis-regulatory polymorphisms contribute to cellular
response phenotypes. PLoS Genet. 7, €1002162 (2011).
Mangravite, L. M. et al. A statin-dependent QTL for GATM expres-
sion is associated with statin-induced myopathy. Nature 502,
377-380 (2013).

Barreiro, L. B. et al. Deciphering the genetic architecture of variation
in the immune response to Mycobacterium tuberculosis infection.
Proc. Natl Acad. Sci. USA. 109, 1204-1209 (2012).

Alasoo, K. et al. Genetic effects on promoter usage are highly
context-specific and contribute to complex traits. Elife 8,

e41673 (2019).

Huang, Q. Q. et al. Neonatal genetics of gene expression reveal the
origins of autoimmune and allergic disease risk. https://doi.org/10.
1101/683086.

Zhang, Y. et al. PTWAS: investigating tissue-relevant causal mole-
cular mechanisms of complex traits using probabilistic TWAS
analysis. Genome Biol. 21, 232 (2020).

Resztak, J. A. et al. Psychosocial experiences modulate asthma-
associated genes through gene-environment interactions. Elife 10,
63852 (2021).

Pérez-de-Heredia, F. et al. Influence of sex, age, pubertal matura-
tion and body mass index on circulating white blood cell counts in
healthy European adolescents—the HELENA study. Eur. J. Pediatr.
174, 999-1014 (2015).

Oliva, M. et al. The impact of sex on gene expression across human
tissues. Science 369, eaba3066 (2020).

Liu, Y.-S. & Fujita, M. Mammalian GPl-anchor modifications and the
enzymes involved. Biochem. Soc. Trans. 48, 1129-1138 (2020).
Donetti, E. et al. Desmocollin 1 and desmoglein 1 expression in
human epidermis and keratinizing oral mucosa: a comparative
immunohistochemical and molecular study. Arch. Dermatol. Res.
297, 31-38 (2005).

Choi, H. Y. et al. Desmocollin 1 is abundantly expressed in athero-
sclerosis and impairs high-density lipoprotein biogenesis. Eur. Heart
J. 39, 1194-1202 (2018).

GTEx Consortium. The GTEx Consortium atlas of genetic
regulatory effects across human tissues. Science 369, 1318-1330
(2020).

Kho, P. F. et al. Multi-tissue transcriptome-wide association study
identifies eight candidate genes and tissue-specific gene expres-
sion underlying endometrial cancer susceptibility. Commun. Biol.
4, 1211 (2021).

Zhang, G. et al. Genetic associations with gestational duration and
spontaneous preterm birth. N. Engl. J. Med. 377, 1156-1167 (2017).
Gong, T.-T., Wang, Y.-L. & Ma, X.-X. Age at menarche and endo-
metrial cancer risk: a dose-response meta-analysis of prospective
studies. Sci. Rep. 5, 14051 (2015).

Shah, R. & Newcomb, D. C. Sex bias in asthma prevalence and
pathogenesis. Front. Immunol. 9, 2997 (2018).

80. Spencer, R. P. Variation of intestinal activity with age: a review. Yale
J. Biol. Med. 37, 105-129 (1964).

81. Somerville, D. A. The effect of age on the normal bacterial flora of
the skin. Br. J. Dermatol. 81, 14+ (1969).

82. Kay, M. M. An overview of immune aging. Mech. Ageing Dev. 9,
39-59 (1979).

83. Ludwig, F. C. & Smoke, M. E. The measurement of biological age.
Exp. Aging Res. 6, 497-522 (1980).

84. Reaven, G. M. & Reaven, E. P. Effects of age on various aspects of
glucose and insulin metabolism. Mol. Cell. Biochem. 31,

37-47 (1980).

85. Dutta, S. & Sengupta, P. Men and mice: relating their ages. Life Sci.
152, 244-248 (2016).

86. Gubbels Bupp, M. R. Sex, the aging immune system, and chronic
disease. Cell. Imnmunol. 294, 102-110 (2015).

87. Kovats, S. Estrogen receptors regulate innate immune cells and
signaling pathways. Cell. Immunol. 294, 63-69 (2015).

88. Mohan, S. S. et al. Higher serum testosterone and dihy-
drotestosterone, but not oestradiol, are independently associated
with favourable indices of lung function in community-dwelling
men. Clin. Endocrinol. 83, 268-276 (2015).

89. Gandhi, V. D. et al. Androgen receptor signaling promotes Treg
suppressive function during allergic airway inflammation. J. Clin.
Invest. 132, €153397 (2022).

90. Blanquart, E. et al. Targeting androgen signaling in ILC2s protects
from IL-33-driven lung inflammation, independently of KLRGT. J.
Allergy Clin. Immunol. 149, 237-251.€12 (2022).

91. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner
with low memory requirements. Nat. Methods 12, 357-360 (2015).

92. Chavarro, J. E. et al. Validity of Self-Assessed Sexual Maturation
Against Physician Assessments and Hormone Levels. J. Pediatr. 186,
172-178.e3 (2017).

93. Balzer, B. W. R. et al. Self-rated Tanner stage and subjective mea-
sures of puberty are associated with longitudinal gonadal hormone
changes. J. Pediatr. Endocrinol. Metab. 32, 569-576 (2019).

94. Fornes, O. et al. JASPAR 2020: update of the open-access database
of transcription factor binding profiles. Nucleic Acids Res. 48,
D87-D92 (2020).

95. Yu, G., Wang, L.-G., Han, Y. & He, Q.-Y. clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS 16,
284-287 (2012).

96. Ongen, H., Buil, A., Brown, A. A., Dermitzakis, E. T. & Delaneau, O.
Fast and efficient QTL mapper for thousands of molecular pheno-
types. Bioinformatics 32, 1479-1485 (2016).

97. Barbeira, A. N. et al. Exploring the phenotypic consequences of
tissue specific gene expression variation inferred from GWAS
summary statistics. Nat. Commun. 9, 1825 (2018).

98. Wang, K., Li, M. & Hakonarson, H. ANNOVAR: functional annotation
of genetic variants from high-throughput sequencing data. Nucleic
Acids Res. 38, €164 (2010).

Acknowledgements

We thank Carole Ober for helpful comments on an earlier version of
this manuscript, and members of the Luca, Pique-Regi and Zilioli
groups for helpful discussions. This study was supported by National
Heart, Lung, and Blood Institute grants ROTHL114097 to R.S. and S.Z.,
RO1THL162574 to F.L., R.P.R., and S.Z. The graphical representation of
the male and female body during puberty used in Fig. 1 were created
with BioRender.com.

Author contributions

Conceptualization and Funding acquisition: R.B.S., R.P.R., F.L., and S.Z.;
Resources: X.W., R.B.S., S.Z., R.P.R., and F.L.; Methodology: X.W., R.B.S.,
R.P.R., and F.L.; Project administration: R.P.R. and F.L.; Data curation:
JR., J.B.,,RH., AA., and H.M.M.; Formal analysis, Investigation and

Nature Communications | (2023)14:230

13


https://doi.org/10.1101/116376
https://doi.org/10.1101/683086
https://doi.org/10.1101/683086

Article

https://doi.org/10.1038/s41467-022-35742-z

Visualization: J.R., J.C., and J.W.; Writing - original draft: J.R., J.C., R.P.R.,
and F.L.; Writing - review and editing: J.R., J.C., S.N., JW., X.W., R.B.S.,
S.Z.,R.P.R.,and F.L.; Supervision: R.P.R.and F.L. J.R. and J.C. contributed
equally to this work.

Competing interests

We declare that the authors have no competing interests as defined by
Nature Research, or other interests that might be perceived to influence
the interpretation of the article.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35742-z.

Correspondence and requests for materials should be addressed to
Roger Pique-Regi or Francesca Luca.

Peer review information Nature Communications thanks Sasha Howard
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:230

14


https://doi.org/10.1038/s41467-022-35742-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Analysis of transcriptional changes in the immune system associated with pubertal development in a longitudinal cohort of children with asthma
	Results
	Gene expression changes associated with age
	Gene expression changes across pubertal stages
	Gene expression changes post-menarche
	Childhood asthma traits and gene expression changes during puberty
	Genetic variation interacts with puberty to affect gene expression
	Changes in gene expression during puberty are associated with age at menarche and asthma risk

	Discussion
	Methods
	Study participants
	Gene expression data
	Genotype data
	Puberty measurements
	Asthma measurements
	Differential gene expression analysis
	Longitudinal analysis
	Cross-sectional analysis
	Multivariate adaptive shrinkage (mash)
	Hormone receptor binding site analysis
	Gene ontology enrichment analysis
	Interaction eQTL mapping
	Transcriptome-wide association study of age at menarche
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




