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ABSTRACT: There is now considerable evidence that elements of
the heritable or familial component of disease susceptibility are
transmitted by nongenomic means, and that environmental influences
acting during early development shape disease risk in later life. The
underlying mechanisms are thought to involve epigenetic modifica-
tions in nonimprinted genes induced by aspects of the developmental
environment, which modify gene expression without altering DNA
sequences. These changes result in life-long alterations in gene
expression. Such nongenomic tuning of phenotype through develop-
mental plasticity has adaptive value because it attempts to match an
individual’s responses to the environment predicted to be experi-
enced. When the responses are mismatched, disease risk increases.
An example of such mismatch is that arising either from inaccurate
nutritional cues from the mother or placenta before birth, or from
rapid environmental change through improved socioeconomic con-
ditions, which contribute substantially to the increasing prevalence of
type-2 diabetes, obesity, and cardiovascular disease. Recent evidence
suggests that the effects can be transmitted to more than the imme-
diately succeeding generation, through female and perhaps male
lines. Future research into epigenetic processes may permit us to
develop intervention strategies. (Pediatr Res 61: SR-10R, 2007)

pidemiologic studies have demonstrated a robust associ-
ation between small size at birth and during infancy, and

a greater risk of chronic disease including coronary heart
disease, hypertension, stroke, type 2 diabetes, and osteoporo-
sis in later life (1). It is now accepted that the associations do
not reflect confounding by adult environmental risk factors
such as smoking or socioeconomic status, and the original
observations from the Southampton group have been exten-
sively replicated worldwide (1). A recent meta-analysis of 18
studies reported that the relative risk of adult coronary heart
disease was 0.84 for each 1 kg increase in birth weight (2).
This value is likely to substantially underestimate the devel-
opmental influence as there is much experimental evidence
that the prenatal environment can induce long-term cardiovas-
cular effects without necessarily affecting size at birth (3).
Moreover, profound effects have now been demonstrated if
there is a “mismatch” between the early, developmental en-
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vironment and the subsequent environment in childhood and
adult life (4). These and other observations have resulted in
wide recognition that the “Developmental Origins of Health
and Disease” has major public health implications worldwide.
For example, a recent World Health Organization Technical
Consultation concluded, “The global burden of death, disabil-
ity, and loss of human capital as a result of impaired fetal
development is huge and affects both developed and develop-
ing countries” (5). The report advocates a move away from
simply low birth weight, to broader considerations of maternal
well-being, and achieving the optimal environment for the
fetus to maximize its potential for a full and healthy life.

In parallel with the epidemiologic observations, animal
studies have demonstrated the importance of epigenetic
changes in mediating the effects on adult phenotype and
physiology arising from perturbations of the developmental
environment, including maternal diet (6,7), uterine blood flow
(8), and maternal nursing behavior (9). The role of epigenetic
processes in the early stages of some forms of cancer is well
established (10), but we are only now starting to appreciate
that epigenetic processes also have major implications for our
understanding of evolutionary mechanisms and for human
development, reproduction, and degenerative disease. The
effects on the offspring of epigenetic changes during develop-
ment in animals mimic aspects of human disease, for example,
metabolic disease, impaired renal function, or exaggerated
stress responses, and a coherent theory for a role of epigenetic
mechanisms in the developmental origins of later chronic
disease is emerging. This is the subject of this review.

MISMATCH, DEVELOPMENTAL PLASTICITY,
AND EPIGENETICS

Steep temporal trends in the incidence rates of cardiovas-
cular disease in many populations suggest that the epidemio-
logic associations are unlikely to have arisen exclusively
through the pleiotropic effects of genes that influence both
fetal growth and later cardiovascular risk. In contrast, the
effects are now viewed as the result of the phenotype estab-

Abbreviations: Dnmt, DNA methyltransferase; CpG, cytosine and guanine
adjacent to each other in the genome, linked by a phosphodiester bond; GR,
glucocorticoid receptor; HDAC, histone deacetylase; HMT, histone methyl-
transferase; PPAR, peroxisome proliferator-activated receptor; RNS Pol,
RNA polymerase; TF, transcription factor
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lished by the interaction between genes and the developmental
environment using the processes of developmental plasticity
(11-13). As in other species, developmental plasticity at-
tempts to “tune” gene expression to produce a phenotype best
suited to the predicted later environment (14). When the
resulting phenotype is matched to its environment, the organ-
ism will remain healthy. When there is a mismatch, the
individual’s ability to respond to environmental challenges
may be inadequate and risk of disease increases. Thus, the
degree of the mismatch determines the individual’s suscepti-
bility to chronic disease (4).

The degree of mismatch can by definition be increased by
either poorer environmental conditions during development,
or richer conditions later, or both (4). Unbalanced maternal
diet, body composition, or disease can perturb the former; the
rapid increase in energy-dense foods and reduced physical
activity levels associated with a western lifestyle will increase
the degree of mismatch via the latter (Fig. 1). Such changes
are of considerable importance in developing societies going
through rapid socioeconomic transitions. In this review, we
focus on the epigenetic components of such inherited risk of
disease, while noting that other, nongenomic mechanisms also
operate to alter risk of disease in subsequent generations, e.g.
the passage of cultural risk factors such as smoking.

The processes of phenotypic induction through develop-
mental plasticity produce integrated changes in a range of
organs via epigenetic processes. They establish a life-course
strategy for meeting the demands of the predicted later envi-
ronment (15). This explains why an impaired early environ-
ment produces a range of effects—alterations in cardiovascu-
lar and metabolic homeostasis, growth and body composition,
cognitive and behavioral development, reproductive function,

Affluence

Increased risk
of disease from
unpredicted excess

Mature
environment

Epigenetic processes
tune phenotype to
achieve best match to
predicted environment

Poor

Developmental environment

Figure 1. The mismatch concept emphasizes that the degree of disparity
between the environment experienced during development and that experi-
enced later influences the risk of disease. During the period of developmental
plasticity in prenatal and early postnatal life, epigenetic processes are thought
to alter gene expression to produce phenotypic attributes best suited to the
environment in which the individual predicts that it will live, based on
environmental cues transmitted via the mother. Greater mismatch gives
greater risk of disease from unpredicted excessive richness (high calorie
density food, sedentary lifestyle) of the environment. Thus, risk is greater with
poorer developmental environment (A vs B), and with socioeconomic transi-
tions to an affluent western lifestyle. Adapted from Gluckman PD ez al. 2007
Am J Hum Biol 19:1-19 © 2006 Wiley- Liss,Inc., with permission.

repair processes and longevity—some of which are associated
with increased risk of cardiovascular and metabolic disease,
“precocious” puberty, osteoporosis, and some forms of cancer.
Understanding the underlying epigenetic processes thus holds
the key to understanding the underlying pathophysiology and
to developing approaches to early diagnosis, prevention and
treatment of these diseases.

EPIGENETIC PROCESSES-DEFINITION
AND MECHANISMS

The term “epigenetic” was coined by Waddington (16) to
refer to the ways in which the developmental environment can
influence the mature phenotype. His work and that of others
(17) on developmental plasticity stemmed from observations
that environmental influences during development could in-
duce alternative phenotypes from a genotype, some of the
clearest examples being polyphenisms in insects (18). Such
processes can, however, also induce a gradation of pheno-
types, constituting a population reaction norm (19). Wadding-
ton showed in Drosophila melanogaster that wing vein pattern
could be affected by heat shock treatment of the pupae (20).
Breeding individuals with these environmentally induced
changes led eventually to a stable population exhibiting the
phenotype without the environmental stimulus. Waddington
termed this “genetic assimilation.” Such work, largely over-
looked by proponents of the modern synthesis of genetic and
evolutionary biology (21), demonstrates a dynamic interaction
between the genome and the environment during the plastic
phase of development, producing effects that can be heritable
(11) in terms of an environmental cue acting in one generation
having effects that are manifest in subsequent generations.

The term “epigenetic” is now used to refer to structural
changes to genes that do not alter the nucleotide sequence,
with epigenetic inheritance being defined as biologic pro-
cesses that regulate mitotically or meiotically heritable
changes in gene expression without altering the DNA se-
quence (22). Of particular relevance is methylation of specific
CpG dinucleotides in gene promoters and alterations in DNA
packaging arising from chemical modifications of the chro-
matin histone core around which DNA wraps (Fig. 2). The
modifications include acetylation, methylation, ubiquitination,
and phosphorylation. Such epigenetic inheritance systems (23)
can be random with respect to the environment and have been
termed “epimutations” (24), or specific epigenetic changes can
be induced by the environment (25) (Fig. 3).

Epigenetic mechanisms are widely implicated in cancer
(10). Promoter methylation is important for asymmetrical
silencing of imprinted genes (26) and retrotransposons
(27,28). However, they also play a critical role in a range of
developmental processes. With the exception of imprinted
genes, widespread removal of epigenetic marks occurs follow-
ing fertilization when maternal and paternal genomes undergo
extensive demethylation to ensure pluripotency of the devel-
oping zygote. This is followed by de novo methylation just
before implantation (29,30). About 70% of CpGs are methyl-
ated, mainly in repressive heterochromatin regions and in
repetitive sequences such as retrotransposable elements (31).
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Figure 2. Epigenetic silencing of transcription. When CpG dinucleotides are
unmethylated in the promoter, RNA Pol and TF can bind to specific nucle-
otide sequences and the coding region (exon) is transcribed. Methylation of
CpGs by the activity of Dnmt enables recruitment of methyl CpG binding
protein-2 (MeCP2), which in turn recruits HDAC/ HMT to form an enzyme
complex bound to the gene promoter. The MeCP2/HDAC/HMT complex
removes acetyl groups from histones and catalyses di- and tri- methylation of
specific lysine residues which causes the DNA to condense. This prevents
access of RNA polymerase and transcription factors to DNA and so converts
transcriptionally active euchromatin to inactive heterochromatin. Thus, the
overall effect of DNA and histone methylation is to induce long-term silenc-
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Figure 3. Developmental plasticity declines and exposure to environmental
challenges increases with age. Epigenetic processes are induced by cues from the
developmental environment. They play a role in determining the phenotype of the
offspring as part of a life-course strategy to match it to its environment. If not
appropriately matched, the risk of later disease is increased.

DNA methylation also plays a key role in cell differentiation
by silencing the expression of specific genes during the de-
velopment and differentiation of individual tissues. For exam-
ple, the expression of the homeobox gene Oct-4, a key regu-
lator of cellular pluripotency in the early embryo, is
permanently silenced by hypermethylation of its promoter
around E6.5 in the mouse (32), whereas HoxAS5 and HoxBS5,
which are required for later stages of development, are not
methylated and silenced until early postnatal life (33). For
some genes there also appear to be gradations of promoter
demethylation associated with developmental changes in role
of the gene product. The é-crystallin II and phosphoenolpyru-
vate carboxykinase promoters are methylated in the early

embryo but undergo progressive demethylation during fetal
development, and are hypomethylated compared with the
embryo and expressed in the adult (34,35). Thus, changes in
methylation that are associated with cell differentiation and
functional changes are established at different times during
development of the embryo. The pattern of DNA methylation
is copied during mitosis by Dnmt-1 activity. This provides an
“epigenetic memory” of patterns of gene regulation, and hence
cell function, which is established during development and
which is passed to the adult (29). This immediately suggests a
mechanism by which the environment may induce stable
changes to cell function that persist in the adult organism, by
which environmental challenges at different times during de-
velopment may produce different phenotypic outcomes and in
humans differential risk of disease.

Genomic imprinting represents a special case of epigenetic
regulation of genes (36). Through imprinting (which bears no
relation to the term for behavioral conditioning defined by
Lorenz), heritable patterns of gene expression are induced
without changes in the sequence of genomic DNA through the
silencing of one set of alleles dependent on its parental gender
origin. Disease resulting from imprinting disorders is well
recognized, e.g. Beckwith-Wiedemann syndrome. Although
rare, the incidence of this disorder is increased in offspring
conceived by assisted reproductive techniques (37). Imprint-
ing is most frequently mediated by allele-specific DNA meth-
ylation, although imprinted alleles may differ in other ways.

Small noncoding regulatory RNA regulation of gene ex-
pression is a newly emerging epigenetic mechanism (25).
These microRNAs have been shown to not only modulate the
stability and translation of mRNAs, but also can induce gene
silencing through the induction of gene methylation and al-
terations in chromatin structure. However, whether early life
environmental challenges such as maternal nutritional con-
straints can alter the expression or formation of these microR-
NAs in the offspring has yet to be discovered, and the precise
role that these microRNAs play in the developmental origins
of adult disease remains to be determined.

EVIDENCE FOR NONGENOMIC INHERITANCE
IN HUMANS

Human studies have provided a number of lines of evidence
suggesting transgenerational nongenomic inheritance, al-
though it is inevitably difficult to define the relative contribu-
tions of genetic, epigenetic, and common environmental or
learned behavioral factors. For example, patterns of smoking,
diet, and exercise can affect risk across more than one gener-
ation (38) by several mechanisms. Strong evidence for trans-
generational nongenomic inheritance exists for dietary and
endocrine exposures. Records from Overkalix in northern
Sweden for individuals born in 1890, 1905, and 1920 have
shown that diabetes mortality increased in men if the paternal
grandfather was exposed to abundant nutrition during his
prepubertal growth period (39), an effect later extended to
paternal grandmother/granddaughter pairs and transmitted in a
gender-specific fashion (40). During the 1944/1945 famine in
the Netherlands, previously adequately nourished women
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were subjected to low caloric intake and associated environ-
mental stress. Pregnant women exposed to famine in late
pregnancy gave birth to smaller babies (41) who had an
increased risk of later insulin resistance (42). Famine exposure
at different stages of gestation was variously associated with
an increased risk of obesity, dyslipidemia, and coronary heart
disease, and F2 offspring of females exposed in the first
trimester in utero did not have the expected increase in birth
weight with increasing birth order (41). Exposure of pregnant
women to diethylstilbestrol led to a marked increase in repro-
ductive abnormalities and uterine fibroids (43), an earlier
menopause (44), and breast (45) and rare genital tract cancers
in their children, and there is evidence of third-generational
effects transmitted through the maternal line (46).

EVIDENCE OF EPIGENETIC MECHANISMS
IN ANIMALS

Animal research has given us new insights into develop-
mental plasticity and epigenetics. First, it is clear that such
epigenetic effects during development produce graded
changes in the expression of a range of genes, in addition to
those that produce parent-specific effects mediated via im-
printed genes. Feeding a reduced protein diet to pregnant rats
induces permanent changes in gene expression in the off-
spring; GR and PPARa expression is increased in the liver
(7,47), whereas expression of the enzyme that inactivates
corticosteroids, 113-hydroxysteroid dehydrogenase type II, is
reduced in liver, lung, kidney, and brain (48). In the liver,
increased GR and PPARa expression is due to hypomethyla-
tion of their respective promoters (7). The PPAR« promoter is
also hypomethylated in the heart (49). In contrast, there was
no difference in methylation of the PPARyl promoter in the
liver, which suggests that the changes in epigenetic regulation
induced by the maternal reduced protein diet were gene-
specific (7). Graded silencing of the retrotransposon IAP
element that regulates the agouti phenotype has been shown in
the offspring of mice fed diets with different amounts of folic
acid during pregnancy (6). Nondietary factors also induce
altered epigenetic regulation of genes. Epigenetic changes in
the methylation of renal p53 are produced by uterine blood
flow restriction and are associated with reduced nephron
number (8), which may precede the development of hyperten-
sion (50). Variations in maternal behavior also lead to epige-
netic changes; in rats, maternal care of the pups influences
methylation of the estrogen receptor-alphalb (51) and the
hippocampal GR1, promoters (9), the latter resulting in
changes in hypothalamic-pituitary-adrenal axis stress re-
sponses (9). This study illustrates that epigenetic changes can
be induced in later stages of developmental plasticity, such as
during early postnatal life.

The levels of methylation of CpG bases in the genome are
controlled in part by the activity of Dnmts. The developmental
effects observed in the rat are not produced by changes in the
expression of Dnmt-3a or b, or in the activity of methyl
binding domain protein-2 (52), revealing that they are not
produced by changes in the demethylation/remethylation pro-
cesses that occur soon after fertilization (29,30). In contrast,

they are accompanied by decreased Dnmt-1 expression (52).
This suggests a mechanism by which down-regulation of
Dnmt-1 expression during early development leads to a pro-
gressive loss of epigenetic memory and an altered adult
phenotype. This accords with the effects of nutritional or
endocrine challenges during early gestation in altering growth
of organs such as the heart and liver (53,54) and producing
later effects on cardiovascular and metabolic control (55-57).
In the rat, the epigenetic effects appear to be dependent on
1-carbon metabolism. Supplementation of the reduced protein
diet with folic acid during pregnancy prevents cardiovascular
changes in the offspring (58) and normalizes the changes in
GR and PPAR«a promoter methylation and gene expression
(7) and in Dnmt-1 binding and expression (52). Induction of
elevated blood pressure or endothelial dysfunction in the
offspring is also prevented by maternal supplementation with
glycine, but not with alanine or urea (59,60), supporting the
concept that methyl group provision is important.

Furthermore, recent data show that both the effects of glu-
cocorticoid treatment and the reduced protein diet in pregnancy
can be passed to the second generation without further nutritional
or endocrine manipulation (58,61,62). Feeding rats a reduced
protein diet during pregnancy in the FO generation induces
hypomethylation of the PPAR«a and GR promoters in the livers
of both the F1 and F2 male offspring (62). This shows that
transmission of induced phenotypes between generations in-
volves altered epigenetic regulation of specific genes.

ADAPTIVE VALUE OF NONGENOMIC
INHERITANCE

The increasing evidence for nongenomic inheritance and
particularly epigenetic inheritance raises the question of why
the processes underpinning it have been preserved through
evolution. Natural selection is generally viewed as a process
by which a species and its environment become well matched.
Developmental plasticity utilizes environmental cues to adjust
individual phenotype to the current and predicted environment
(13,63). These processes of developmental plasticity leading
to nongenomic inheritance may have evolved to enhance
fitness during shorter-term environmental shifts than Darwin-
ian selection can necessarily cope with, and/or to ensure a
greater match to a variable environment than selection alone
can generate. In addition, it enables the induction of a wider
range of phenotypes, permitting survival in a broader range of
environments. Such strategies may have been important in the
evolution of mammalian generalist species (64). Theoretical
models demonstrate the circumstances under which fitness is
enhanced if parents transmit information about the environ-
ment to their progeny. Factors to consider include the fidelity
of the transmission of environmental cues, the degree of
predictability of environmental conditions, and the costs of
incorrect prediction (63,65-67).

RELEVANCE OF EPIGENETIC PROCESSES TO
THE RISK OF ADULT DISEASE

We now live much longer than our hominine ancestors.
Thus, mechanisms selected for their advantage in our earlier
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evolution may no longer be advantageous or may be advan-
tageous in the young and disadvantageous in the elderly.
There are limits to the environment that the fetus can sense
and use to adjust its development (68). Nongenomic epige-
netic processes of transmitting environmental information be-
tween generations evolved to assist our evolution as we
moved across changing environments. They may also have
served to buffer critical aspects of our development, especially
the vulnerable period of weaning in infancy, against short-
term environmental changes occurring between generations
(69). Such processes were not designed to deal with the
massive mismatch between the generally constrained fetal
environment and the modern postnatal environment of high-
energy intake and low energy expenditure (4) and disease risk
is amplified by a greater mismatch between the prenatally
predicted and actual adult environments. As a result, societies
in rapid economic transition are particularly vulnerable (70—
73). Epigenetic and other nongenomic inheritance processes
may have conferred survival advantage on evolving hominids;
they now exacerbate risk of disease for several successive
generations and play a major part in the current epidemics of
metabolic and cardiovascular disease (14,73). Additionally,
the possibility is now being explored that exposure to xeno-
biotics such as endocrine disruptors may have multigenera-
tional effects through female and male lines by actions on
similar epigenetic mechanisms (74).

Lastly, returning to our starting point of population studies,
we must note that there is increasing evidence for the effects
of maternal obesity and gestational diabetes as risk factors for
later metabolic and cardiovascular disease in the offspring
(75,76), a concept again supported by experimental studies in
animals (77). These effects contribute to the increasing trans-
generationally passed rising incidence of such disease in both
developed and developing societies. The extent to which such
risk of disease operates by epigenetic processes is not known.

CONCLUSION

Epigenetic changes provide a “memory” of developmental
plastic responses to early environment. Their effects may only
become manifest later in life, e.g. in terms of altered responses
to environmental challenges. If the epigenetic change has
occurred in part of the genome where gene expression is
controlled by a transcription factor, then the consequences of
the change will not become manifest until the transcription
factor operates. There is additional potential for epigenetic
marks to change throughout life as shown by recent studies on
homozygous twins (78), and there is some evidence for inher-
itance of tissue-specific DNA methylation patterns (79). It is
now important to conduct further research to determine the
specific role of epigentic processes in the development of risk
of cardiovascular and metabolic disease or other sequelae.
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Cold-induced epigenetic programming of the
sperm enhances brown adipose tissue activity in

the offspring

Wenfei Sun'®, Hua Dong'®, Anton S. Becker23, Dianne H. Dapito', Salvatore Modica’,
Gerald Grandl', Lennart Opitz"*, Vissarion Efthymiou’, Leon G. Straub', Gitalee Sarker,
Miroslav Balaz', Lucia Balazova', Aliki Perdikari', Elke Kiehlmann’, Sara Bacanovic?,
Caroline Zellweger®, Daria Peleg-Raibstein', Pawel Pelczar®, Wolf Reik®’, Irene A. Burger3,

Ferdinand von Meyenn

8 and Christian Wolfrum™

Recent research has focused on environmental effects that control tissue functionality and systemic metabolism. However,
whether such stimuli affect human thermogenesis and body mass index (BMI) has not been explored. Here we show retrospec-
tively that the presence of brown adipose tissue (BAT) and the season of conception are linked to BMI in humans. In mice, we
demonstrate that cold exposure (CE) of males, but not females, before mating results in improved systemic metabolism and
protection from diet-induced obesity of the male offspring. Integrated analyses of the DNA methylome and RNA sequencing of
the sperm from male mice revealed several clusters of co-regulated differentially methylated regions (DMRs) and differentially
expressed genes (DEGs), suggesting that the improved metabolic health of the offspring was due to enhanced BAT formation
and increased neurogenesis. The conclusions are supported by cell-autonomous studies in the offspring that demonstrate an
enhanced capacity to form mature active brown adipocytes, improved neuronal density and more norepinephrine release in BAT
in response to cold stimulation. Taken together, our results indicate that in humans and in mice, seasonal or experimental CE
induces an epigenetic programming of the sperm such that the offspring harbor hyperactive BAT and an improved adaptation

to overnutrition and hypothermia.

n 2016, 39% of all adults worldwide were classified as being over-

weight (BMI>25) and 13% as being clinically obese (BMI> 30)".

This imposes a burden on society because obesity-associated
comorbidities, which are linked to an increase in adipose tissue
mass, are the main contributors to overall mortality and health-
care costs. Adipose tissue functions as a dynamic endocrine organ?,
and, therefore, its ‘quality’ is considered to be an important fac-
tor in the development of obesity-associated comorbidities®.
Adipose tissue can be divided into the functionally and morpho-
logically distinct white adipose tissue (WAT) and BAT*. The main
function of BAT is energy dissipation via nonshivering thermo-
genesis®, which is enabled by the presence of uncoupling protein
1 (UCP1) in the inner mitochondrial membrane. Thus, brown adi-
pocytes contribute to the maintenance of body temperature during
acute and chronic CE*,

Besides the classical BAT found in rodents in the interscapular
area (iBAT), a second type of thermogenic active fat cell (termed
beige or brite adipocytes) has been described, which is induced by
CE mainly in inguinal WAT (ingWATY’. Analysis of [*F]fluorode-
oxyglucose (FDG)-PET and FDG-CT scans (hereafter collectively
referred to as FDG-PET/CT scans) have demonstrated the presence
of active BAT in adult humans in the supraclavicular, paraverte-
bral and deep neck regions™'?, and human BAT can be activated

by mild CE or by administration of a specific f3-adrenergic recep-
tor (ADRB3) agonist'*'. The relevance of BAT for physiology was
inferred by the association with various metabolic parameters', and
it was demonstrated that people with functional BAT can effectively
lose weight by a mild cold-stimulation regime's.

In recent years, studies have demonstrated a link between pater-
nal preconception nutrient exposure and the phenotype of the
offspring”'¥. Differences in gene expression patterns arise dur-
ing development and can be retained through mitosis by epigen-
etic mechanisms®, In the context of thermoregulation, it has been
shown that environmentally induced changes in gene expression
can affect cellular function and thereby also the predisposition to
certain diseases®. Additionally, changes in the environment can be
transmitted to subsequent generations'**-?2, More specifically, there
have been indications that the season of birth and adult BMI show
some correlation®. Here we studied the influence of environmental
temperature and its effect on systemic metabolism, as well as the
contribution of different thermogenic pathways, using human and
mouse studies.

Results
Cold exposure before conception and during gestation activates
brown and brite adipose tissue. To identify a possible correlation
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between ambient temperature and BAT abundance, we performed
a retrospective study of FDG-PET/CT scans from 2007-2015 that
were collected from the University Hospital of Zurich (n=8,440
individuals). Representative PET images from two individuals are
shown in Supplementary Fig. 1a. Individuals with active BAT were
3.2% more likely to have been conceived in the colder period of
the year, for example, between October and February (mean temper-
ature estimate 2°C), whereas individuals without active BAT were
more likely to have been conceived in the warmer months, for exam-
ple, between April and September (mean temperature estimate 13 °C)
(Fig. 1a). No apparent fluctuations in age (Supplementary Fig. 1b)
or BMI (Supplementary Fig. 1c) were observed, and the pattern
persisted for different BAT activation strengths (Supplementary
Fig. 1d). Among individuals who were conceived in the colder
period (n=3,793), BAT-positive individuals (n=235) had a signifi-
cantly lower BMI (mean 20.9 versus 22.8; P<0.001) than age- and
sex-matched BAT-negative individuals (Fig. 1b). These data identi-
fied a correlation between the season of conception and the pro-
pensity to form active BAT; however, given the retrospective nature
and the large number of potential confounders, causality could not
be inferred. Hence, we investigated the effect of CE before and dur-
ing conception using mouse model systems. We analyzed offspring
groups whose parents had not been exposed to cold (23°C) (group 1)
or had been exposed to cold (8°C) either before conception
(group 2), before conception and during the first week of gestation
(group 3) or before conception and during weeks 1 and 2 of gesta-
tion (group 4) (Fig. 1c). Notably, we observed that offspring from
parents that were exposed to cold before conception showed higher
UCP1 expression in both iBAT and ingWAT under regular hous-
ing conditions (RT) (Fig. 1d). When we challenged offspring by CE,
the effect on UCP1 expression was markedly enhanced (Fig. 1e and
Supplementary Fig. 1e). Taken together, our data indicated that CE
of parents before conception or during gestation resulted in higher
basal and stimulated UCP1 expression in the iBAT and ingWAT of
the offspring.

The effects of preconception cold exposure are mediated through
the paternal lineage. On the basis of these findings, we analyzed
whether the observed effect of CE was transmitted through the
paternal (P-CE) or maternal (M-CE) lineage by focusing on the
preconception exposure model in all subsequent studies. Notably,
we observed that the effects of parental CE on UCP1 expression
at RT were mediated by the paternal lineage (Fig. 2a) and that
the effect was enhanced in the iBAT and ingWAT of male off-
spring and in the iBAT of female offspring after stimulation by CE
(Fig. 2b and Supplementary Fig. 2a). Also, we could show that off-
spring from P-CE mice (hereafter referred to as P-CE offspring)
had higher UCP1 protein levels than those from control (Ctrl)
males at 21 d of age at RT and under thermoneutral (TN) condi-
tions (Supplementary Fig. 2b,c). Analysis of gene expression in the
iBAT of P-CE offspring demonstrated higher mRNA expression of
several markers of brown-fat function in iBAT (Fig. 2c). We did not
observe any changes in litter size and in nursing percentages over
the postnatal period (Supplementary Fig. 2d,e), suggesting that
alterations in maternal behavior were not the cause for the observed
phenotype. To exclude paternal behavior as a confounding factor,
we performed in vitro fertilization (IVF) with sperm derived from
P-CE or Ctrl males. We observed an induction of brown fat marker
expression (Supplementary Fig. 2f) and UCP1 protein (Fig. 2d and
Supplementary Fig. 2g) in the iBAT of both male and female off-
spring derived from P-CE versus Ctrl sperm, which was paralleled
by a difference in body surface temperature (Supplementary Fig. 2h).

Because brown fat is formed at embryonic day 15.5 (E15.5)%,
we analyzed whether the observed changes were already present
before birth. We could show that in iBAT from E18.5 embryos,
Ucpl mRNA and other brown fat markers were higher in P-CE than
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Ctrl offspring (Supplementary Fig. 2i). Notably, these changes did
not translate into an altered birth weight nor did we observe differ-
ences in postnatal weight gain (Supplementary Fig. 2j). However,
iBAT weight in 7-week-old P-CE mice was significantly higher than
Ctrl (P=0.003; Supplementary Fig. 2k), suggesting that not only
expression of UCP1, but also the formation of iBAT, was enhanced
in P-CE offspring. Consistent with this, we could show by immuno-
histochemical analysis of iBAT and ingWAT that the area of UCP1*
patches, which denote cells with high levels of UCP1 expression,
was higher at RT in both iBAT and ingWAT (Fig. 2e,f). After CE,
this phenotype was enhanced in both iBAT and ingWAT (Fig. 2g,h).
We also observed a lower lipid droplet size in the ingWAT of P-CE
offspring, suggesting more active lipid metabolism (Supplementary
Fig. 21). Furthermore, reduced adipocyte size and greater numbers
of UCP1* cells were observed in P-CE offspring at 21 d of age at
RT or at TN (Supplementary Fig. 2m-o). Taken together, our data
demonstrated that the effect of CE was mediated through the pater-
nal lineage and affected both UCP1 expression and adipose tissue
morphology.

Cold exposure of paternal mice induces iBAT activity and sys-
temic metabolism in the offspring. On the basis of these find-
ings, we analyzed whether the effect of P-CE would translate into
a higher thermogenic activity. Surface temperature was higher
in P-CE offspring than in Ctrl offspring at postnatal day (P) 7
(Fig. 3a) at RT. At 7 weeks of age, mice had the same body weight
(Supplementary Fig. 3a) and the same surface temperature
(Fig. 3b) at RT, whereas after CE, the P-CE offspring exhibited a
higher surface temperature (Fig. 3b). Furthermore, we observed that
P-CE offspring had an 11% higher volume of oxygen consumption
rate (VO,) and volume of carbon dioxide production rate (VCO,) at
RT, which was enhanced after acute CE (Fig. 3¢ and Supplementary
Fig. 3b), whereas the respiratory exchange ratio (RER) remained
unchanged (Supplementary Fig. 3c). Because CE can lead to shiv-
ering, we quantified the induction of brown fat in response to an
intraperitoneal (ip.) injection of ADRB3 agonist CL316,243 (CL).
We observed higher amounts of UCP1 protein (Fig. 3d) and higher
VO, and VCO, levels (Fig. 3e and Supplementary Fig. 3d), which
was concomitant with more UCP1™* cells in the iBAT (Fig. 3f) of
P-CE mice. Of note, we could show a lower RER in P-CE offspring
following CL injection, suggesting a preferred utilization of fatty
acids (Supplementary Fig. 3e).

On the basis of these data, we analyzed whether the changes
in respiration could lead to altered systemic metabolism. We did
not observe any changes in body weight between 7 and 18 weeks
of age (Supplementary Fig. 3f) when P-CE and Ctrl offspring were
fed a regular chow diet at RT. Similarly, we did not observe any
change in food intake (Supplementary Fig. 3g); however, we could
show that P-CE offspring showed a substantial reduction in basal
glucose levels, as well as a trend for improved insulin sensitivity
(Supplementary Fig. 3h). Insulin, cholesterol and fibroblast growth
factor 21 (FGF21) levels were the same in both groups of offspring
(Supplementary Fig. 3i-k), and P-CE offspring showed lower cir-
culating triacylglycerol (TAG) levels (Supplementary Fig. 31) and
higher circulating non-esterified fatty acid (NEFA) levels under
fasted conditions (Fig. 3g). To assess whether the changes in altered
glucose homeostasis could be due to a higher glucose uptake into
iBAT, we injected Ctrl and P-CE offspring at RT or after CE with
radiolabeled 2-deoxyglucose. We observed higher glucose uptake
exclusively into iBAT and ingWAT of P-CE offspring, whereas glu-
cose uptake in muscle, brain, liver and heart was not affected (Fig, 3h
and Supplementary Fig. 3m). These changes were paralleled by an
induction of facilitated glucose transporter member 4 (GLUT4)
expression in iBAT under CE (Fig. 3i). Taken together, our data
demonstrate that P-CE induces brown and brite adipocyte function
in the offspring, which leads to an improved systemic metabolism.
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Fig. 1] Parental cold exposure induces UCP1 expression in iBAT and ingWAT. a, The birth day frequency of individuals with no active BAT (no BAT)
and active BAT (top) and the ratio of such individuals as a function of birth date (middie). BAT activity was measured by FDG-PET/CT scans (n=8,440
individuals, P=1x10"%). Bottom, monthly mean temperatures in Switzerland, to serve as a visual illustration of the warmer and colder periods. b, BMi

of BAT-negative (black boxes) and BAT-positive (green boxes) individuals born between April and September and between October and March (n=914
individuals). Vertical bars are estimated 95% confidence intervals (Cls); the middie line represents the median, the top and bottom fine the 75th and 25th
percentile, respectively, the whiskers have the length of 1.5 the interquartile range. P=0.00091 by two-sided t-test, Bonferroni-corrected. ¢, Scheme for
the parental CE mouse model. 10-week-old male and female C57BL/6 mice were cold-stimulated for O (group 1; Gp. 1), 7 (group 2; Gp. 2),14 (group 3;
Gp. 3) or 21d (group 4; Gp. 4) at 8°C, then returned to 23 °C. Each block denotes 1week; breeding was initiated at the end of the block 1. d,e, Cropped
western blots of UCP1 (y-tubulin is the loading control) in iBAT and ingWAT from the four experimental groups of offspring described in ¢; tissues were
isolated while the mice were at RT (d) or after CE (&). Shown is one representative blot from four independent experiments; graphs depict mean of litter
from all experiments +s.e.m.; n=number of litters tested, each dot represents one litter. Results are meanxs.e.m. (d, left: n=7, F(32,) =6.48; d, right:
n=8, F3,0)=3.52; e, left: n=8, F(5,0) =10.90; e, right, n=8, F(3,5) = 8.65). Statistical significance was calculated using one-way analysis of variance
(ANOVA); *P< 0.05, **P<0.01, ***P < 0.001.
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P=0.018; a, right: n=8, F(, ;) =3.92, P=0.036; b, left: n=7, F(;45) =8.27, P=0.003; b, right: n=8, F(; n) =774, P=0.003; d, left: P=0.003; d, right:
P=0.02). *P<0.05; **P < 0.01; ***P < 0.007; by one-way ANOVA (a,b) or two-tailed unpaired Student's t-test (c,d).

The effect of cold-exposed paternal mice is mediated in part we used a transgenic mouse line that expressed a diphtheria toxin
through brown and brite adipocytes. Because several tissues con-  receptor (DTR) fused to green fluorescent protein (GFP) under the
tribute to the maintenance of body temperature, we next aimed to  control of the UcpI promoter (hereafter referred to as Ucpl-DTR-
assess the contribution of brown and brite adipocytes. Therefore, ~GFP mice)*. Sequential injections of diphtheria toxin A (DTA)
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Fig. 3| Paternal cold exposure induces oxygen consumption in offspring after cold or ADRB3 agonist stimulation. a, Left, representative
thermographic image of Ctrl and P-CE offspring at postnatal day 7. Offspring were kept at RT. Right, calculated averages of surface temperature
(n=7 litters). P=0.04. b, Representative thermographic image (left) and calculated averages of surface temperature (right) of Ctrl and P-CE
offspring at 23 °C and after 30 h of CE (n=7 litters). P (30-h CE)=0.03. ¢, Time-resolved oxygen consumption in Ctrl and P-CE offspring mice,

with cold induction (arrow) followed by warm adaption (arrow); dark phase is marked as dark background; right inset depicts calculated means as
indicated (n=5 litters). P=0.006. d, Cropped western blots of UCP1 from iBAT (HSP90 was used as the loading control) of Ctrl and P-CE offspring
that were injected with saline or CL (0.1mg per kg body weight, three times, every 24 h, n=7 litters). e, Time-resolved oxygen consumption of Ctr|
(n=4 litters) and P-CE (n=5 litters) offspring, before and after (arrow) injection of CL (arrow). P=0.003. f, Representative images of UCP1 staining
of iBAT from Ctrl or P-CE offspring after injection with CL (n= 6 litters per group). Scale bar, 100 pm. g, Serum NEFAs level of fasted (12 h) and re-fed
(4 h) mice from the Ctrl (n=7 litters) and P-CE (n =8 litters) groups. h, Glucose uptake in BAT at RT, after 1d or 3 d of CE (n=7 litters for all groups,
except n=8 for the P-CE at RT and 1 d CE groups). i, Western blots of GLUT4 in the iBAT (HSP90 was used as the loading control) isolated from Ctrl
or P-CE offspring at RT and after 3 d of CE (n=4 litters). Throughout, results are mean +s.e.m,; each dot represents one litter. Statistical significance
was calculated by a two-tailed unpaired Student’s t-test; *P < 0.05, **P < 0.01.
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in these mice led to the complete ablation of brown adipocytes, as  offspring, P-CE offspring from the Ucpl-DTR-GFP line exhib-
indicated by the reduction in iBAT mass (Fig. 4a) and loss of UCP1 ited slightly higher VO, and VCO, at RT and a significant induc-
protein expression in the iBAT (Fig. 4b,c). Similar to wild-type P-CE  tion of both parameters after CE at time point I (TP I) (Fig. 4d
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and Supplementary Fig. 4a, TP I). When mice were treated with
DTA (TP 1I-1V), we observed a reduction in VO, and VCO,
exclusively in the P-CE offspring (Fig. 4d and Supplementary
Fig. 4a, TP II-1V), which, after three consecutive injections of
DTA, led to the abrogation of the difference in VO, and VCO,
levels. The RER was not altered between the two groups at any time
point (Supplementary Fig. 4b).

To avoid a shivering response in mice that received DTA injec-
tions, we analyzed respiration in mice in response to CL injec-
tions. We observed higher VO, and VCO, in P-CE versus Ctrl
offspring of Ucpl-DTR-GFP mice after CL treatment (Fig. 4e and
Supplementary Fig. 4c, TP I). Because the CL injections caused only
a transient increase in respiration, we treated the mice with three
subsequent injections of CL and DTA (Fig. 4e and Supplementary
Fig, 4c, TP II-1V). After two injections with DTA the difference
between P-CE and Ctrl offspring on both VO, and VCO, was
lost, suggesting that brown and brite adipocytes might, in part, be
responsible for the observed higher respiration in P-CE offspring.
Similarly, we observed alower RER in P-CE offspring after CL injec-
tions, which was lost after DTA injections (Supplementary Fig. 4d).
These findings were supported by the observation that 24h after the
third CL+ DTA injection, we did not observe any difference in res-
piration between both groups (Fig. 4f and Supplementary Fig. 4e,f).
To analyze whether the observed effects would also translate into
an induction of thermogenesis, we quantified surface temperature
after an injection of CL, with or without DTA-mediated ablation of
brown adipocytes. In accordance with previous data (Fig. 4e), sur-
face temperature was higher in P-CE versus Ctrl offspring after the
CL injection (Fig. 4g), and the effect was lost when brown adipo-
cytes were ablated (Fig. 4h). Lastly, we could show that DTA injec-
tion did not induce overt inflammation in mice (Supplementary
Fig. 4g). Taken together, our data demonstrated that the effect of
P-CE on respiration and thermogenesis was, at least in part, medi-
ated through the activation of brown adipocytes.

Cold exposure of paternal mice protects from diet-induced
obesity and insulin resistance. Because BAT has been implicated
in energy expenditure, we aimed to assess whether body weight
and metabolism would be different under challenged conditions.
Therefore, we fed P-CE and Ctrl offspring a high-fat diet (HFD), in
which 60% of the calories were derived from fat, for 10 weeks. Even
though P-CE offspring consumed significantly more food than Ctrl
offspring (Fig. 5a), we found that P-CE offspring showed slightly
lower body weight gain and reduced fat mass than Ctrl offspring
(Fig. 5b,c). Furthermore, we found that P-CE offspring had mark-
edly better insulin sensitivity than Ctrl offspring (Fig. 5d), even
though fasting blood glucose levels were similar in both groups of
mice. The latter might be due to the lower levels of circulating insu-
lin in P-CE offspring (Fig. 5¢). We found significantly lower levels
of circulating TAGs in P-CE versus Ctrl offspring (Fig. 5f), whereas
there was no difference in cholesterol levels (Fig. 5g).

Of note, we observed a significantly higher metabolic rate indi-
cated by higher VO, and VCO, levels at RT conditions in P-CE ver-
sus Ctrl offspring (Fig. 5h and Supplementary Fig. 5a), whereas we
did not observe any changes in substrate utilization, as indicated by
an unchanged RER (Supplementary Fig. 5b). This higher oxygen
consumption rate (OCR) was paralleled by significantly higher body
surface temperature (Supplementary Fig. 5¢) and UCP1 expression
in iBAT (Supplementary Fig. 5d). Furthermore, we could show
that hepatic lipid accumulation was reduced in P-CE versus Ctrl
offspring (Fig. 5i,j), which might explain the altered insulin sensi-
tivity. Notably, circulating levels of FGF21, a hormone which has
been suggested to be secreted from activated BAT* and is known to
affect glucose and lipid homeostasis, was higher in P-CE offspring
kept on a HFD (Fig. 5k). Taken together, our data demonstrate that
under RT conditions, which give mild cold stress, P-CE offspring
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are partially protected from diet induced obesity and maintain an
improved metabolic profile.

Gene expression and DNA methylation analysis of P-CE off-
spring suggests changes in brown adipocyte formation and neu-
rogenesis. We then asked whether transcriptional changes in iBAT
could explain the observed phenotype. Therefore, we performed
RNA sequencing (RNA-seq) analysis of iBAT from P-CE and Ctrl
offspring at RT and after CE for 3 d. Unbiased hierarchical clus-
tering, including that for all of the genes expressed in at least one
sample group, revealed distinct transcriptional profiles for the dif-
ferent conditions (Supplementary Fig. 6a). A principal component
analysis (PCA) similarly showed distinct clusters of each of the four
sample groups (Fig. 6a). Principal component 1 (PC1) seemed to
capture the differences imposed by acute CE. Several genes related
to BAT activity, such as glycerol kinase (Gyk) or Ucpl, were major
contributors of negative PC1 loadings, whereas muscle-specific
genes contributed to positive PC1 loadings. Notably, samples from
P-CE offspring after CE had an even stronger negative PC1 loading
than the Ctrl samples, indicating a hyperactivated BAT condition in
P-CE offspring.

A pairwise differential gene expression analysis that compared
Ctrl offspring at RT versus after CE (Ctrl-RT versus Ctrl-CE) and
that considered at least a twofold mean expression difference to be
significant (Supplementary Table 1) identified many genes related
to BAT activity (Supplementary Fig. 6b,c). Consistent with the PCA,
we also found a number of genes that were upregulated in the CE
samples from P-CE offspring versus Ctr] offspring to be related to
BAT activity (Fig. 6b), as well as an enrichment of gene ontology
(GO) terms related to high metabolic activity in all significantly
regulated genes (Fig. 6¢). Of note, Adrb3 and UcpI were also signifi-
cantly differentially expressed; however, the regulation was < 2-fold
between cold-exposed P-CE and Ctrl offspring; therefore, these
genes were not included in the GO analysis.

Because phenotypic and transcriptional changes of P-CE off-
spring are mediated through the sperm via the paternal lineage, we
performed whole-genome bisulphite sequencing (WGBS) of sperm
(sixfold average genomic coverage in each sample) to identify pos-
sible DNA methylation alterations that could potentially medi-
ate the intergenerational transmission of the observed phenotype
(Fig. 6d). We observed a small but significantly greater degree of
global 5’-cytosine-phosphate-guanine-3’ (CpG) DNA methylation
in the P-CE samples (89.5% versus 87.5%; P value <0.002; Fig. 6¢),
which indicated an effect of CE on the sperm methylome.

To analyze whether methylation levels were altered in genomic
regions that might affect gene expression in the offspring, we first
performed hierarchical clustering and PCA of the methylation sta-
tus of all promoter regions (Fig. 6f and Supplementary Fig. 6d).
We observed a clear separation between P-CE and Ctrl sperm sam-
ples and a distinguishable clustering of the two groups in the PCA.
In contrast to global CpG methylation, we found a small, but sig-
nificant, reduction in the average methylation levels of CpG islands
(CGI) in the P-CE samples (Supplementary Fig. 6e). Hierarchical
clustering and PCA of all non-CGI promoters showed comparable
levels of separation on PC1 but less clear clustering, suggesting that
the differences in CGI methylation were relevant contributors to the
observed differences in promoter methylation.

These analyses indicated that the CE-induced methylation
changes in sperm were reproducible and contributed to the observed
phenotypic differences in the offspring. It is important to note that
sperm is a haploid cell type, and as such, single CpG sites can only
be either methylated or unmethylated. To address this issue, we
decided to subdivide the genome in probes of 50 adjacent CpGs
and analyze methylation changes over these probes. An unbiased
analysis of the P-CE and Ctrl sperm methylome datasets identified
2,431 DMRs with an overlapping or downstream (maximum 2kb)
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a two-tailed unpaired Student’s t-test; *P< 0.05, **P < 0.01, ***P < 0.001.

gene (Fig. 6g and Supplementary Table 2). GO enrichment analysis
of DMRSs that were hypomethylated in the P-CE samples showed a
relation to many ‘neurogenesis’ terms (Fig. 6g). A specific analysis
of Adrb3, which encodes an important regulator of BAT activity,
revealed local hypomethylation in the coding region (false discov-
ery rate (FDR)=0.01). An independent pyrosequencing analysis
of individual CpG sites at the Adrb3 locus in sperm samples con-
firmed this result (Supplementary Fig. 6f) and showed that the
CpGs at the Adrb3 locus were hypomethylated in the iBAT and
ingWAT from adult P-CE mice (Supplementary Fig. 6g,h). Notably,
the transcriptomic analysis had shown that Adrb3 was also signifi-
cantly more highly expressed in P-CE iBAT than Ctrl iBAT (Figs. 2c
and 6b). To test whether this effect was mediated by DNA methyla-
tion, we generated an Adrb3 overexpression plasmid with a CpG-
free backbone and in which all (or none, as control) of the CpGs
of Adrb3had been methylated in vitro. We then transfected the meth-
ylated and nonmethylated plasmids into cells that did not express
Adrb3 (Supplementary Fig. 6i) and confirmed the methylation sta-
tus of the CpG sites in the transfected plasmids (Supplementary
Fig. 6j). We found that expression of Adrb3 from the methylated
plasmid was significantly lower than that from the unmethylated
plasmid, suggesting that DNA methylation at the Adrb3 locus
influenced Adrb3 expression.

Next we elucidated whether the differential methylation status in
the sperm of the P-CE and Ctrl samples was directly correlated with
transcriptional changes in iBAT tissue. Therefore, we analyzed the
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expression levels of genes that overlapped with DMRs and that were
either hypermethylated or hypomethylated in P-CE sperm. Of note,
we found that the average expression levels of transcripts that over-
lapped with hypermethylated sperm P-CE DMRs were significantly
increased as compared to the expression levels for all transcripts,
whereas inversely, the expression of transcripts that overlapped with
hypomethylated DMRs was significantly lower than the expression
of all transcripts in iBAT tissue (Fig. 6h). Gene body methylation
is a feature of transcribed genes, although the exact functions are
not known?%, and it is therefore possible that the identified sperm
DMRs could contribute to the greater formation of iBAT tissue
in P-CE animals and might contribute to the observed intergen-
erational effect. We also found that a number of transcripts were
significantly differentially expressed in the iBAT of cold-exposed
P-CE versus Ctrl samples and that they overlapped with hypo- or
hypermethylated DMRs in the respective sperm samples, high-
lighting a potential direct effect of germline methylation levels and
iBAT expression levels for selected genes (Fig. 6i). Taken together,
our analyses support our findings that the iBAT from P-CE mice
is hyperactivated, which is, in part, dependent on enhanced brown
adipocyte formation, as reflected by the upregulated brown adipo-
cyte markers and downregulated muscle-specific genes, possibly
due to increased neuronal innervation.

P-CE leads to a cell autonomous increase in brown adipocyte
formation. To assess whether brown adipocyte formation was
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differences) in samples between 3-d cold-exposed P-CE and Ctrl mice and that overlapped with identified sperm DMRSs. In &,h, shown are box plots of the CpG
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indeed altered in P-CE offspring, we isolated the stromal vascular
fraction (SVF) from the iBAT of P-CE and Ctrl mice and differen-
tiated these cells into mature brown adipocytes ex vivo. When we
analyzed lipid droplet staining, we did not observe any differences
between the two groups of cells in either cell numbers or the appear-
ance of multilocular cells (Supplementary Fig. 7a—c). However, we
- observed a significant increase in the percentage of UCP1* cells
but not in the average intensity of UCP1 staining in UCP1* cells
(Supplementary Fig. 7a,d,e), suggesting that there was an increased
propensity to form brown adipocytes. We observed a significant
induction of UCP1 protein and Ucpl mRNA in P-CE-offspring-
derived cells (Supplementary Fig. 7f,g). Similar to our observations
for UCP1, we observed a higher mRNA expression of Adrb3 and
cell-death-inducing DFFA-like effector a (Cidea) in P-CE-offspring-
derived cells, whereas peroxisome proliferator-activated receptor
gamma (Pparg) levels were the same (Supplementary Fig. 7h—j).

To analyze whether these changes would translate into altered
functionality, we quantified the OCR of these ex-vivo-differentiated
cells. Although we did not observe any changes in basal OCR, we
could show that cells from P-CE offspring had a significantly higher
OCR than cells from Ctrl offspring under CL-stimulated conditions
(Supplementary Fig. 7k).

To confirm these findings, we quantified ADRB3 protein levels
in P-CE and Ctrl offspring. In accordance with the mRNA data,
we observed higher ADRB3 expression in P-CE offspring than in
Ctrl offspring at the RT, CE and TN conditions (Supplementary
Fig. 71). Given the widespread expression of Adrb3, we also analyzed
its expression in ingWAT, epididymal adipose tissue (epiWAT) and
heart (Supplementary Fig. 7m) and observed an upregulation of
Adrb3 mRNA expression in ingWAT and epiWAT, but not in heart.
To analyze whether this regulation could be connected to the DMR
pattern that suggested an alteration in neurogenesis-related genes,
we analyzed tyrosine hydroxylase (TH) expression in iBAT from
P-CE and Ctrl offspring and found that it was increased at both RT
and after 2 d of CE in the P-CE offspring (Supplementary Fig. 8a);
we also observed higher TH-immunostaining in neuronal axons
within the iBAT of the P-CE offspring (Supplementary Fig. 8b,c).
We checked vascularization by staining with isolectin B4 (IB4) and
found that the iBAT from P-CE offspring was enriched with blood
vessels {(Supplementary Fig. 8d,e). These data suggested that the
iBAT from P-CE offspring was more densely innervated and vascu-
larized, which could explain the hyperactive state.

To test this hypothesis at a functional level, we performed micro-
dialysis of the iBAT from P-CE and Ctrl offspring. We observed an
increased release of norepinephrine in P-CE offspring in response
to a cold stimulus (Supplementary Fig. 8f). Furthermore, when
we blocked adrenergic signaling in vivo, either with the selective
ADRB3 antagonist L748,337 or the nonspecific f-blocker propran-
olol before CE, we observed that similar to BAT ablation, pretreat-
ment with L748,337 or propranolol blocked the effect of P-CE on
OCR (Supplementary Fig. 8g,h). Taken together, these data dem-
onstrated that P-CE led to higher neuronal innervation and nor-
epinephrine release in the iBAT of P-CE-derived offspring, whereas
blocking p-adrenergic receptor signaling in general, or ADRB3 in
particular, abrogated the effect of P-CE.

Discussion

Paternal adaptation to environmental cues have been linked to vari-
ous physiological changes in the offspring using different animal
model systems™®. Our data indicate that CE can be a determi-
nant of the offspring’s physiology. This finding is consistent with a
recent study suggesting that seasonality can affect systemic metabo-
lism?»** and that temperature-sensing might influence physi-
ological adaptation. A possible implication for clinical weight-loss
studies could be randomization stratified by birth season; however,
such a mechanism would have to be investigated in a prospective
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trial. Furthermore, despite the large number of individuals studied
in our cohort and the low P value, our results still need to be inter-
preted with caution. First, the retrospective nature of the study and
the inclusion of individuals undergoing FDG-PET/CT introduces
numerous biases. Because BAT was not specifically stimulated, an
unknown proportion of ‘BAT--labeled individuals may still have
functional but inactive BAT. Second, the location of birth and con-
ception are unknown, which is problematic as there were at least
two major immigration waves to Switzerland from southern parts
of Burope in the past century*’. Third, the climate in Switzerland
varies substantially and ranges from a mild, Mediterranean-like cli-
mate to arctic conditions. Moreover, the clothing style of individuals
may not always correlate with the absolute outside temperature, but
rather with the perceived meteorological season. Lastly, the amount
of daylight has been shown to negatively correlate with BAT activa-
tion*, and it is an inseparable confounder in this kind of retrospec-
tive cohort study.

On the basis of our data we propose that preconception CE of
male mice leads to a higher degree of inducibility of brown fat, which
is consistent with previous work demonstrating that seminal plasma
can be the carrier for phenotypic alterations®. A possible explana-
tion for the lack of transmission via the maternal lineage is the
anatomical location of testis, which is directly exposed to changes
in temperature”. Nevertheless, it remains unclear whether sperm
directly senses temperature or whether the effect is due to a signal
derived from other cells. Although de novo methylation is initiated
at ~E13.5 in mitotically arrested prospermatogonia, and the methy-
lome is completely established before birth, de novo methylation is
not initiated until after birth in the female germline. As a result,
the sperm methylome is dependent on faithful DNA methylation
maintenance, whereas the oocyte methylome is purely reflective of
de novo methylation events. Furthermore, it should be noted that
CE does generally not have the capacity to promote genetic muta-
tions; therefore, the observed phenomenon is not driven by genetic
inheritance but by (environmental) epigenetic inheritance.

The observed relative increase in basal brown fat UCP1 protein
expression at RT in P-CE offspring might be due to the fact that
23°C constitutes a mild cold challenge to mice®. The observed
reduction in circulating TAGs is consistent with a previous report
demonstrating that BAT is a major sink for TAGs®, whereas the
higher NEFA levels during fasting in P-CE versus Ctrl mice could
be due to enhanced ADRB3 signaling in WAT.

Multiple studies have implicated that BAT has an important role
in metabolism; however, very few studies have quantified the actual
contribution of BAT. Because Ucp! deletion requires breeding and
housing at TN, use of Ucpl-knockout mice might influence the
physiological response®. By using an acute model of DTA-targeted
ablation exclusive to brown and active brite adipocytes™, we were
able to show that BAT, at least in part, mediated the observed meta-
bolic changes, even though changes in heart and white fat, or in
inflammatory responses, could account for parts of the metabolic
alterations.

On the basis of our results, we propose that paternal cold induces
a hyperactive state in the BAT of the offspring, which leads to
improved adaptation to overnutrition and hypothermia. Various
DMRs did overlap with, or were in close proximity to, genes anno-
tated for neurogenesis. Furthermore, the observed denser neuronal
innervation, higher vascularization and increased norepinephrine
release in iBAT*! highlighted that multiple genes contributed to this
complex phenotype. Together these results suggest the CE affects the
sperm methylome, raising the possibility that altered sperm DNA
methylation in cold-exposed fathers contributes to the observed
phenotype. It is worth noting that this is, to our knowledge, the
first example in which adult CE leads to significant alterations in
sperm methylation. Although recent studies have shown that ‘epiv-
ariation, i.e., stochastic individual differences in DNA methylation,
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can be the major contributor to the sperm methylome*, we would
like to point out that the significant concordant global methylation
changes, as well as the clear separation of promoter methylation
profiles in the sperm of P-CE mice versus that in Ctrl animals, sug-
gest a direct effect of CE on the sperm methylome. Nonetheless,
whether these modifications are causative or whether other epigen-
etic modifications that can convey inherited traits®, such as histone
modifications® or long noncoding and small RNAs®, contribute to
the observed phenotype remains to be analyzed.

The phenomenon identified here may also have implications for
evolutionary biology, as adaptation to environmental temperature
changes is critical for any organism. Intergenerational memory of
past CEs may have been one mechanism to improve the survival of
the offspring during prolonged phases of CE, such as in the ice age
2.6 million years ago. In conclusion, through modulation of genetic
and epigenetic variances, environmental changes might influence
adipose tissue and metabolism not only in the exposed individual
but also in the next generation. Such mechanisms might be exploit-
able to design therapies and personalized strategies to induce BAT
functionality to counteract obesity and comorbidity diseases.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41591-018-0102-y.
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Methods
Materials. Details of the reagents used in this study are listed in Life Sciences
Reporting Summary.

Human study. 13,502 FDG-PET/CT scans of 8,440 individuals that were examined
during November to February in the years 20072015 were reviewed for the
presence of active BAT by physicians'®, Uptake in the supraclavicular and cervical
area was considered to be grade 1, that in the paravertebral and mediastinal

areas were considered to be grade 2 and that in the infradiaphragmal area was
considered to be grade 3. Readers were blinded to the hypothesis of this study.

The birth dates of the individuals were extracted from the ‘digital imaging and
communications in medicine’ (DICOM) metadata of the images. Density plots

of the birthdays were created with ggplot2 2.1,0 in R 3.3.1. (R Foundation for
Statistical Computing, Vienna, Austria). The distributions of individuals were
examined with a generalized linear model (Poisson error distribution and link
function) to estimate the likelihood of being conceived in the cold period of the
year, The BAT-negative control cohort was matched for sex and age with the
nearest-neighbor algorithm", The mean temperature of northern Switzerland

was acquired from the Federal Office of Meteorology and Climatology MeteoSwiss
in a monthly resolution. The study was approved by the Cantonal Ethics
Committee Ziirich.

Mice. Wild-type C57BL/6 N mice were obtained from Charles River Laboratories.
Ucpl-DTR-GFP mice were generated as described previously?. Unless indicated
otherwise, all experiments were performed with adult male mice kept on an
inverted 12-h:12-h dark:light cycle, fed ad libiturn with a chow diet or a 60% HED.
For cold stimulation, animals were housed in long type II cages at 8 °C. All animal
studies were approved by the Veterindramt Ziirich,

Culture of primary adipocytes and HEK 293 cells. For cellular separation,
dissected adipose tissues were minced with a scalpel blade and incubated in 2.0 ml
per mg wet tissue 0.2% collagenase type I in collagenase buffer (25 mM KHCO,,
12mM KH,PO,, 1.2 mM MgSO,, 4.8 mM KCI, 120 NaCl, 1.2 mM CaCl, 5mM
glucose, 2.5% BSA, 1% penicillin-streptomycin, pH 7.4) for 50 min at 37°C with
occasional resuspension. 10ml centrifugation buffer (70% PBS, 15% FBS, 15%
HistoPaque 1119) was added, and samples were centrifuged for 5min at 200g.
The SVF pellet from the initial centrifugation was resuspended in 2 ml erythrocyte
lysis buffer (154 mM NH,Cl, 10mM KHCO,, 0.1 mM EDTA, pH 7.4) and
incubated for 4 min on ice. Samples were filtered through 40-um cell strainers and
then centrifuged for 5 min at 200g. The supernatant was removed, and the pellets
were resuspended in culture medium (10% EBS and 1% P/S in DMEM); SVF
cells were plated in a plate that was precoated with collagen I and differentiated as
described previously*, Cells were re-fed every 48 h with 1 pM rosiglitazone and
0.5 pg/ml insulin. Fully differentiated adipocytes were stimulated with CL-316,243
(10nM) at day 8 (iBAT).

The human HEK293A cell line (Invitrogen) was grown at 37°C, 5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS
and 1% penicillin-stréptomycin. All cells in culture were routinely screened for
mycoplasma contamination.

In vitro fertilization (IVF). Spermatozoa isolated from cold-treated and control
males were used to fertilize oocytes isolated from superovulated C57BL/6
females. The 4-week-old females were superovulated by i.p. administration of
51U of equine chorionic gonadotropin (PMSG) and 5 IU of human chorionic
gonadotropin (hCG). Males were euthanized, and the dense sperm were isolated
from the cauda epididymis and capacitated in 200 ul of Fertiup medium (Cosmo
Bio) for 45 min at 37°C and 5% CO,. Following sperm capacitation, 2y of sperm
solution was added to the IVF drop, which consisted of 100l HTF medium
(Cosmo Bio) overlaid with embryo-tested mineral oil (Sigma). The oviducts were
immediately dissected, and the oocyte clutches were released into the IVF drop.
The IVF reaction was performed for 4h at 37°C and 5% CO,. Following the IVF
procedure, oocytes were washed several times in M16 medium, and the efficiency
of fertilization was ascertained by the appearance of the pronuclei and the second
polar body. Fertilized oocytes were surgically transferred into pseudo-pregnant
CD1 foster females that had previously been mated with genetically vasectomized
Prnm1GFP males®.

Body composition measurement. Body composition was measured with the
EchoMRI 130 instrument (Body Composition Analyzer, Echo Medical Systems).
Mice were fasted for 4h before measurement.

Indirect calorimetry. Indirect calorimetry measurements were performed with
the Phenomaster (TSE Systems) according to the manufacturer’s guidelines and
protocols, Mice were single-caged and acclimated to the metabolic cages for 48h
before metabolic recording,

Surface temperature measurement. Surface temperature was recorded with
an infrared camera (E60; FLIR; West Malling, Kent, UK) and analyzed with
FLIR-Tools-Software (FLIR; West Malling, Kent, UK)™.

Tracing of radiolabeled glucose. Radiolabeled glucose uptake in tissue was
measured as described previously*. Mice were fasted for 4 h, then [“C]2-
deoxyglucose at 8 mM, 14.8 MBq per kg body weight (MBq/kg) was injected by
tail vein. 30 min after injection, blood samples were collected, and mice were
euthanized by cervical dislocation. iBAT, epiWAT, ingWAT, liver, skeletal muscle,
heart and the brain were dissected, weighed and lysed in 10 volumes of 0.5M
NaOH. Radioactivity was measured by liquid scintillation counting (100 pl of lysate
in 3.9 ml of Emulsifier-Safe, Perkin Elmer).

Insulin tolerance test (ITT). Mice were fasted for 4h (chow diet) or 6h (HFD).
Blood was collected from a small incision in the tip of the tail (time 0) and then
at 15, 30, 60 and 120 min after an i.p. injection of insulin at 0.6 and 0.75 U per kg
body weight for chow-fed and HFD-fed mice, respectively (Actrapid Penfill, Novo
Nordisk). Blood glucose levels were measured with a blood glucometer (Accu-
Chek Aviva, Roche).

Behavioral studies. Maternal behavior quantification was carried out as previously
reported™. 9-week-old virgin female mice were bred with 9-week-old RT or P-CE male
mice, All pregnant females were single-caged, and behavior was recorded throughout
the period of pregnancy and nursing by cameras. Maternal nursing behavior was
quantified from delivery to postnatal day 11, based on the video recordings.

Biochemical analysis of plasma. Mice were fasted for 6h before euthanization.
Blood samples were obtained from cardiac puncture, and plasma was collected
after centrifugation for 15 min at 3,000 r.p.m. at 4°C. Cholesterol and triglycerides
were measured by enzymatic tests (Roche Diagnostics). Plasma FGF21 levels were
analyzed by using the Mouse/Rat FGF-21 ELISA kit (BioVendor). Plasma insulin
levels were measured by the Mouse/Rat insulin kit (Meso Scale Discovery). Plasma
samples for measuring fasting and refeeding NEFAs was obtained after 12h of
fasting and 4h of refeeding, by a commercial NEFAs kit (WAKO).

DNA isolation from sperm and adipose tissue. DNA from sperm and adipose
tissue was extracted with the QIAamp DNA Mini Kit (Qiagen). Sperm samples
were isolated from the cauda epididymis and resuspended in M2 medium (Sigma)
for 45 min at 37 °C, Supernatant containing sperm without tissue debris was
collected, pelleted (10,000 g), washed with washing buffer (150 mM NaCl, 10mM
EDTA pH 8.0) and centrifuged for 10 min at 4,000 r.p.m. The sperm pellet was
resuspended in 300 pl lysis buffer (100 mM Tris-Cl pH 8.0, 10mM EDTA, 500 mM
NaCl, 1% SDS, 2% p-mercaptoethanol).

DNA pyrosequencing. 500 ng DNA (from sperm, adipose tissues or HEK cells)
was bisulfite-converted with the EpiTect Bisulfite Kit (Qiagen) according to the
manufacturer’s protocol. 20 ng of this bisulfite-converted DNA was PCR-amplified
with the PyroMark PCR Kit (Qiagen). PCR amplification and sequencing primers
(reverse primers were biotinylated) were designed using the Pyromark Assay
Design v2.0 software (Qiagen). The quality of the PCR products was checked

by gel electrophoresis. Pyrosequencing was applied on a PyroMark Q96 ID

using PyroMark Reagents (Qiagen). DNA methylation frequency was quantified
with the PyroMark software (Qiagen). Specific CpG sites are illustrated in
Supplementary Table 3,

In vitro methylation assay. DNA encoding the sequence of mouse Adrb3 was
ordered from Genscript and cloned into pCpGfree-mcs vector (Invivogen).
HEK293 cells, with 80% confluency in 24-well plates, were transfected with

1,000 ng/well of either methylated or unmethylated constructs with PEI
(Polysciences), at a 4:1 ratio to DNA. 24 h after transfection, medium was replaced.
Transfected cells were harvested for analysis 48 h after transfection,

Tissue harvest. Mice were euthanized singly in a CO, atmosphere. Popliteal lymph
nodes were removed from inguinal depots for analyses of gene expression and

for cellular separations. Blood was collected by cardiac puncture, and serum was
obtained by centrifuging coagulated blood at 10,000 for 5min at 4°C.

Analysis of adipocyte differentiation. Differentiated adipocytes at day 8 were
used for differentiation analysis. Briefly, cells in a 96-well optical plate were fixed
with 5% formaldehyde at 4°C for 10 min, followed by three washes with PBS. Cells
were stained with LD540 (100 ng/pl) for lipid droplets® and Hoechst no. 33342
(100 ng/pl). For UCP1 staining, lipids were depleted by treatment with 5% acetic
acid in ethanol for 10 min at —20°C, and cells were washed with PBS twice at RT
and blocked in 0.05% Triton X-100 and 5% BSA in PBS. Cells were incubated with
a UCP1-specific antibody (1:500; Thermo Fisher PA1-24894) overnight, washed
thrice in PBS, incubated with Alexa-Fluor-488-conjugated anti-rabbit-IgG (1:500)
secondary antibody and DAPI (to stain nuclei), followed by three washing steps.
29 images per well were taken with an automated microscope imaging system
(Operetta, Perkin Elmer). Images were analyzed using the Operetta imaging
software as described previously™.

Histology and image analysis. Adipose tissues were excised, fixed in fresh
4% paraformaldehyde (Sigma) in PBS (Gibco; pH 7.4) for 24h at 4°C and
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then embedded with paraffin. 4-pm-thick paraffin sections were subjected to
histological staining®. Heat-induced antigen retrieval was applied on rehydrated
paraffin sections. After blocking with 5% BSA for 1h, primary antibody (1:200
anti-UCP1; Thermo Fisher) diluted in 5% BSA was applied to sections overnight
at 4°C. After washing with PBS, a secondary antibody (Signal Stain Boost IHC,
Cell Signaling) was applied according to Cell Signaling’s manual, the sections

were washed three times, and the signals were detected using the DAB method
(Cell Signaling). Standard H&E staining was performed on rehydrated fat-paraffin
sections. Slides were dehydrated and covered with coverslip by resin-based
mounting. Analysis of lipid droplet sizes was performed using Image]. For each
treatment, 21-33 pictures were analyzed. Approximately 18,000-58,000 lipid
droplet objects per mouse were used for the computation of lipid droplet size.

Oil red O staining was applied on liver cyrosections, as previously described™. Liver
samples were excised, fixed with paraformaldehyde, dehydrated with 30% sucrose
and embedded in OCT (Thermo 6502). 10-pum-thick sections were cut and stained
with freshly prepared ORO (Sigma 00625) staining solution. All images were
acquired by an Axioscope A.1 instrument. Representative images were selected

in a blinded fashion.

Fluorescence immunostaining of adipose cryosections. BAT from Ctrl and P-CE
mice were excised and fixed in fresh 4% paraformaldehyde (Sigma-Aldrich) in
PBS (Gibco) at pH 7.4 for 2h at 4°C, washed four times in PBS and cryopreserved
for 30h in 30% sucrose in PBS with stirring at 4°C. The samples were flash-
frozen on dry ice and stored at —80°C. BAT samples were cut at —=25°C on an
HM 500 O microtome (Microm) at 20-pm thickness, mounted on Superfrost plus
slides (Medite), thawed at 4 °C, blocked with 10% donkey serum in PBS for 1 h,
and treated with a TH-specific antibody (1:200 in PBS) overnight. Sections were
washed three times in PBS at RT, stained with Alexa-Fluor-488-conjugated anti-
rabbit-IgG secondary antibody and 300 nM DAPI for 1 h. Slides were embedded
in ProLong Diamond Antifade Mountant (Thermo Scientific). Fluorescence
micrographs were acquired on an SP5 confocal microscope (Leica). Background
was adjusted by using samples without primary antibody.

Extracellular respiration. Primary brown preadipocytes were counted and

plated at a density of 20,000 cells per well of a Seahorse plate and differentiated

to confluence. At day 8 post-differentiation induction, mature brown adipocytes
were loaded to an XF,, Extracellular Flux Analyzer (Seahorse Bioscience), with one
injection of CL-316,243 (10nM).

RNA extraction, cDNA synthesis and quantitative RT-PCR. Total RNA was
extracted from tissues or cells using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription was performed to generate a
cDNA library by using the High Capacity cDNA Reverse transcription kit (Applied
Biosystems), with 1 pg of RNA. Quantitative PCR was performed on a ViiA7
instrument (Applied Biosystems), and relative mRNA concentrations, normalized
to the expression of Rplp0 (also known as 36B4), were calculated by the AAC,
method. Primer sequences are listed in Supplementary Table 4.

RNA sequencing (RNA-seq), mapping and analysis. RNA from BAT was
quality-checked by a TapeStation instrument (GE). All samples had a RNA integrity
number (RIN) > 8. The rRNA was depleted, and purified RNA was used for the
preparation of libraries using the TruSeq RNA sample preparation kit (Illumina),
and the samples were sequenced on a HiSeq 4000 HT instrument. RNA-seq
sequences were trimmed using Trim Galor (v0.4.4, http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) and mapped to the mouse GRCm38
genome assemblies using hisat2 (v2.1.0). Transcripts were defined using the
Ensemble annotations over protein-coding mRNAs. Differential expression
analysis of mapped RNA-seq data was performed using DESeq2* and EdgeR.
Significantly different transcripts were called with significance <0.05 after
Benjamimi and Hochberg correction and minimum mean differential expression
of twofold. Further analysis was performed using SeqMonk software (http://www.
bioinformatics.babraham.ac.uk/projects/seqmonk/). Quantitation of RPM values
was performed by using the SeqMonk RNA-seq pipeline quantitation on merged
transcripts counting reads over exons, correcting for DNA contamination, and
log,-transformation assuming an opposing strand-specific library transformed by
percentile normalization using ‘Add’ to the 75.0 percentile. Gene ontology (GO)
analysis was performed using the g:profiler software (hitp://biit.cs.ut.ee/gprofiler/).
Expressed genes were defined where at least one of all four groups (CTRL-3CE,
CTRL-RT, P-CE-3CE and P-CE-RT) had a log,(RPM) value> 0. Transcriptional
similarities between the different samples were computed on all expressed genes
using hierarchical clustering (R hclust package) with Euclidian distances and

by applying the Ward distance function and plotted as a dendrogram. PCA was
performed using the R prcomp package with default parameters.

Whole-g bisulfite sequencing (WGBS) mapping and analysis. Genomic
sperm DNA was isolated as described and used for WGBS libraries™, Briefly,
WGBS libraries were prepared by sonicating 500 ng genomic DNA with a Covaris
Sonicator into 300- to 400-bp-long fragments, followed by end repair, A-tailing
and methylated adaptor (Illumina) ligation using NEB-Next reagents, Libraries
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were bisulfite treated using the EZ DNA Methylation-Direct Kit (Zymo), followed
by library amplification with indexed primers using KAPA HiFi Uracil + HotStart
DNA Polymerase (Roche). All amplified libraries were purified with AMPure XP
beads (Agencourt) and assessed for quality and quantity by using High-Sensitivity
DNA chips (Agilent Bioanalyzer). High-throughput sequencing of all libraries
was performed with a 125-bp paired-end protocol on a HiSeq 2000 instrument
(Ilumina). Raw sequence reads from WGBS libraries were trimmed to remove
poor-quality reads and adaptor contamination, using Trim Galore (v0.4.4,
hitp://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). The remaining
sequences were mapped using Bismark (v0.18.0)* with default parameters to the
mouse reference genome GRCm38 in paired-end mode. Reads were deduplicated,
and CpG methylation calls were extracted from the deduplicated mapping output
using the Bismark methylation extractor (v0.18.0) in paired-end mode. CpG
methylation calls were analyzed using R and SeqMonk software (http://www.
bioinformatics.babraham.ac.uk/projects/seqmonk/). The genome was divided
into consecutive probes that had overlapping 50 CpGs each, and the percentage
methylation was calculated with the bisulfite feature methylation pipeline in
SeqMonk. Global CpG methylation levels were illustrated by using box whisker
plots, and promoter methylation similarities between the samples were assessed
by using hierarchical clustering (R hclust with Pearson distances and Ward
distance function) and PCA (R prcomp package with default parameters). CGI
methylation levels were calculated using the SeqMonk bisulfite feature methylation
pipeline and averaged over all CpG islands for illustrations. DMRs were calculated
using the SeqMonk binomial filter on probes (50 CpG probes or CGIs) with
significance < 0.05 after multiple-testing correction and a minimum difference

of 10%. GO analysis was performed using the g:profiler software (http://biit.
cs.ut.ee/gprofiler/) with genes that either overlapped with DMRs or were up to
2kb downstream of the DMR, DMRs were divided into ‘hypermethylated’ or
‘hypomethylated” in the paternal CE versus control samples. The expression levels
of transcripts overlapping with DMRs (logistic regression filter; see above) either
hypermethylated or hypomethated in the BAT samples from P-CE versus Ctrl mice
was computed using the log,(RPM) gene expression levels in Ctrl BAT samples.

Western blot analysis. Protein samples were isolated from adipose tissue with
RIPA buffer (50 mM Tris-HCl pH (7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% SDS and 10% glycerol) supplemented with protease inhibitor cocktail
(Roche) and Halt phosphatase inhibitor (Thermo Scientific). Homogenized protein
lysates were obtained by rotation at 4°C for 30 min, followed by centrifugation at
14,000 r.p.m. for 30 min. Protein amounts were quantified using the DC Protein
Assay (Bio-Rad). For immunoblotting, protein samples were separated by SDS-
PAGE on 12% polyacrylamide gels and transferred onto nitrocellulose membrane.
Membranes were probed using the indicated antibodies, and chemiluminescent
signals were detected by a LAS 4000 mini Image Quant system (GE Healthcare).
Band intensity was quantified using Image]. Uncropped full scan blots are shown
in Supplementary Figs. 9-11.

In vivo microdialysis from iBAT. For measuring the release of norepinephrine
from iBAT, a microdialysis probe was implanted subcutaneously on the back of
the mouse 1h before the start of the experiment (CMA 20 custom-made, 3-mm
membrane, cutoff 20,000kDa; CMA, Sweden). The microdialysis probe was
connected to a pump that flushed artificial cerebrospinal fluid (147 mM Na*,
2.4mM Ca**, 4mMK*, 155.6 mM CI', pH 6.0) through the probe at a flow rate of
1.5 ul/min. The tube was connected to the mouse via a movable arm to allow free
movement. After stabilization, samples were collected at 30-min intervals through
a refrigerated fraction sampler (MAB 85, Microbiotech AB, Sweden). After baseline
samples at RT were collected, temperature was reduced to 8°C for a period of 3h.
Norepinephrine assessment by high-performance liquid chromatography
(HPLC). Dialysate samples from BAT were immediately frozen and stored
at —80°C until injection onto the HPLC (Ultimate 3000, Thermo Scientific,
USA) system. Norepinephrine levels were detected and analyzed by using
an electrochemical detector (ECD-3000RS, Thermo Scientific, USA) with a
coulometric cell (6011RS, Thermo Scientific, USA). The samples were injected
via a refrigerated autoinjector (Thermo Fisher, CA, USA) equipped with a 100-p1
injection loop. Samples were separated on a reversed-phase column (4.6 X 80 mm,
3 um, Thermo Fisher, USA). We used a HPLC pump (ISO-3100BM, Thermo
Fisher, CA, USA) and a mobile phase of ammonium acetate, EDTA, 15% methanol
and 5% acetonitrile, adjusted to a pH of 6.0, at a flow rate of 0.3 ml/liter at 32°C. A
chromatography workstation (Chromeleon, Thermo Fisher Scientific, Switzerland)
was used for data acquisition and calculation.

Statistical analyses. For in vivo studies, age-matched male mice were used for all
experiments, Sample sizes were determined on the basis of previous experiments
using similar methodologies. P-CE and Ctrl fathers always were derived from same
litters and were handled in the same manner. One or two offspring were used from
each litter for all experiments. The number of litters analyzed for all experiments
are indicated in the corresponding figure legends. If more than one mouse from
one litter was used, then the mice were analyzed as technical replicates. In total,
more than 60 litters per group were analyzed for P-CE and Ctrl mice. Mice were
randomly assigned to treatment groups. All of the mice were included for statistical
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analyses, and the investigators were not blinded to the mice. RNA and DNA
methylation sequencing analyses were blinded to experimental conditions. Results
are reported as mean % s.e.m. Two-tailed unpaired Student’s ¢-test was applied for
comparison, ANOVA was applied on comparisons that involved multiple groups.
Statistical differences are indicated as *P < 0.05, **P<0.01 and ***P < 0.001.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data and software availability. The Gene Expression Omnibus (GEO) accession
number for the WGBS next-generation-sequencing data reported in this study is
GSE100231. RNA-seq data were uploaded to European Nucleotide Archive (ENA)
with accession number PRJEB15274,
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Abstract

Background: Autism spectrum disorder (ASD) has increased over tenfold over the past several decades and appears
predominantly associated with paternal transmission. Although genetics is anticipated to be a component of ASD eti-
ology, environmental epigenetics is now also thought to be an important factor. Epigenetic alterations, such as DNA
methylation, have been correlated with ASD. The current study was designed to identify a DNA methylation signature
in sperm as a potential biomarker to identify paternal offspring autism susceptibility.

Methods and results: Sperm samples were obtained from fathers that have children with or without autism, and
the sperm then assessed for alterations in DNA methylation. A genome-wide analysis (>90%) for differential DNA
methylation regions (DMRs) was used to identify DMRs in the sperm of fathers (n = 13) with autistic children in com-
parison with those (n = 13) without ASD children. The 805 DMR genomic features such as chromosomal location, CpG
density and length of the DMRs were characterized. Genes associated with the DMRs were identified and found to be
linked to previously known ASD genes, as well as other neurobiology-related genes. The potential sperm DMR bio-
markers/diagnostic was validated with blinded test sets (n =8-10) of individuals with an approximately 90% accuracy.

Conclusions: Observations demonstrate a highly significant set of 805 DMRs in sperm that can potentially act as a
biomarker for paternal offspring autism susceptibility. Ancestral or early-life paternal exposures that alter germline
epigenetics are anticipated to be a molecular component of ASD etiology.

Keywords: Autism, Sperm, Epigenetics, Diagnostic, Generational, Father, Offspring

Introduction

Autism spectrum disorder (ASD) is a complex neurologi-
cal disorder involving deficits in communication, social
behaviors and stereotypic movements [1, 2]. The preva-
lence of ASD in 1975 was reported as 1 in 5000 and then
in 2009 as 1 in 110 [3]. The American Centers for Disease
Control and Prevention reported a 1 in 88 prevalence
in 2012 and then a 1 in 68 in 2014. Although improved
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diagnosis and current awareness have played a role in this
increase, particularly in the first couple decades (1975-
2000), the increase in the last two decades is thought to
be due to environmental and molecular factors [2—4].
This is supported by twin studies and numerous environ-
mental studies. Genetic studies using genome-wide asso-
ciation studies (GWAS) have identified multiple genetic
mutations, but they are correlated with only a small
percentage of the autism patients [5]. A recent study
identified sperm genetic alterations associated with off-
spring autism [6]. Combining genetic mutations and
altered epigenetics appear to improve associations [7].
Many specific toxicants and factors have been suggested

©The Author(s) 2021. 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 licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence 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
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0001-8224-2078
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13148-020-00995-2&domain=pdf

Garrido et al. Clin Epigenet (2021) 13:6

to be involved, but generally more extensive analysis is
required [8]. Environmental factors are now believed
to be involved in the etiology of autism. A number of
molecular alterations in the genome have been correlated
to the neurobiology of ASD [2]; however, the specific
environmental factors, molecular processes and etiology
of autism remain to be fully elucidated.

Although there are both paternal and maternal trans-
mission of ASD, the prevalence of paternal transmission
is higher in most populations. One of the main fac-
tors proposed to be involved is paternal age [9], with an
increased percentage risk of 28% between 40-49 years
and nearly 70% when greater than 50 years of age [4].
Increased paternal age has been associated with epi-
genetic DNA methylation alterations in sperm [10],
including specific genes associated with autism [11, 12].
Paternal age-associated DNA methylation alterations
have been shown to impact offspring health and disease
susceptibility [13, 14]. Therefore, the current study con-
trolled for age at conception and sample collection for the
comparison. In addition to paternal age effects, ancestral
and early-life exposures to toxicants, abnormal nutrition
and stress can also impact sperm DNA methylation to
potentially affect disease susceptibility of offspring [15].
The current study was designed to examine the father’s
sperm epigenetics (DNA methylation) in families with
or without autistic children. The hypothesis examined is
that a father’s specific sperm DNA methylation altera-
tions will correlate with offspring autism susceptibility.

Epigenetics is defined as “molecular factors and pro-
cesses around DNA that regulate genome activity inde-
pendent of DNA sequence and are mitotically stable”
The molecular factors and processes currently known
are DNA methylation, histone modifications, chromatin
structural changes, noncoding RNA and RNA methyla-
tion [15]. When the epigenetic alterations become pro-
grammed in the germ cells (sperm or egg), they have
the potential to promote in subsequent generations the
epigenetic transgenerational inheritance of disease and
phenotypic alterations [15]. Environmental factors that
promote these early-life epigenetic alterations have the
ability to promote epigenetic inheritance to subsequent
generations and dramatically increase disease suscep-
tibility and prevalence [15-17]. The current study was
designed to use an epigenome-wide association study
approach and develop a potential paternal sperm bio-
marker for offspring autism susceptibility.

The use of specific sperm epigenetic (DNA meth-
ylation) alterations (i.e., biomarkers) could be used for a
fathers (i.e., paternal) offspring autism susceptibility, and
applications in an assisted reproduction setting could
be considered. Although genetic tests are common in
assisted reproduction and preimplantation diagnostics,
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epigenetic analysis is less common. Sperm DNA meth-
ylation diagnostics have been proposed for the use in
assisted reproduction [18]. The availability of a sperm
DNA methylation biomarker for offspring autism sus-
ceptibility would allow improved clinical management
and early treatment options to be considered. An epi-
genome-wide association study for DNA methylation
alterations in sperm from fathers with or without autistic
children was used to identify potential sperm epigenetic
alterations as a biomarker for paternal offspring autism
susceptibility.

Results

Paternal males with children affected by autism (case)
or without (control) were recruited, and paternal sperm
samples were collected at the Andrology Laboratory of
IVIRMA Clinic in Valencia, Spain. The sperm sample
was collected upon enrollment. Thirty-six patients were
enrolled, which included thirteen in the control group,
thirteen in the autism case group, and eight or ten for
the blinded test groups. The differences (mean=SD)
between the semen analysis for both control and case
group are shown in Table 1. Observations from the
groups showed no significant difference in age, fathers
age at pregnancy, fathers age upon sperm collection,
sperm volume, concentration, or sperm concentration
between the groups. Progressive sperm motility was
greater in the autism case group, with no difference in
non-progressive sperm motility, as shown in Table 1la.
The motile percentage was higher in the control group,
and no difference was observed in the total motile sperm
count. One of the control samples, IVI 14, had a very
high sperm count of 396.62 million that was outside two
standard deviations of the mean (24 SD), so the analysis
was redone without this sample. When the IVI 14 sam-
ple was not used in the analysis, the total sperm number
was increased in the autism case group (p<0.02), and
the total motile sperm count (time) was increased in the
autism case group (p<0.017), as well as the progressive
spermatozoa (%) (»<0.019) and immotile % (p<0.019)
parameters. In addition to the case and control male age
and sperm analysis parameters, Table 1a, all the blinded
test set males, Table 1b, ¢, age and sperm parameters
were analyzed and found to also be within the mean =+ SD
of the case and control samples presented (Additional
file 2: Figure S1). Therefore, the blinded test set of indi-
viduals was appropriate comparisons with the same clini-
cal parameters.

The participant demographics and clinical informa-
tion were similar between the case and control popula-
tion participants. The ethnicity of all the fathers was
Caucasian. No major comorbidities were observed
within either the control or case populations. The date
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of the patient sperm collection, age of the father upon
collection and age of the father at conception of child
are all not statistically different and provided in Table 1.
Although age can impact sperm DNA methylation, the
mean age upon sperm collection, which required a 3-year
collection period, for the case and control was not statis-
tically different, as given in Table 1. In addition, no sta-
tistical difference was observed in the age of the fathers
at conception of child, as given in Table 1. All the autis-
tic children were males. Since the focus was on paternal
sperm, and due to IRB restrictions, the offspring ASD
spectrum severity was not considered. The human sub-
jects approval and informed consent were obtained from
all participants prior to the initiation of the study and
approved by the Ethics Committee of Valencian Infertility
Institute—Reproductive Medicine Associates (IVIRMA)
Valencia, Spain, with code, #1311-VLC-136-FC.
Individual patient sperm samples from the collection
upon enrollment were prepared for sperm analysis, and
an aliquot was taken and flash frozen with liquid nitro-
gen and stored at — 20 °C until shipment on dry ice for
the epigenetic analysis. The samples were thawed, and
prior to DNA isolation, the sperm were sonicated to
destroy and remove any contaminating somatic cells,
as previously described [16]. Due to the sperm nuclei
being resistant to sonication, any contaminating somatic
cells are removed following sonication. The DNA was
extracted from the sperm and then fragmented for a
methylated DNA immunoprecipitation (MeDIP) pro-
cedure to obtain methylated DNA for analysis to iden-
tify differential DNA methylated regions (DMRs). The
MeDIP is a genome-wide analysis examining 95% of the
genome, which is comprised of low-density CpG regions
in comparison with the less than 5% of the genome of
high-density CpG regions such as CpG islands. The
MeDIP DNA libraries were prepared for next-generation
DNA sequencing by creating individual patient sequenc-
ing libraries. Samples were then sequenced for bioinfor-
matic analysis, as described in Additional file 1 section. A
comparison of the sequences between the control (non-
autism children) and case (autism children) participant
sperm samples identified DMRs, as shown in Fig. 1a. At a
p value of p < 1e—05 there were 805 DMRs identified with
the majority being a single 1-kb window with fewer (i.e.,
six) having multiple adjacent 1-kb windows involved. The
DMRs at a number of p values are presented for p <001
to p<1e—07, Fig. 1la. The DMRs at EdgeR p<1le—05 all
had false discovery rate (FDR) of p<0.05 and were used
for subsequent data analysis. The p<1e—05 was used to
optimize DMR numbers and statistical considerations.
A list of these DMRs with various genomic features (e.g.,
CpG density and chromosomal location) are presented
in Additional file 3: Table S1. Observations suggest that
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males with autistic children have a sperm DMR signa-
ture that is distinct from males without autistic children
(control).

The genomic features of the offspring autism sus-
ceptibility DMRs were investigated. The chromosomal
locations of the DMRs at p<1le—05 within the human
genome are presented in Fig. 1b. The red arrowheads
indicate the individual DMRs, and the black boxes rep-
resent clusters of DMRs. The DMRs are present on all
chromosomes. The CpG density of the DMRs is generally
less than 10 CpG per 100 bp with 1-3 CpG predominant
for the paternal offspring autism susceptibility DMRs,
as shown in Fig. 1c. The size of the DMRs was predomi-
nantly 1-3 kb for the sperm DMRs, as shown in Fig. 1d.
Additional genomic features are presented in Additional
file 4: Table S1. The log-fold change (LFC) in DMA
methylation in Additional file 3: Table S1 demonstrated
for the 805 DMR in the autism group that 303 have an
increase in DNA methylation and 502 have a decrease
in DNA methylation. The autism DMRs involved a 38%
increase or 62% decrease in DNA methylation. Therefore,
the majority of the sperm DMRs had low CpG density,
termed a CpG desert, and were 1 kb in length with either
an increase or decrease in DNA methylation.

The paternal offspring autism susceptibility sperm
DMR-associated genes and corresponding gene func-
tional categories were determined, as presented in Addi-
tional file 4: Table S1. The total autism 805 DMRs had
193 with no DMR gene associations (24%), and the DMRs
were intergenic and not associated with genes. From the
612 DMR with gene associations (76%), there were 493
DMR that overlapped with annotated genes. There were
17 DMR in the 1-1000 bp and 62 DMR in the 1-5 kb
proximal promoter regions. There were 40 DMRs in the
5-10 kb distal promoter region. Therefore, approximately
20% of the DMR are in the proximal and distal promoter
region and 80% overlapping the gene annotation regions.
There were 193 DMRs that were intergenic. These DMRs
are intergenic and not proximal to genes, but can influ-
ence gene expression events for megabase distances
through ncRNA and chromatin structure alterations, as
previously described [19, 20]. Genes within 10 kb of a
DMR were identified, which has previously been shown
to be optimal for both proximal and distal promoter
regions and epigenetic associations [21]. The functional
categories corresponding to each DMR-associated gene
are summarized in Fig. 2a. The signaling, transcription
and metabolism functional categories are predominant.
This reflects that these gene functional categories have
the highest number of genes within them. A compari-
son of previously identified genes associated with neu-
rodegeneration, neurodevelopment and autism with the
DMR-associated genes of this study is summarized in



Garrido et al. Clin Epigenet (2021) 13:6 Page 6 of 13

a e
DMR ldentification b Chromosome Plot
Y — v
p-value All Window  Multiple Window X | YWYV yw v vV vewvw
MT —
0.001 13271 256 o
1e-04 3214 31 o1 | v wwwvw
1e-05 805 6 20 o SN SE W
1e-06 223 1 13 1
| Yy ww  yww
1e-07 60 0 17 -| T ey
O 16 JW VYVWYYy
Significant windows 1 2 3 E 54 — "TIIRTY
4 ww w wwwew
Number of DMR 799 3 3 8 1; 4 VWYV Wewy wWwy
g 12 | SEYYY WWYWYVW SVEveRy
S 11| TYWWYWYWVYY WWVY
O 10 FAWWYWWI WYY
9 — W wvvww vepw
g8 | YWY WY WYWRY VeWwY
7 4 “_'_T_q_“_'_'_-_Y
6| WYWYWW vV WWWYIWV WV
51 W _Ywywwwwyvyw wyy wyy
4 — m_'.'_v_'_u'!_v_v_m_v_v_u
3| LYY ¥ WHVYWYY WY YYVVIWY YW W YpwY
2 —
1 YV YW Wy v yvgy VY YRV YV YV
T T 17 1T 1T T 17 17 1T 1T T T T 17 T 1T T T T1
OTOMOVOANT-TOAUAITRONITNEONITNOD
NSNS UIRNREIrNILER25883
Chromosome length (Mb)
DMR CpG Density d DMR Length
o o
Q 5 = W
Iro) rs)
Sl o
oc < o 9]
= =
ogsdl Lo Qg
5 ® °
B —
388 88-
E S e ]
S -]
8- Z g
o - L o &
I T T T T T T T T T ! r T T T T T 1 1 1 i 1
01 2 3 4 5 6 7 8 9210 01 2 3 45 6 7 8 9210
Number of CpG sites per 100bp DMR length (kb)
Fig. 1 a DMR identifications. Autism case versus control sperm DMR analysis. The number of DMRs found using different p value cutoff thresholds.
The all window column shows all DMRs. The multiple window column shows the number of DMRs containing at least two adjacent significant
windows and the number of DMRs with each specific number of significant windows at a p value threshold of 1e—05. b Autism case versus control
patient DMR analysis. The DMR locations on the individual chromosomes are identified. All DMRs at a p value threshold of p < 1e—05 are shown with
the red arrowheads and clusters of DMRs with the black boxes. ¢ DMR CpG density in the autism case versus control patient DMRs. The number
of DMRs at different CpG densities is indicated. All DMRs at a p value threshold of p < 1Te—05. d Autism case versus control patient DMR lengths in
kilobases. All DMRs at a p value threshold of 1e—05 are shown

Fig. 2b. These autism-associated genes have previously  Additional file 5: Table S2. The DMR-associated genes
been shown to be regulated or involve genetic muta- were also used in a gene pathway or gene set analysis to
tions within autism patients, and the gene symbols, identify associated pathways. Interestingly, the top path-
descriptions and associated references are presented in  way or gene set identified was autism, and the majority



Garrido et al. Clin Epigenet (2021) 13:6

Page 7 of 13

(See figure on next page.)

Fig. 2 a DMR-associated gene categories. DMRs at a p value threshold p < 1e—05 are shown. b Autism case versus control DMR PCA. PCA for DMRs
at p < 1e—05. The first two principal components used and samples color code index indicated. The underlying data are the RPKM read depth for
all DMRs. € DMR-associated genes and autism. The paternal offspring autism-susceptible DMRs previously shown to correlate with autism and
associated neurodegenerative disease are presented. DMR-associated genes from the current study were compared to genes associated with
autism in the published literature using Pathway Studio software (Elsevier, Inc.). Those that were in common are depicted

of the subsequent pathways with greater than three
genes were all neurodevelopmental- or neurobiology-
associated pathways, as given in Table 2. All those gene
sets were found to be significant, and a list of the specific
DMR-associated genes is provided, as given in Table 2.
As shown with all the DMR-associated genes, Additional
file 5: Table S2, the associated genes in Table 2 also had
approximately a 50% mixture of genes with an increase or
decrease in DNA methylation. Therefore, the DMR-asso-
ciated genes did correlate well with previously identified
autism- and neurodevelopment-associated genes. Since
the sperm DMRs will impact the embryo epigenomes
and transcriptomes of all subsequent somatic cells, this
dynamic cascade of developmental epigenetics needs to
be considered in potential links in sperm epigenetics and
potential neurological impacts on autism.

The final analysis examined the statistical significance
and validation of the DMRs identified. A permuta-
tion analysis was performed on the DMRs to determine
whether the DMRs were due to background variation
in the data or randomly generated. The permutation
analysis shows the number of DMRs generated from the
control versus autism case comparison was significantly
greater than the DMRs generated from random sub-
set analysis, Additional file 3: Figure S2. The red line to
the right indicates the comparison DMRs versus the low
numbers from the random subset comparison. Another
analysis involved a cross-validation of the DMRs and
demonstrated approximately 80% accuracy in the con-
firmation of the DMRs to assess autism susceptibil-
ity [22]. A principal component analysis (PCA) of the
control male sperm without an autistic child versus the
male sperm with an autistic child is presented in Fig. 2c.
A clear separation of the DMR principal components is
seen between the groups. This demonstrates a distinction
between the DMR principal components.

The final validation involved using blinded test sets of
samples for analysis to identify and assess the accuracy
to determine actual case or control samples. Three dif-
ferent molecular analyses of the original 13 cases and 13
controls were performed and combined for this test set
analysis. The test set analysis involved four independent
analyses that were combined for the final analysis. The
first test set involved eight blinded samples selected from
the main analysis samples and reanalyzed (BS1-BS8)
and identified as actual case or control sample, as given

in Table 1b. All were accurately identified, except one
false negative which was identified as a control, but actu-
ally was a case sample. A second set of ten blinded test
samples (BS9-BS18) was provided by IVI-RMA clinical
collaborators and was also identified in an independent
analysis as case or control, as given in Table 1c. All were
accurately identified, except one false negative which was
identified as a control, but was actually a case sample.
Therefore, the blinded test set analysis indicated all but
one in each test set were accurately identified for approx-
imately a 90% accuracy in the analysis. Since multiple
analysis was used for this blinded test set analysis, ran-
dom batch effect outlier DMRs identified were removed
to optimize the analysis. Although significantly more
validation with larger clinical test sets is needed, the cur-
rent study provides the proof of concept that epigenetic
biomarkers potentially exist and may be used to diagnose
that a father may potentially have a child with a suscepti-
bility for autism.

Discussion

The frequency of autism in the population has dramati-
cally increased over tenfold the past several decades.
This increase appears to be due in part to increased diag-
nosis efficiency from 1975 to the early 2000s, as well as
greater public awareness of the disease [3]. The more
recent increase in the last couple of decades suggests
environmental factors, and exposures also have a criti-
cal role in autism prevalence. Although many suggestions
have been made on specific toxicants and factors being
involved, more extensive analysis and better understand-
ing of autism etiology are needed to understand this
increase in autism frequency [8]. An example is the sug-
gestion-assisted reproduction and in vitro fertilization is
involved, but follow-up studies demonstrated no risk of
ASD in children born after assisted reproduction [23, 24].
One factor that has been correlated with autism is pater-
nal age [4, 9, 15] and sperm DNA methylation alterations
[11, 25]. Previous studies have shown a hypermethylation
of sperm DNA is associated with male infertility, abnor-
mal sperm parameters and increasing age [13, 26, 27].
Therefore, the majority of DMR involve an increase in
DNA methylation when associated with infertility or age.
The current study demonstrated 60% of the DMRs have
a decrease in DNA methylation, and 40% of DMRs an
increase in DNA methylation, Additional file 4: Table S1.
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Therefore, a mixture of an increase and decrease in meth-
ylation is observed, which is distinct from the sperm
hypermethylation observed in male infertility and aging
[13, 26, 27]. Since all the paternal subjects were similar in
age and fertile (Table 1), the current study observations
appear to be distinct from infertility and aging-related
DNA hypermethylation. Although some participants
from both control and case populations were involved
in in vitro fertilization upon sperm collection, male fac-
tor infertility was not involved. No differences in demo-
graphics or clinical variables were observed. The age
upon sperm collection between the case and control was
not statistically different, as given in Table 1. In addi-
tion, the age at conception of child was also not statis-
tically different between case and control participants.
The comparison was biased on age of sperm collection
to control for age differences to minimize DNA methyla-
tion variation. However, similar observations were also
obtained considering age of conception of child. There-
fore, the current study was designed to identify sperm
epigenetic alterations (i.e., biomarkers) to assess a father’s
potential ability to transmit autism susceptibility to his
offspring.

Altered germline epigenetics has been shown to impact
offspring health later in life, and if permanently pro-
grammed, to promote the epigenetic transgenerational
inheritance of disease and pathology to subsequent gen-
erations [15, 16]. Since sperm or egg epigenetics can
impact the zygote epigenetics and transcription following
fertilization, as well as the subsequent stem cell popula-
tion in the early embryo epigenome and transcriptome,
all subsequently derived somatic cells also have the
potential to have an altered cell-type specific epigenomes
and transcriptomes later in development [15, 28]. This
molecular alteration has been shown to be associated
with adult somatic cell epigenetics, transcriptomes and
associated diseases [29-31]. The ability of an ancestral
or early-life exposure to impact the germline epigenet-
ics to subsequently impact the offspring epigenetics and
susceptibility to develop pathology and disease has been
established [15-17, 28-31] and is anticipated to be a
component of autism etiology as well. The current study
observations support the concept that similar events may
contribute to autism etiology.

The application of a sperm molecular diagnostic is
optimally used in an assisted reproduction setting. Rou-
tine semen analysis and genetic testing are used in most
in vitro fertilization clinical settings. Although epigenetic
analysis is not as routine, the proposal for such analysis
has been made [18]. The analysis of male infertility using
sperm DNA methylation alterations has been developed
[32]. Epigenetic alterations (DNA methylation) in sperm
have been shown to associate in fathers of families with
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autistic children [33]. That study used a targeted array-
based approach that focused on high-density CpG islands
that constitutes approximately 1% of the genome, but
does demonstrate such an analysis is feasible. The current
study was designed to use a genome-wide approach to
identify altered DNA methylation for paternal sperm and
offspring autism susceptibility.

Although genetics will be involved in autism etiology,
genome-wide association studies (GWAS) have demon-
strated generally less than 1% of the patients with a spe-
cific disease, such as neurodegenerative disease that has
a correlated genetic mutation [34]. ASD is similar to only
a few percent correlation with associated genetic muta-
tions [35]. An additional molecular mechanism to con-
sider for ASD disease etiology involves epigenetics. The
current study uses a more epigenome-wide association
study approach to investigate sperm DNA methylation in
fathers with or without autistic children. A procedure to
assess DNA methylation alterations in low-density CpG
regions, that constitute over 95% of the human genome,
was used in comparison with the high-density CpG pro-
cedures previously used. A significant signature of differ-
ential DNA methylation regions (DMRs) was identified
comparing the sperm from fathers with or without autis-
tic children. The genomic features of the DMRs were
identified and demonstrated generally 1-kb lengths and
low-density CpG regions. The DMR-associated genes
were identified, and a number of previously identified
autism-linked genes were present (Fig. 2b, Additional
file 5: Table S2 and Table 2). In regard to the autism
sperm DMR biomarkers, a separation in a principal com-
ponent analysis (PCA) was observed. In addition to this
validation, the permutation and cross-validation analy-
ses help demonstrate the robustness and sensitivity of
the analysis. The validation studies with blinded sample
sets accurately identified the majority of case and control
samples, but potential false-negative identification of case
samples was observed. The observations demonstrate the
paternal sperm epigenetic analysis is potentially effective
at identifying offspring susceptibility for autism, but the
current analysis needs to be improved with expanded
clinical trials.

Although an epigenetic signature was identified for
paternal transmission of susceptibility of autism chil-
dren, which was identified and statistically significant,
a limitation of the current study is the low number of
samples used for the analysis. Although epigenetic
alterations occur at a significantly higher frequency
than genetics, expanded clinical trials are required with
increased numbers, greater ethnic diversity, and more
thorough assessment of the impacts of paternal age.
The impacts of these variables need to be elucidated
to improve and expand the accuracy of the analysis.
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The expanded clinical trial with greater numbers and
diverse subpopulations is essential to develop a useful
diagnostic. However, the current study does provide the
proof of concept; such a diagnostic can be developed.

Applications of the paternal offspring autism suscep-
tibility biomarker/diagnostic will potentially improve
the health care for ASD patients. This would allow IVF
patients to assess risk and determine management pro-
cedures. Importantly, this would allow clinicians to
plan the offspring’s clinical management options more
efficiently. Potential preventative treatments could be
considered to reduce the severity of the autism spec-
trum disorder. The availability of the assay could also
be used in a research setting to facilitate the identifi-
cation of environmental factors potentially involved in
the ASD etiology. Therefore, potential therapeutic and
preventative options not previously considered could
be taken.

The current study identified a genome-wide signature
of DNA methylation sites that are associated with the
paternal transmission of offspring autism susceptibil-
ity. Although a large clinical trial is needed to further
validate the biomarkers and potential diagnostic, the
current study provides the proof of concept for the assay
and biomarkers. Therefore, the identification of offspring
susceptibility can be assessed, allowing better clinical
management of ASD. The potential for therapy options
can be expanded to improve health care for ASD. Such
epigenetic biomarkers are anticipated to exist for many
disease and pathology conditions, which will facilitate the
future preventative medicine strategies for health care.
In addition, the current study suggests epigenetic inher-
itance may play a role in ASD etiology and explain the
paternal transmission prevalence of the disease.

Methods summary

Clinical sample collection

A single-center (IVIRMA Valencia, Spain) prospective
and open clinical study was performed. The participant
approval and informed consent were obtained from
all participants prior to the clinical sample collection.
The study protocols were approved by the Institutional
Review Board Ethics Committee of Valencian Infertility
Institute—Reproductive Medicine Associates (IVIRMA)
Valencia, Spain, with code, #1311-VLC-136-FC. All
research was performed in accordance with relevant
guidelines/regulations. The study was not designed for,
nor did the IRB involve, the ability to correlate autism
child clinical information to be correlated. The semen
was analyzed as described in Additional file 1. Samples
were immersed in liquid nitrogen and then stored at
—20 °C prior to analysis.
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Epigenetic analysis, statistics and bioinformatics

Somatic cell contamination was removed by sonica-
tion, and the sperm DNA was isolated as previously
described [16]. Methylated DNA immunoprecipita-
tion (MeDIP), followed by next-generation sequencing
(MeDIP-Seq), was performed. MeDIP-Seq, sequencing
libraries, next-generation sequencing, and bioinfor-
matics analysis were performed as described [16] and
are found in Additional file 1. The statistical analysis
and validation protocols were performed as previously
described [16] and are found in Additional file 1. All
molecular data has been deposited into the public data-
base at NCBI (GEO # GSE157417), and R code com-
putational tools are available at GitHub (https://githu
b.com/skinnerlab/MeDIP-seq) and www.skinner.wsu.
edu.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-020-00995-2.

Additional file 1: Supplemental methods.

Additional file 2: Figure S1. Clinical group statistic comparison. The
various sperm/semen characteristics in the Study case and control group
were compared with the Blind group. The n-value, mean, standard devia-
tion, and standard error mean are presented. The blind groups are within
the mean = SD of the case and control study.

Additional file 3: Figure S2. Permutation analysis. The number of DMR
for autism case versus control patient comparison for all permutation
analyses. The vertical red line shows the number of DMR found in the
original analysis. All DMRs are defined using an edgeR p value threshold
of p< 1e—05.

Additional file 4: Table S1. DMR lists at p < 1e—05 with presentation of
name, chromosomal location, DMR start and stop nucleotide number for
chromosome, length (bp), number of 1 kb significant windows, minimum
p value, CpG number and density, DMR maximum, log-fold change (max-
LFC) (+ increase DNA methylation and — decrease DNA methylation), and
gene association within 10 kb and gene functional categories.

Additional file 5: Table S2. Gene and protein regulators of autism. The
DMR-associated autism-related genes with symbol, description, and
relevant references PubMed ID (PMID) numbers.
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