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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, disability, and loss of human capital as a result of impaired fetal
development is huge and affects both developed and developing 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 development 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.

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 modifications 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 developmental plasticity has adaptive value because it attempts to match an
individual’s responses to the environment predicted to be experienced. 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 conditions, 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 immediately succeeding generation, through female and perhaps male
lines. Future research into epigenetic processes may permit us to
develop intervention strategies. (Pediatr Res 61: 5R–10R, 2007)

E

pidemiologic studies have demonstrated a robust association 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 osteoporosis 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 extensively 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 developmental influence as there is much experimental evidence
that the prenatal environment can induce long-term cardiovascular 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-

MISMATCH, DEVELOPMENTAL PLASTICITY,
AND EPIGENETICS
Steep temporal trends in the incidence rates of cardiovascular disease in many populations suggest that the epidemiologic 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-
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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 attempts 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 organism 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 susceptibility 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 developmental 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 environment (15). This explains why an impaired early environment produces a range of effects—alterations in cardiovascular and metabolic homeostasis, growth and body composition,
cognitive and behavioral development, reproductive function,

Figure 1. The mismatch concept emphasizes that the degree of disparity
between the environment experienced during development and that experienced 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 transitions to an affluent western lifestyle. Adapted from Gluckman PD et 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 induce alternative phenotypes from a genotype, some of the
clearest examples being polyphenisms in insects (18). Such
processes can, however, also induce a gradation of phenotypes, constituting a population reaction norm (19). Waddington 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 overlooked 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 processes that regulate mitotically or meiotically heritable
changes in gene expression without altering the DNA sequence (22). Of particular relevance is methylation of specific
CpG dinucleotides in gene promoters and alterations in DNA
packaging arising from chemical modifications of the chromatin 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 following fertilization when maternal and paternal genomes undergo
extensive demethylation to ensure pluripotency of the developing zygote. This is followed by de novo methylation just
before implantation (29,30). About 70% of CpGs are methylated, 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 nucleotide 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 silencing of transcription.

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 development and differentiation of individual tissues. For example, the expression of the homeobox gene Oct-4, a key regulator of cellular pluripotency in the early embryo, is
permanently silenced by hypermethylation of its promoter
around E6.5 in the mouse (32), whereas HoxA5 and HoxB5,
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 ␦-crystallin II and phosphoenolpyruvate carboxykinase promoters are methylated in the early
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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 development 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). Imprinting is most frequently mediated by allele-specific DNA methylation, although imprinted alleles may differ in other ways.
Small noncoding regulatory RNA regulation of gene expression 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 alterations in chromatin structure. However, whether early life
environmental challenges such as maternal nutritional constraints can alter the expression or formation of these microRNAs 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, although it is inevitably difficult to define the relative contributions 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 generation (38) by several mechanisms. Strong evidence for transgenerational nongenomic inheritance exists for dietary and
endocrine exposures. Records from Överkalix 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 environmental 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 reproductive 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 developmental 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 imprinted genes. Feeding a reduced protein diet to pregnant rats
induces permanent changes in gene expression in the offspring; GR and PPAR␣ expression is increased in the liver
(7,47), whereas expression of the enzyme that inactivates
corticosteroids, 11␤-hydroxysteroid dehydrogenase type II, is
reduced in liver, lung, kidney, and brain (48). In the liver,
increased GR and PPAR␣ expression is due to hypomethylation 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 PPAR␥1 promoter in the
liver, which suggests that the changes in epigenetic regulation
induced by the maternal reduced protein diet were genespecific (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 hypertension (50). Variations in maternal behavior also lead to epigenetic changes; in rats, maternal care of the pups influences
methylation of the estrogen receptor-alpha1b (51) and the
hippocampal GR17 promoters (9), the latter resulting in
changes in hypothalamic-pituitary-adrenal axis stress responses (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 processes 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 progressive 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␣ 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 glucocorticoid 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 F0 generation induces
hypomethylation of the PPAR␣ and GR promoters in the livers
of both the F1 and F2 male offspring (62). This shows that
transmission of induced phenotypes between generations involves 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 Darwinian 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 environment 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 advantageous 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 epigenetic processes of transmitting environmental information between 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 shortterm 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 highenergy 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 xenobiotics such as endocrine disruptors may have multigenerational 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 transgenerationally 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 inheritance 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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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 neurological disorder involving deficits in communication, social
behaviors and stereotypic movements [1, 2]. The prevalence 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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4
Center for Reproductive Biology, School of Biological Sciences,
Washington State University, Pullman, WA 99164‑4236, USA
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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 environmental studies. Genetic studies using genome-wide association 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 offspring autism [6]. Combining genetic mutations and
altered epigenetics appear to improve associations [7].
Many specific toxicants and factors have been suggested
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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 transmission of ASD, the prevalence of paternal transmission
is higher in most populations. One of the main factors 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 epigenetic 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 controlled 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 alterations will correlate with offspring autism susceptibility.
Epigenetics is defined as “molecular factors and processes around DNA that regulate genome activity independent 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 methylation [15]. When the epigenetic alterations become programmed 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 susceptibility and prevalence [15–17]. The current study was
designed to use an epigenome-wide association study
approach and develop a potential paternal sperm biomarker for offspring autism susceptibility.
The use of specific sperm epigenetic (DNA methylation) 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 methylation diagnostics have been proposed for the use in
assisted reproduction [18]. The availability of a sperm
DNA methylation biomarker for offspring autism susceptibility would allow improved clinical management
and early treatment options to be considered. An epigenome-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 1a.
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 (2 ± SD), so the analysis
was redone without this sample. When the IVI 14 sample 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 (%) (p < 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, c, 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 individuals was appropriate comparisons with the same clinical parameters.
The participant demographics and clinical information were similar between the case and control population participants. The ethnicity of all the fathers was
Caucasian. No major comorbidities were observed
within either the control or case populations. The date

Age
(years)

Father age
(years)
upon collection

41

38

37

39

41

42

45

–

–

35

46

40

41

46

44

38

36

41

42

37

43

54

38

43

41 ± 3

IVI 3

IVI 4

IVI 5

IVI 6

IVI 7

IVI 8

IVI 9

IVI 10

IVI 11

IVI 12

IVI 13

IVI 14

IVI 15

IVI 16

IVI 17

IVI 18

IVI 19

IVI 20

IVI 21

IVI 22

IVI 23

IVI 24

IVI 25

IVI 26

Mean ± SD

Statistical
NS
comparison

42 ± 5

44

IVI 2

NS

42 ± 5

42 ± 4

43

38

54

43

37

42

41

36

38

44

46

41

40

46

37

45

39

45

42

41

49

37

38

41

45

42

NS

34 ± 3

34 ± 5

33

34

27

36

29

32

41

34

31

33

35

36

36

35

24

39

31

35

32

31

40

33

34

38

43

31

Father age
(years)
at pregnancy

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Case

Case

Case

Case

Case

Case

Case

Case

Case

Case

Case

Case

Case

(Case vs. Control), not
significant (NS) > 0.05

Offspring control

NS

3±2

3±1

1.5

5.5

2.5

1.8

4.2

1.4

2.2

6.8

3.2

4.8

2.2

1

2.8

4.2

5.4

4

3

3.5

2.5

6

2.2

1.4

3.4

3

1.5

2.2

Offspring Volume
autism
(mL)
case/
control

Offspring autism case

9/22/17

9/15/17

9/15/17

9/6/17

9/6/17

5/23/17

3/22/17

11/3/16

10/21/16

10/20/16

10/17/16

10/11/16

10/11/16

3/7/16

9/5/17

12/21/15

9/28/15

9/9/15

8/14/15

8/12/15

8/4/15

7/30/15

7/29/15

7/29/15

7/28/15

7/27/15

Collection
date
of sample

NS

43 ± 44

55 ± 33

96

1.7

52

13

54

42.1

91.8

14

1.6

10.5

5.5

34.3

141.65

17.6

36.3

120

33.3

87

91

47

23

10

66

68

38

83

Concentration
(mill/mL)

Paternal sperm analysis

NS

107 ± 114

184 ± 128

144

9.35

130

23.4

226.8

58.94

201.96

95.2

5.12

50.4

12.1

34.3

396.62

73.92

196.02

480

99.9

304.5

227.5

282

50.6

14

224.4

204

57

182.6

Total
of spermatozoa
(mill)

p < 0.01

36 ± 13

49 ± 11

35

11

48

23

52

37

49

32

28

42

29

31

55

60

43

50

44

50

60

69

31

50

35

44

42

58

Progressive
spermatozoa
(%)

NS

12 ± 6

13 ± 5

17

8

7

20

9

23

14

3

13

12

3

18

10

17

3

12

9

13

15

14

26

14

11

11

11

11

Nonprogressive
spermatozoa
(%)

p < 0.01

52 ± 14

38 ± 12

48

81

45

57

39

40

37

65

59

46

68

51

35

23

54

38

47

37

25

17

43

36

54

45

47

31

Immotile
(%)

NS

49 ± 63

94 ± 71

50.4

1.03

62.4

5.38

117.94

21.81

98.96

30.46

1.43

21.17

3.51

10.63

218.14

44.35

84.29

240

43.96

152.25

136.5

194.58

15.69

7

78.54

89.76

23.94

105.91

Total
motile
sperm
count
(time)
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Mean ± SD

42

IVI 1

(a) Sperm samples and clinical analysis

Sample

Study sample

Table 1 Sperm samples and clinical semen analysis.
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Identified control
Identified control
Identified control
Identified case
Identified case
Identified control
Identified control

BS 2

BS 3

BS 4*

BS 5

BS 6

BS 7

BS 8

Identified case
Identified case
Identified case
Identified control
Identified control
Identified control
Identified control
Identified control
Identified control

BS 10

BS 11

BS 12

BS 13

BS 14*

BS 15

BS 16

BS 17

BS 18

Actual control

Actual control

Actual control

Actual control

Actual case*

Actual control

Actual case

Actual case

Actual case

Actual case

Actual control

Actual control

Actual case

Actual case

Actual Case*

Actual control

Actual control

Actual case

(a) The samples were provided by IVI-RMA, Valencia, Spain, that collected and performed the clinical analysis of semen volume, sperm concentration and analysis, motility and formal progression analysis, and motility
analysis. The mean ± SD for case and control samples is provided. A Students t test was used to assess any statistical differences between case and control groups. (b) Blinded test sample set #1 analysis. The analysis was
performed to identify the case or control samples and then confirmed once completed after analysis unblinded. (c) Blinded test sample set #2 analysis. IVI-RMA provided an additional ten blinded samples, and following
analysis (Identified) was unblinded to assess accuracy (Actual). The false-negative identifications are indicated with an (*) on the labels

Identified case

BS 9

(c) IVI blinded test sample set 2 analysis

Identified case

BS 1

(b) Blinded test sample set 1 analysis

Table 1 (continued)
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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 statistically different, as given in Table 1. In addition, no statistical difference was observed in the age of the fathers
at conception of child, as given in Table 1. All the autistic 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 subjects 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 nitrogen 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) procedure to obtain methylated DNA for analysis to identify 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 sequencing libraries. Samples were then sequenced for bioinformatic analysis, as described in Additional file 1 section. A
comparison of the sequences between the control (nonautism 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. 1a. The DMRs at EdgeR p < 1e−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 signature that is distinct from males without autistic children
(control).
The genomic features of the offspring autism susceptibility DMRs were investigated. The chromosomal
locations of the DMRs at p < 1e−05 within the human
genome are presented in Fig. 1b. The red arrowheads
indicate the individual DMRs, and the black boxes represent 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 predominantly 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 functional categories were determined, as presented in Additional 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 influence 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 comparison of previously identified genes associated with neurodegeneration, neurodevelopment and autism with the
DMR-associated genes of this study is summarized in
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a
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b

d

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. c 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 < 1e−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
been shown to be regulated or involve genetic mutations within autism patients, and the gene symbols,
descriptions and associated references are presented in

Additional file 5: Table S2. The DMR-associated genes
were also used in a gene pathway or gene set analysis to
identify associated pathways. Interestingly, the top pathway or gene set identified was autism, and the majority
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(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. c 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 neurobiologyassociated 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-associated 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 permutation 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 subset 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 confirmation of the DMRs to assess autism susceptibility [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 different 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 actually 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 approximately a 90% accuracy in the analysis. Since multiple
analysis was used for this blinded test set analysis, random batch effect outlier DMRs identified were removed
to optimize the analysis. Although significantly more
validation with larger clinical test sets is needed, the current 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 susceptibility for autism.

Discussion
The frequency of autism in the population has dramatically increased over tenfold the past several decades.
This increase appears to be due in part to increased diagnosis 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 critical role in autism prevalence. Although many suggestions
have been made on specific toxicants and factors being
involved, more extensive analysis and better understanding of autism etiology are needed to understand this
increase in autism frequency [8]. An example is the suggestion-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 paternal 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, abnormal 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.

Garrido et al. Clin Epigenet

a

c

(2021) 13:6

Page 8 of 13

b

313

616

273

538

18
86
147
14

Protein regulators of autism

Protein regulators of intellectual disability

Protein regulators of neurodevelopmental disorder

Protein regulators of psychiatric disorder

Protein regulators of intellectual impairment

Protein regulators of estrogen receptor-positive
breast cancer

Protein regulators of behavioral disorder

Protein regulators of severe visual impairment

4

25

16

28

19

3

10

20

6

9.02E−05

p value

PAX2, AIPL1, MERTK

GRIN2B, GRIN1, ERBB4, PARK7, STX1A, RORA, DNMT1,
TMEM173, AP2B1, OPRM1

KDM6B, PPARG, ERBB4, PIK3CD, NDRG1, CREBBP,
SLC7A5, STIM1

GRIN2B, GRIN1, DMD, RELN

GRIN2B, PDE2A, ERBB4, AHI1, CCKBR, ANKS1B,
DLGAP1, CCDC141, OPRM1, PDLIM5, GABBR1,
SORCS2, CREBBP, ARHGEF10, TCF4, DNMT1,
RBFOX1, GPHN, USP46, RELN, DPYSL2, ADRA2C,
IMMP2L, NRXN3, ALK

RBFOX1, SRGAP3, GRIN1, LIMK1, AHI1, DOCK3,
ANKS1B, ELP4, ANKRD11, RELN, DPYSL2, ST3GAL5,
AGAP1, MCPH1, CREBBP, TCF4

3.39E−03

1.80E−03

6.90E−04

5.95E−04

5.12E−04

4.70E−04

SRGAP3, ERBB4, DMD, TG, AHI1, ANKRD11, CHL1,
3.42E−04
ST3GAL5, BCKDK, CDK19, DLGAP2, NARS2, PHF21A,
KDM2B, CAMTA1, MCPH1, CREBBP, ARHGEF10,
TCF4, LIMK1, STIM1, RELN, PRMT7, DPYSL2, SORL1,
LRMDA, CDH18, EXOC4

RBFOX1, CD5, CCR5, GRIN1, GPHN, SLC7A5, SNTG2,
RELN, ARHGAP32, OPRM1, DLGAP2, DIAPH3,
CACNA1A, KCNMA1, TSHZ3, SLC25A12, NRXN3,
SEMA3F, RORA

The pathway total number of neighbors for genes, pathology gene set pathway, overlapping genes, percent overlap, overlapping gene symbols and statistical p value are presented

Severe visual impairment

Behavioral disorder

9

21

4

5

4

6

Overlap Percent Overlapping genes
overlap

Estrogen receptor-positive breast cancer 8

Intellectual impairment

Psychiatric disorder

Neurodevelopmental disorder

Intellectual disability

Autism

Total #
Pathology gene set pathway
of neighbors

Pathway or gene set name

Table 2 DMR-associated gene pathways or gene sets.
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Therefore, a mixture of an increase and decrease in methylation 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 factor infertility was not involved. No differences in demographics 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 addition, the age at conception of child was also not statistically different between case and control participants.
The comparison was biased on age of sperm collection
to control for age differences to minimize DNA methylation variation. However, similar observations were also
obtained considering age of conception of child. Therefore, 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 programmed, to promote the epigenetic transgenerational
inheritance of disease and pathology to subsequent generations [15, 16]. Since sperm or egg epigenetics can
impact the zygote epigenetics and transcription following
fertilization, as well as the subsequent stem cell population 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 epigenetics 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. Routine 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 arraybased 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 demonstrated generally less than 1% of the patients with a specific disease, such as neurodegenerative disease that has
a correlated genetic mutation [34]. ASD is similar to only
a few percent correlation with associated genetic mutations [35]. An additional molecular mechanism to consider 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 procedures previously used. A significant signature of differential DNA methylation regions (DMRs) was identified
comparing the sperm from fathers with or without autistic 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 component analysis (PCA) was observed. In addition to this
validation, the permutation and cross-validation analyses 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 children, 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 susceptibility biomarker/diagnostic will potentially improve
the health care for ASD patients. This would allow IVF
patients to assess risk and determine management procedures. 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 spectrum disorder. The availability of the assay could also
be used in a research setting to facilitate the identification 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 susceptibility. 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 inheritance 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 sonication, and the sperm DNA was isolated as previously
described [16]. Methylated DNA immunoprecipitation (MeDIP), followed by next-generation sequencing
(MeDIP-Seq), was performed. MeDIP-Seq, sequencing
libraries, next-generation sequencing, and bioinformatics 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 database at NCBI (GEO # GSE157417), and R code computational 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.
org/10.1186/s13148-020-00995-2.
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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