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The development of male germ cells from the 
primordial germ cell stage to that of the mature 
spermatozoon is a key time of epigenetic 
reprogramming. Orchestrated by specialized 
enzymes, DNA methylation and histone modi-
fications undergo dynamic changes throughout 
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gametogenesis. Male gamete epigenetic program-
ming plays multiple roles not only in spermato-
genesis, including gene expression programs and 
meiosis, but also in preparing the sperm for its 
role post fertilization in embryogenesis. Alterations 
to any level of the sperm epigenetic coding may 
affect fertility and the sperm’s contribution to nor-
mal embryo development. In support of an impor-
tant role for normal genomic methylation patterns 
in human sperm, a number of recent studies have 
reported abnormal DNA methylation in imprinted 
and other sequences in infertile men [1]. As well, 
a number of genomic imprinting disorders in off-
spring, associated with underlying DNA methyla-
tion alterations in imprinted genes, have been 
linked with infertility and the use of assisted 
reproductive technologies (ARTs) [2, 3]. Most of 
the evidence demonstrating the importance of 
proper epigenetic marks to reproduction and the 
general health of the embryo come from the use of 
animal models. In this chapter, we discuss differ-
ent aspects of the sperm epigenome, from the tim-
ing and mechanisms underlying the acquisition of 
epigenetic patterns to the consequences of per-
turbing such patterns. The focus here is on DNA 
methylation, since it is not only one of the most 
well-studied epigenetic modifications taking place 
during male germ cell development but also one 
that has been clearly linked to infertility in men.

Epigenetics and the Roles 
of DNA Methylation

The term epigenetics refers to heritable mecha-
nisms that help to control gene expression with-
out an actual change in the underlying DNA 
sequence. These mechanisms include histone 
modifications (discussed in Chap. 3), noncoding 
RNAs (discussed in Chap. 8), and DNA methyla-
tion. The different types of epigenetic modifica-
tions interact in numerous ways to influence gene 
expression. The covalent addition of a methyl 
group to the cytosine residue in DNA is the best 
studied of the epigenetic modifications. This mark 
is found at 60–80% of CpG dinucleotides in the 
genome and plays important roles in many cellu-
lar processes. Methylation of the promoter region 
of genes is invariably associated with gene repres-

sion. Deviations from normal epigenetic patterns 
can result in diseases such as cancer and develop-
mental disorders, fueling the development of a 
new area of epigenetic therapeutics [4].

The large majority of methylated cytosines is 
found within transposons and repeat sequences. 
DNA methylation prevents expression from 
transposons and their remnants within the 
genome. These elements have the potential to 
disrupt gene expression; demethylation of such 
sequences results in transposon reactivation in 
animal models [5, 6]. Along with its role in 
silencing such repeat sequences, DNA methyla-
tion may have functions in chromosome organi-
zation and structure. Heterochromatin, a densely 
packed form of DNA, has been associated with 
mainly gene-free regions and areas of high DNA 
methylation [7]. By contrast, euchromatin is gen-
erally rich in genic sequences showing active 
transcription, including sequences with low lev-
els of methylation [8].

DNA methylation also contributes to the pro-
cess of X-inactivation during embryogenesis. The 
silencing of the second X chromosome is accom-
plished by repression of genes located on the 
chromosome, associated with DNA hypermethy-
lation of the underlying sequences [9, 10]. 
Similarly, genomic imprinting is a phenomenon in 
which DNA methylation marks at differentially 
methylated regions (DMRs) allow for the monoal-
lelic expression of genes in a parent-of-origin spe-
cific manner [11]. These marks, which are initiated 
in the germ line, play an important role during 
embryonic growth and development [12, 13]. In 
humans, a number of disorders are associated with 
altered expression of imprinted genes, including 
the imprinting syndromes Beckwith–Wiedemann, 
Silver–Russell, Angelman, and Prader–Willi 
Syndromes, as well as several cancers [14, 15]. 
Outside of imprinted genes, abnormal methyla-
tion is frequently associated with cancers; both 
genome-wide DNA hypomethylation and site-
specific hypermethylation have been reported, 
associated with the silencing of tumor suppressor 
genes and the activation of oncogenes [16].

Many mammalian promoter regions contain a 
high CpG content with approximately 40% con-
taining regions known as CpG islands [17]. 
Methylation within promoter regions has been 
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shown to affect the transcriptional regulation of 
genes, mainly through repression. Different 
mechanisms by which DNA methylation medi-
ates its effect on gene regulation include direct 
interference with the transcriptional machinery 
or the recruitment of methyl CpG binding pro-
teins containing transcriptional repression 
domains [18–22]. DNA methylation may also 
interact with other epigenetic marks, such as his-
tone modifications, in order to regulate gene 
expression. Histone 3 lysine 4 (H3K4) methyla-
tion and histone acetylation, which are marks of 
active chromatin structure, are normally associ-
ated with a lack of DNA methylation. By con-
trast, methylation at CpG dinucleotides promotes 
a closed chromatin structure, blocking H3K4 
methyltransferases and thus resulting in tran-
scriptional inhibition [23]. Other histone modifi-
cations such as H4K20 and H3K8 methylation 
are associated with the presence of DNA methy-
lation within the DMRs of imprinted genes [24].

Enzymes Involved  
in DNA Methylation

The DNA (cytosine-5)-methyltransferases 
(DNMTs) are the enzymes involved in catalyzing 
the reaction in which methyl groups from 
S-adenosylmethionine (SAM) are transferred to 
cytosine residues. Members of this group have 
been characterized and classified into three 
groups: DNMT1, DNMT2, and DNMT3 [25]. 
DNMT1, the first DNA methyltransferase discov-
ered, has a high affinity for hemimethylated 
sequences and plays a role in maintaining methy-
lation patterns at the time of DNA replication 
(maintenance methylation) [26–28]; it was also 
found to be able to de novo methylate unmodified 
DNA residues [29]. DNMT1 is the major form of 
methyltransferase and is found in all somatic tis-
sues, although the highest levels of mRNA expres-
sion are in the testis [30]. DNMT2 has no known 
role in DNA methylation but has been determined 
to methylate tRNAs [31]. The DNMT3 family 
consists of three members: DNMT3A, DNMT3B, 
and DNMT3L. While DNMT3A and 3B have 
DNA methyltransferase activity, DNMT3L does 

not have any catalytic activity [32]. Despite this, 
DNMT3L improves the de novo methylation abil-
ities of the other DNMT3 members [33–36]. 
Interestingly, DNMT3L has been shown to have 
higher affinity for the unmethylated lysine 4 of 
the histone 3 tail (H3K4), helping to direct DNA 
methylation and providing evidence of interac-
tions between these two epigenetic marks [37].

Germ Cell Expression

From mouse studies, Dnmt1 expression has been 
shown to be highly regulated in both male and 
female gametogenesis. In males, primordial germ 
cells show high levels of Dnmt1 during the 
proliferative phase up to 13.5 days post coitum 
(dpc). From 14.5 dpc on, levels drop and are 
undetectable at 18.5 dpc [38, 39]. Postnatally, 
increased expression is seen when spermatogonia 
resume mitotic divisions [38, 40]. DNMT1 pro-
tein is present during the early stages of meiosis 
and is depleted in pachytene spermatocytes.

Dnmt3a and Dnmt3b show developmental 
stage-specific differences in expression during 
gametogenesis. Isoforms of Dnmt3a are highly 
expressed in the prenatal testes at 16.0 dpc, with 
continued high expression in early postnatal life 
[41]. Dnmt3b, on the other hand, shows minimal 
expression in prenatal life, but high levels in type 
A spermatogonia at 6 days postpartum (dpp) [38, 
41, 42]. Human DNMT3A and DNMT3B are 
highly homologous to their murine counterparts 
and are expressed in a variety of tissues, includ-
ing the testes [43].

Expression of Dnmt3L in mouse male germ 
cells is highest before birth. Time course analysis 
indicated that expression is detected between 
13.5 and 18.5 dpc, with a peak at 15.5 dpc [38, 41]. 
Gene reporter experiments have shown that 
Dnmt3L is also expressed in spermatogonia but 
that expression is low by 6 dpp [44, 45]. Another 
study detected Dnmt3L expression later in male 
germ cell development also, in differentiating 
spermatocytes [46]. Dnmt3L expression patterns 
mimic those of Dnmt3a, providing evidence that 
these two enzymes work together in male germ 
cells as they do in somatic cells.
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DNA Methylation 
Patterns in Germ Cells

Recent mouse and human studies of numerous 
types of sequences throughout the genome have 
shown that a unique pattern of DNA methylation 
is observed in male germ cells in comparison to 
that in somatic tissues [47, 48]. For instance, in a 
study by Weber et al. examining promoter methy-
lation, a unique pattern of DNA methylation was 
observed in human sperm when compared with 
that in somatic cells, and a role in gene function 
was postulated [49]. Indeed, methylation patterns 
observed at promoters in sperm, such as hypom-
ethylation, would allow for germ cell-specific 
expression of genes involved with spermatogen-
esis, whereas hypermethylation would allow the 
repression of pluripotency and somatic tissue-
specific genes [50–52]. Interestingly, many of the 
sites that were found to be differentially methy-
lated between sperm and somatic tissues were 
outside genic regions and CpG islands, and there-
fore, likely to have other roles in addition to those 
in controlling gene expression. Germ cell-specific 
DNA methylation patterns at centromeric and 
intergenic sequences may be necessary for the 
specialized chromatin structure found in male 
germ cells as they undergo meiosis and spermio-
genesis [48, 53, 54]. Not only are patterns unique 
in sperm compared to somatic tissues, but sper-
matozoa from the same individual also exhibit 
distinctive DNA methylation patterns [55].

Erasure and Acquisition  
of Germ Cell Patterns

Somatic cell patterns of DNA methylation are 
established early during embryonic life and 
are maintained throughout development and into 
adulthood. Germ cells also follow the early estab-
lishment along with the embryo; however, era-
sure of these patterns subsequently takes place in 
primordial germ cells to allow the establishment 
of sex-specific patterns, such as those found on 
imprinted genes.

Erasure of the inherited somatic cell patterns 
occurs in mouse primordial germ cells between 
10.5 and 13.5dpc [56]. This primordial germ cell 

hypomethylation was observed in studies using 
different techniques including Southern blotting, 
restriction enzyme digests, and PCR approaches, 
as well as cellular 5-methylcytosine antibody 
staining [57–60]. Detailed analysis by bisulfite 
sequencing of several imprinted and nonim-
printed genes was also performed indicating a 
similar time frame for germ cell DNA 
demethylation [61–63]. This rapid erasure of the 
methylation patterns over a short period of time 
suggests an active demethylation process. 
However, not all epigenetic marks are erased 
during this time of epigenetic reprogramming of 
the germ cells. Maatouk et al. demonstrated that 
methylation at several nonimprinted genes 
retained relatively high levels of methylation 
[63]. As well, it was shown that a number of 
imprinted genes retained low levels of methyla-
tion and that several repetitive elements under-
went only partial demethylation of their DNA 
sequences [64–66]. Together, the incomplete 
reprogramming of the parental DNA methylation 
patterns in the primordial germ cells allows for 
the possibility of epigenetic inheritance.

Subsequent to the erasure of epigenetic pat-
terns in primordial germ cells, remethylation of 
DNA is acquired in a sex-specific manner in germ 
cells. In females, germ cells begin to acquire their 
methylation patterns postnatally, following the 
pachytene phase of meiosis, with imprinted genes 
acquiring their sex-specific mark during the 
oocyte growth phase [67–69]. Conversely, male 
germ cell epigenetic patterns begin to be acquired 
prenatally. The timing of the initial acquisition 
follows the expression of both Dnmt3a and 
DnmtL, consistent with the role of the DNMT3 
class of enzymes as de novo DNA methyltrans-
ferases. Increases in 5-methyl cytosine immunos-
taining were observed in gonocytes from 17 to 19 
dpc embryos, and bisulfite analysis of the 
imprinted genes H19, Dlk1-Gtl2, and Rasgrf indi-
cated that acquisition of their paternal methylation 
imprints occurred between 15.5 and 18.5 dpc [58, 
59, 61, 65, 70] The male germ cell methylation 
patterns are completed after birth by the pachytene 
phase of meiosis. While most DNA methylation 
is acquired by the type A spermatogonial phase, 
several loci still undergo acquisition and loss of 
methylation marks between this time point and 
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the pachytene spermatocyte phase, at which point 
similar patterns are observed as those in mature 
spermatozoa [54].

Compared to studies using animal models, 
little research has been undertaken on human 
samples concerning the timing and sequences 
involved during the erasure, acquisition, and 
maintenance of DNA methylation marks in male 
germ cells. However, existing human evidence 
does support the erasure of methylation patterns 
in prenatal gonocytes and acquisition and main-
tenance of such patterns in early and late germ 
cells. For instance, Kerjean et  al. [71] analyzed 
the DMR of H19 and found that this sequence 
was unmethylated in fetal gonocytes and methy-
lated in adult spermatogonia and in later stages of 
male germ cell development. As discussed in 
more detail below, imprinted genes that are nor-
mally methylated in the female germ line are 
unmethylated in human sperm as is the case in 
mouse. Furthermore, DNMT expression shows a 
similar timing of expression in human fetal 
gonads as that described in mouse [72].

Histone Modifications  
and Epigenetic Memory

Several studies have examined the modification 
of histone marks, in particular histone 3 methyla-
tion, during the course of male germ cell devel-
opment [73–75]. The establishment and the 
removal of different histone modifications are 
important for normal spermatogenesis to occur. 
Transgenic animal models involving the targeting 
of enzymes involved in histone demethylation 
have revealed important roles for these enzymes 
in spermatogenesis and normal fertility [76].

Histone modifications can influence chroma-
tin structure and gene expression in germ cells. In 
particular for male germ cells, as discussed else-
where in this volume, extensive chromatin remod-
eling occurs during spermiogenesis, where 
histones are replaced by transition proteins, fol-
lowed by protamines. This replacement allows 
for the high level of compaction required for 
packaging the DNA into the sperm head. 
However, in human sperm, 5–15% of histones 
remain bound to the genome [77, 78]. Recent 

studies have suggested that sperm histones and 
specific methylation modifications of the histones 
may play important roles post fertilization and 
“mark” or “poise” genes for expression in the 
embryo [79, 80]. As well, conservation of these 
histone modification marks at orthologous genes 
was seen in mouse spermatozoa [80]. Together, 
histone modifications in sperm would appear to 
be important and may contribute to the early 
stages of embryo development.

Consequences of an Altered 
Sperm Epigenome for Male 
Reproductive Function

Animal Models

Gene targeting has been used to examine the func-
tion of different DNMT enzymes. Mice with partial 
(Dnmtn/n and Dnmts/s) and complete (Dnmtc/c) loss 
of function of DNMT1 were developmentally 
delayed and died at mid-gestation [81], before an 
effect on germ cells could be examined. DNMT1-
deficient embryos also showed abnormal biallelic 
expression of imprinted genes and expression of 
normally silent IAP sequences, as well as ectopic 
X-chromosome inactivation [5, 9, 82]. Embryos 
obtained from the mating of female mice deficient 
for the oocyte-specific form of DNMT1, known 
as DNMT1o, also showed embryonic lethality 
and abnormal methylation patterns at imprinted 
loci [83]. Although such studies have not yet been 
done, with its high and tightly regulated expres-
sion in male germ cells, male germ cell-specific 
targeting of DNMT1 would be likely to help 
uncover the role of DNMT1 at different times 
during male germ cell development. Disease-
causing mutations in DNMT1 in humans have not 
been reported yet, with the exception of DNMT1 
catalytic domain mutations in certain rare cases of 
colorectal cancer [84].

DNMT3a-deficient mice do survive to term, 
although they were underdeveloped and did not 
survive past the first few weeks of life. While 
global levels of DNA methylation were normal in 
these animals, spermatogenesis was impaired 
[85]. Closer inspection revealed abnormal entry 
into meiosis as well as decreased methylation at 
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the imprinted H19 locus, indicating a crucial role 
of DNMT3a in male germ cell development [86]. 
Indeed, conditional inactivation of this enzyme in 
male germ cells resulted in infertility due to 
spermatogenic failure [87]. While abnormal DNA 
methylation was observed at the imprinted loci 
H19 and Dlk1-Gtl2, as well as some repeat 
regions in spermatogonia, little effect was found 
at Rasgfr and IAP sequences [66, 87].

Consequences of DNMT3b deficiency in mice 
were dramatic resulting in mid-gestation lethality 
and demethylation of minor satellite repeats [85]. 
By contrast, male germ-line conditional elimina-
tion of DNMT3b did not appear to have any 
phenotypic effect, resulting in normal spermato-
genesis; overall DNA methylation levels appeared 
for the most part to be normal, although slight 
decreases were observed at the Rasgrf locus, as well 
as in minor and major satellite repeats [66, 87]. 
In  humans, mutations in DNMT3B result in an 
autosomal recessive genetic disorder characterized 
by immunodeficiency, centromeric instability, and 
facial anomalies known as ICR syndrome [88]. 
Pericentric regions, containing normally methy-
lated satellite DNA, and CpG island on the inactive 
X-chromosome showed aberrant methylation in 
ICF patients [89, 90]. No studies on fertility have 
been reported.

Mice with homozygous deficiency for DNMT3L 
are viable; however, both males and females were 
infertile [44, 46]. Males had small testes and were 
azoospermic following the initial wave of sper-
matogenesis. Early loss of germ cells was 
observed at 6 dpp and a lack of differentiated 
spermatocytes was detected in mice at 4-weeks 
[45, 46, 91]; this loss of spermatocytes occurred 
after meiotic failure characterized by extensive 
chromosomal mispairing [45, 92]. Male germ 
cells of DNMT3L-deficient mice had a lack of 
methylation of most repetitive elements, leading 
to their abnormal transcription in early germ 
cells, as well as hypomethylation of paternally 
methylated imprinted loci [45, 66, 92]. Loss of 
methylation at intergenic loci in type A sper-
matogonia was also observed [91].

One critical factor for all methylation reac-
tions, including the methylation of DNA, is the 
availability of the methyl donor, SAM. Factors 

that may influence cellular methyl pools include 
enzymes within the folic acid pathway. The impact 
of altered function of some of these enzymes has 
been studied and shown to be associated with 
decreased fertility in men [93]. One such enzyme, 
methylenetetrahydrofolate reductase (MTHFR), 
is the link between the one-carbon methyl donors 
of the folate pathway and the formation of SAM 
from the methionine pathway. Enzymatic activity 
of MTHFR is highest in testes as compared to 
other tissues, suggesting a critical role in repro-
duction. Indeed, homozygosity for one common 
polymorphism (677C->T), resulting in a thermo-
labile form of MTHFR, has been shown to be 
overrepresented in cases of male idiopathic infer-
tility [94, 95]. As well, mice with MTHFR defi-
ciency were created, in which altered SAM levels 
were observed along with hypomethylation in 
several tissues including the testes and ovaries 
[96]. MTHFR-deficient mice show strain-specific 
pathologies. MTHFR-deficient males of the 
BALB/c strain had abnormal seminiferous 
tubules lacking germ cells and were infertile [97]. 
With the dietary addition of an alternate methyl 
donor, betaine, some of the spermatogenic defects 
in the BALB/c strain MTHFR-deficient mice 
were alleviated, indicating a critical role of 
methyl donors in male germ cell development. 
MTHFR mice of the C57BL/6 strain showed nor-
mal early germ cell development; however, 
adverse reproductive outcomes, including 
decreased testicular weights and sperm counts, 
were observed starting at about 3.5 months of age 
[98]. In addition, while normal imprinted gene 
methylation was found, global methylation anal-
ysis revealed both hyper- and hypomethylation at 
several loci throughout the sperm epigenome.

Drug Targeting

Since abnormal DNA methylation has been associ-
ated with a number of disease states, and cancer in 
particular, interest in epigenetic therapies has 
emerged. Two inhibitors of DNA methylation, 
5-azacytidine and 5-aza-2’deoxycytidine, were first 
synthesized as potential cancer chemotherapeutic 
agents [99]. These drugs are cytidine analogs that 
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are incorporated into newly synthesized DNA 
during replication. When bound with DNA methyl-
transferases, the drugs inhibit the enzyme activity 
by forming covalent adducts, thereby depleting 
cellular pools of available DNMTs [100]. Animal 
exposures to these chemicals have been shown to 
cause male reproductive abnormalities and DNA 
hypomethylation. Treatment of male rats with 
5-azacytidine interfered with normal germ cell 
development; mating with untreated females 
resulted in decreased fertilization and altered 
embryo development [101]. An increase in apop-
totic germ cells as well as a decrease in global 
DNA methylation was also observed in mature 
sperm from treated males [102]. Similar effects 
were seen in male mice treated with 5-aza-
2’deoxycytidine. Kelly et  al. observed dose-
dependent decreases in testicular weights and 
abnormal histology in the treated males and 
reduced pregnancy rates and increased preim-
plantantation loss in females mated with the 
treated males [103]. A dose-dependent reduction 
in global sperm DNA methylation was also 
reported, with the DNA hypomethylation 
restricted to loci that were shown to acquire 
methylation marks during spermatogenesis [104]. 
The results suggested that 5-aza-2’deoxycytidine 
selectively inhibited de novo methylation activity 
in male germ cells.

Other drugs used for chemotherapy treatment 
have also been shown to cause epigenetic defects 
in male germ cells. Cyclophosphamide, an antican-
cer and immunosuppressive drug, was shown to 
cause reproductive abnormalities and affect embryo 
development in a time- and dose-dependent man-
ner [105–107]. Along with increased incidences of 
chromosomal abnormalities in epididymal rat 
sperm, epigenetic reprogramming in the early rat 
embryo was affected [108, 109]. Hyperacetylation 
of histones and altered DNA methylation were 
observed in early one- and two-cell rat embryos.

Human Infertility

Idiopathic infertility makes up approximately 
half of all cases of male infertility. A recent study 
has looked for genetic causes of infertility 

examining oligozoospermic, azoospermic, and 
normospermic men in a genome-wide associa-
tion study using genotyping microarrays and 
a gene-centric approach evaluating SNPs 
associated with male fertility [110]. Results from 
this and animal models have indicated that 
although genetics do play a role [111], the causes 
of male factor infertility are multifactorial and 
other mechanisms may contribute to the disease. 
Since epigenetics plays an important role during 
male germ cell development, and perturbations 
have been shown to cause abnormal reproductive 
outcomes, the association of altered epigenetic 
marks and human infertility has been examined. 
In particular, the assessment of methylation 
defects at imprinted gene loci have been the focus 
of many studies.

One of the first studies analyzed the methyla-
tion in sperm at the imprinted locus H19, 
comparing oligozoospermic and normospermic 
men [112]. Bisulfite sequencing of the H19 DMR 
found decreases in methylation at the locus that 
were associated with decreased sperm numbers; 
the methylation defects were related to the sever-
ity of the oligozoospermia. In a later study, the 
same researchers analyzed the H19 locus and a 
maternally imprinted gene, PEG1/MEST [113]. 
They reported abnormal methylation patterns at 
both imprinted loci in oligozoospermic men, with 
a loss and gain of methylation of H19 and PEG1/
MEST, respectively, while global methylation 
(LINE1 transposon) was unaffected. Similarly, a 
larger study of oligozoospermic men found sperm 
DNA hypomethylation at H19 and GTL2 and 
hypermethylation of several maternally methy-
lated imprinted loci [114]. In an examination of 
male idiopathic infertility, Poplinski et al. exam-
ined methylation profiles in swim-up purified 
sperm from 148 idiopathic infertile and 33 nor-
mospermic men [115]; again, abnormal methyla-
tion at H19 and MEST were associated with low 
sperm counts. In addition, MEST hypermethy-
lation was a marker for decreased motility and 
abnormal sperm morphology. More widespread 
changes in DNA methylation were observed in 
a study of infertile men with abnormal semen 
parameters, where imprinted loci, gene promoters, 
and several repetitive elements were shown to 
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be affected [116]. Finally, one recent study reported 
that altered methylation at different imprinted loci 
was associated with two different causes of male 
infertility [117]. Severely oligozoospermic patients 
had greater alterations at the MEST locus, a gene 
associated with Silver–Russell Syndrome; patients 
with abnormal chromatin structure were affected 
at the imprinting sequences of KCNQ1OT1 (LIT1) 
and SNRPN.

From these studies, questions arise as to 
whether abnormal methylation of the imprinted 
and nonimprinted loci in sperm may perturb the 
normal development of the resulting offspring. 
Changes in sperm methylation profiles may help 
explain the low birth weight, preterm birth, and 
other complications reported in babies conceived 
using ARTs. In an attempt to answer this, 
Kobayashi et  al. examined the methylation of 
ART-conceived aborted conceptuses as well as 
the sperm from their fathers [118]. A total of 17 
ART-conceived fetal samples were found to have 
abnormal methylation at imprinting loci; 7 of the 
17 (41%) abnormal patterns in ART-conceived 
fetuses were also found in the sperm DNA profile 
of fathers. Interestingly, sequence variations in 
DNMT3L were observed in two of these fathers 
as well. The results suggest that the abnormalities 
in DNA methylation of the fetus were transmitted 
from the father. Further evidence comes from a 
case study in which an infant conceived through 
in vitro fertilization was born with Silver–Russell 
Syndrome [119]. It was suggested that abnormal 
methylation in the MEST locus in the father’s 
sperm may have contributed to the imprinting 
disorder in the child.

Conclusions and Future Directions

Future studies in both human and animal models 
may help us to better understand the mechanisms 
underlying the association between altered sperm 
DNA methylation and infertility. It is currently 
unclear whether the DNA methylation defects 
found in the sperm of infertile men are primary or 
secondary to the cause of the underlying infertility. 
Understanding the basis of the sperm DNA  
methylation defects will be important for the 

development of effective therapies for the 
associated infertility. Dietary supplementation of 
the methyl donor folate has been used in the 
treatment of infertile men [93] and may act by 
ameliorating abnormal DNA methylation 
patterns in male germ cells. The high levels of 
replication that occur during the course of sper-
matogenesis require an abundant supply of nucle-
otides that can be produced from the folate 
pathway. In addition, folic acid supplementation 
may provide methyl donors for the production of 
adequate supplies of SAM for germ-cell methy-
lation reactions, including DNA methylation. 
However, there may be adverse consequences 
associated with dietary folate supplementation. 
Data have started to emerge looking at the impact 
of folate fortification of foods that became man-
datory in North America in the late 1990s. While 
the main reason for fortification was to reduce the 
incidence of neural tube defects in pregnant 
women, studies have shown a concurrent increase 
in the incidence of colorectal cancer with the time 
just after implementation has begun [120]. 
Caution may also be warranted before treating 
infertile men with high doses of folate without 
appropriate studies showing that such treatments 
do not lead to abnormal methylation in sperm 
that might be transmitted to the offspring.

For the future, more studies are required to 
better understand the role of epigenetic modifica-
tions in normal and abnormal male germ cell 
development. For instance, as next-generation 
sequencing and bioinformatic resources become 
more readily available, it will be possible to 
determine the DNA methylation status at all of 
the 20–30 million sites in the genome in patients 
and in germ cells at different stages of develop-
ment. Such studies may help identify important 
sites of epigenetic perturbations in the sperm of 
infertile patients that may be passed on to the off-
spring. Additionally, genome-wide sequencing 
studies may help determine which types of methy-
lated sequences are most sensitive to endogenous 
factors such as age and exogenous factors such 
as  environmental and drug exposures. There is 
also concern that some epigenetic defects may be 
passed across generations despite the genome-wide 
erasure that takes place within the germ line [121]. 
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The mechanisms and potential for transgenera-
tional passage of epigenetic defects will need 
further study due to the possible adverse conse-
quences for future generations. A better under-
standing is also needed of the interactions 
between the different epigenetic modifications 
and the enzymes involved, in normal male germ 
cell development, as well as which modifications 
are important for embryo development.
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