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Abstract
Spermatogenesis is a highly regulated process in which undifferentiated spermatogonial stem cells differentiate to form 
highly specialized sperm cells capable of fusing with the ovum to form a zygote. This is achieved through tightly controlled 
regulation of gene expression which depends crucially on DNA accessibility. DNA accessibility is largely dependent on 
epigenetic modifications including DNA methylation and modifications of the histones. DNA methylation is catalysed 
by DNA methyltransferase (DNMT) enzymes. The spatial and temporal expression levels and functional features of the 
DNMTs are thought to landscape the gene expression in the male germ cells. On the other hand, the histone code is defined 
by an array of molecules that bring about post-translational modifications of various histones at various sites. All these 
intricate events orchestrate germ cell specification, stem cell maintenance, mitotic amplification, initiation of meiosis and 
post-meiotic differentiation events. This review summarizes the sequential changes in DNA methylation and the histone 
modification profiles in germ cells leading to the production of functional spermatozoa.

1. Introduction
Epigenetic regulation of gene expression involves heritable 
mechanisms that can alter gene activity without changing 
the underlying DNA sequence[1]. It plays a major role in 
all the developmental processes of the cell and the organ-
ism[2]. DNA methylation, histone/chromatin modifica-
tion and post-transcriptional gene regulation (PTG) are 
the three major epigenetic mechanisms through which 
the epigenome is tightly regulated during various cellular 
and biological processes[3-5]. In this review, we focus on 
DNA methylation and histone/chromatin modifications 
in relation to spermatogenesis and fertility. Table 1 sum-
marizes the molecules involved in these processes.

In general, the epigenetic machinery uses three types 
of proteins, “writers”, “readers” and “erasers”; “writers” 
establish epigenetic marks through DNA or histones, 
“readers” recognize/bind to epigenetic marks and influ-
ence gene regulation immediately, and “erasers” remove 

the epigenetic marks[6]. As the cells divide, the epigenetic 
marks are preserved as memory, referred to as epigenetic 
memory, while ensuring cell proliferation.

2. DNA Methylation
DNA methylation is the modification of DNA through the 
covalent attachment of methyl groups from S-adenosyl-
methionine as a methyl donor to DNA bases, primarily 
on the 5’ position of cytosine bases predominantly located 
at cytosine-phosphate-guanine (CpG) dinucleotides; 
although occurrence of non-CpG methylation also have 
been reported[2,7,8]. Methylation marks of DNA are estab-
lished by DNA methyltransferase enzymes (DNMTs) 
which convert cytosine to 5-methylcytosine (5mC) while 
the demethylation is mediated by ten-eleven translocation 
methylcytosine dioxygenase (TET) proteins and thymine 
DNA glycosylase (TDG) through the activation of com-
ponents of the base excision repair (BER) pathway[9-12].
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Table 1.  Selected  Epigenetic Modifiers of Spermatogenesis
Serial 
No:

Epigenetic 
modifier

Molecular mechanism Function Reference(s)

1 BRCA1 Loading of gH2AX Mediates DDR signal amplification and spreading 
on unsynapsed sex chromosomes; establishment 
of  X -pericentric heterochromatin (X-PCH) that 
critical for XY body, effective MSCI

134

2 BRDT A testis-specific member 
of BET subfamily of 
epigenetic reader proteins 
(Detects acetyllysine 
residues)

Regulates chromatin organization as well as 
the timing of appearance and disappearance of 
histone modifications essential for MSCI and 
subsequent transcriptional silencing as well as in 
histone eviction of postmeiotic spermatids

137,187

3 BRWD1 Dual bromodomain-
containing protein

Essential for postmeiotic gene expression 159

4 CDYL Negative regulator of 
histone KCr

Regulates postmeiotic gene expression  and 
histone-protamine transition of elongating 
spermatids 

188

5 DMRT 7   For the transition between MSCI and post-
meiotic sex chromatin (PMSC) and its loss affects 
sex chromosome silencing

73

6 ESET HMT  of H3K9me3 Maintains SSC survival by inhibiting apoptosis 189
7 FANCB - PGC proliferation/or survival and maintenance 

of SSCs
138

8 FBXL10 H3K4me3 Proliferation of undifferentiated spermatogonial/
GSCs

190

10 G9A HMT of  
H3K9me2

Maintenance and survival of spermatogonia 
inclusive of SSCs and repression of L1 elements

191

11 JMJD1A Demethylates H3K9me1 
and H3K9me2

Stage-specific germ cell hypomethylation of 
JMJD1A is associated with concurrent increase 
in histone acetylation; these modifications are 
crucial for expression of CREM and its coactivator 
ACT, which in turn affects the recruitment of 
CREM on promoters of target genes such as 
Tnp1, Tnp2, Prm1, Prm2, Odf1, and Gsg3 genes 
and regulates their expression.

192

12 JMJD1C H3K9 demethylase Maintenance of SSC by promoting self-renewal 
through up-regulation of Oct4 expression

193,194

13 KDM1A H3K4me2 specific 
demethylase

Maintenance and survival of SSCs/progenitor 
cells; differentiation and meiotic progression of 
spermatogonia

195

14 KDM3A 
(JMJD1A/
TSGA/
JHDM2A)

H3K9 demethylase Essential for cAMP-response element modulator-
regulated gene expression and thereby critical for 
Tnp1 and Prm1 transcription

192,196,197

15 KDM4D 
(JMJD2D)

A lysine demethylase 
that removes tri- and di- 
methylated residues from 
H3K9

Particularly in spermatocytes and spermatids 198–201
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16 MDC1 Interacting patner of 
gH2AX

Loading and spreading of gH2AX and subsequent 
MSCI

135

17 Mll2 H3K4 methyltransferase Transition of undifferentiated to differentiated 
spermatogonia

202

18 MOF H4K16 acetyl transferase Facilitates H2AX  expansion that needed for 
MSCI through its recruitment of MDC1 

136

19 MORC2B A transcriptional target of 
PRDM9

May act as a key downstream effector of PRDM9 
in meiosis

203

20 PRDM9 
(MEISETZ)

KMT that mediates H3K4 
trimethylation

Essential for proper meiotic progression 204,205

21 RNF8 Ubiquitination of histone; 
Histone acetylation 
and subsequent active 
epigenetic marks

Activation of escape genes in post-meiotic 
spermatids

145,148,206

22 SCML2 Recruitment of 
H3K27me3, ubiquitination 
on autosomes and 
deubiquitination on sex 
chromosomes

Making the bivalent domains for the poised state 
of genes; Deubiquitination through RNF8-SCML2 
cooperative effect; heterochromatization in 
spermatids

75,77,78,125,147,148

23 SETDB1 HMT of 
H3K9me3

Maintain SSC survival by inhibiting apoptosis; 
Downstream H3K9me3 enrichment on the 
asynapsed X chromosome

139,207

The perturbations to DNA methylation in the male 
germline have been linked with lack of male germ cells 
and/or spermatogenic arrest and tumorigenesis[4,13,14]. 

Impairment of sperm DNA methylation has been asso-
ciated with male factor infertility, with direct associa-
tion with poor semen parameters, often manifested at 
imprinted and developmental genes[15–19].

The mammalian lifecycle accommodates two waves of 
genome-wide DNA methylation reprogramming: one at 
germline particularly in Primordial Germ Cells (PGCs) 
before sex determination and the other at early preim-
plantation embryos immediately after fertilization[8,20–23]. 
The epigenetic reprogramming, particularly through DNA 
methylation mechanism, is very crucial for germline devel-
opment[7,8,28,29,20–27]. The purpose of germline DNA demeth-
ylation could be for erasing the epigenetic memory of 
somatic cells and to establish gamete specific epigenome 
capable of totipotency as well as sex-specific epigenetic 
landscape for the production of viable and healthy off-
spring through proper development[21,22,26]. The germline 
DNA methylation reprogramming can be subdivided into 
two: first phase initiating at 9.5 day post-coitum (dpc) by 
means of replication-dependent passive DNA demethyl-

ation and the second after PGC colonization during 10.5-
13.5 dpc which is accomplished by TET mediated active 
DNA demethylation through conversion of 5mC to the 
intermediary base 5-hydroxymethylcytosine (5-hmC)[21,30]. 

Generally, DNA methylation marks at promot-
ers (TSSs) are associated with the repressive state of the 
genome, and so the hypomethylation state implies the 
activation of gene expression. Besides the gene silenc-
ing, DNA methylation has effects on gene transcription, 
exon splicing, transcription factor binding dynamics and 
nucleosome positioning[31]. Interestingly, the DNA meth-
ylation (the 5mC pattern) residing in the gene bodies 
favors gene expression reflecting the fact that its associa-
tion with the genomic location decides the gene activity. 
Remarkably, the connection between DNA methylation/
demethylation pattern and gene regulation is not that 
simple. It is further complicated by the presence of his-
tone modifications, which in turn influence the active 
or repressive state of gene expression. Though differen-
tially methylated regions (DMRs) are associated with 
gene expression, allele specific DMRs on imprinting con-
trol regions (ICRs) results in parent-of-origin-specific 
expression of imprinted genes and has great implication  
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in proper embryonic development and offspring's phe-
notype[7,8,26]. The DMRs from imprinted genes are erased 
during global epigenetic reprogramming in PGCs 
which will later reestablish in ICRs in male-specific and 
female-specific manner. This germline derived DMRs of 
imprinted genes are further protected from the second 
wave of epigenetic erasure after fertilization. 

Five different types of DNMTs have been identified in 
mammals which differ in structure and function: DNMT1, 
DNMT2, DNMT3A, DNMT3B and DNMT3L. The 
mammalian DNA methylation process occurs through 
two activities, viz., maintenance and de novo. DNMT1 is 
primarily involved in the maintenance of methylation via 
transferring methyl groups to the hemi-methylated DNA 
strands following DNA replication. DNMT2 carries out 
methylation of the cytosine 38 in the anticodon loop of 
aspartic acid transfer RNA. DNMT3A and DNMT3B are 
involved in de-novo methylation, methylating unmodi-
fied cytosine residues. DNMT3L does not participate 
directly, but acts as co-factor for de-novo methylation[14]. 
A recent study in rodents reported Dnmt3C as a de novo 
DNA methyltransferase gene, evolved via a duplication 
of Dnmt3B in rodents, and is responsible for methylating 
the promoters of evolutionarily young retrotransposons 
in the male germ line[32,33].

2.1. DNA Methylation During Primordial 
Germ Cell Development
The germ cell lineage arises as PGCs from the epiblast 
cells during early embryogenesis and later differentiates 
into either spermatozoa or oocytes while keeping PGCs 
as the origin of totipotency and also as the progenitor 
cells of both gametes. The remarkable epigenetic repro-
gramming associated with PGCs is the characteristic 
genome-wide DNA demethylation covering the paren-
tal imprints, a unique feature to PGCs that is not present 
in any other cell type[8,34]. The DNA methylation erasure 
program occurs in two phases which begins as early as 
10.5 dpc and will get completed by 12.5 dpc[8,34,35]. This 
erasure occurs at different rates and times for different 
imprinted loci and finally the global hypomethylation 
status is achieved with some minor exceptions. The 5mC 
erasure and maintenance throughout PGC development 
are unidirectional, without any de novo methylation/
maintenance, and is made possible through distinct 
mechanisms involving several factors directly or indi-
rectly[36]. Additionally, PRDM14 ensures hypomethyl-

ation through transcriptional repression of the DNA 
methyltransferases  Dnmt3a/b/l as well as by recruit-
ing TET1 and TET2, thereby promoting active DNA 
demethylation[37,38]. Prdm14 contributes to PGC specifi-
cation through the repression of the DNA methylation 
machinery and fibroblast growth factor (FGF) signal-
ing[39]. The re-establishment of DNA methylation occurs 
in a sex-specific, bi-allelic manner[40]. The genome wide 
methylation reprogramming also occurs in pre-implan-
tation embryos during 0.5 to 3.5 dpc with the exception 
of imprinting loci and certain repeat elements[21,23]. 

2.2. DNA Methylation During 
Prospermatogonia Development
The formation of spermatogonia (the starting cells of 
spermatogenesis) is not directly from PGCs, rather PGCs 
first transform into prospermatogonia, also termed gono-
cytes, during 12-15 dpc following sex determination. This 
prospermatogonial phase of male germline development, 
accommodating three stages- M, T1 and T2, extends 
from fetal to neonatal stages until the initial develop-
ment of spermatogonia[41–43]. The initial propsermatogo-
nia derived from PGCs constitute M-prospermatogonia 
and are far away from the basal lamina and mainly 
located at the centre of the testicular cords. In the pre-
natal testis, these cells enter G0/G1 mitotic arrest stage, 
constituting T1 prospermatogonia during 16.5 dpc, and 
maintain this quiescent state up to birth[44]. After birth, 
T1 prospermatogonia re-enter cell cycle and transform 
into T2 prospermatogonia during 1-2 days post partum 
(dpp),[45] which proliferate in the middle of seminifer-
ous cords and give rise to Type A,[41] thereby ending the 
prespermatogenesis phase and then beginning the sper-
matogenesis phase. During 3-6 dpp, the spermatogonial 
population migrates towards basement membrane of 
seminiferous cords and this heterogeneous population 
can be characterized as undifferentiated (Aundiff) and dif-
ferentiating (Adiff) cell population, the former group as 
undifferentiated progenitors that are poised to differenti-
ate, constitute foundational pool of  the spermatogonial 
stem cells (SSCs),[46,47] and the latter enter directly into the 
first round of spermatogenesis[44]. The SSCs are derived 
from prospermatogonia and are capable of undergoing 
self-renewal and differentiation so that they can provide 
constant supply of progenitors for spermatogenesis and 
thereby sustain steady-state spermatogenesis throughout 
the reproductive lifespan of the male[48]. 
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Though gonocytes are the prime source of a func-
tional reservoir of SSCs, only a small fraction of gono-
cytes transform into SSCs; the rest enter first wave of 
spermatogenesis directly[49]. The transition of gonocyte 
sub-population into SSCs is very critical; any aberration 
during this event leads to male infertility and germ cell 
tumors, and the molecular mechanisms regulating mam-
malian gonocyte and spermatogonial differentiation 
has been previously reviewed[49]. The epigenetic repro-
gramming in fetal prospermatogonia and its fine tuning 
in postnatal SSCs, with focus on the DNA methylation 
and its mediators and associated major histone modifi-
cations have also been reviewed[43]. In fact, the epigen-
etic landscape established in prospermatogonia is almost 
maintained in the SSCs without great differences. The re-
establishment of epigenome, the global genome remeth-
ylation along with histone modifications, is initiated in T1 
prospermatogonia and is almost completed before transi-
tion into T2 prospermatogonia[41,43]. However, some gene-
specific reprogramming, including paternal imprinting 
genes and spermatogenic stage specific genes, continues 
in neonatal prospermatogonia and even in early sper-
matogonia[41]. It was noted that prospermatogonia at 16.5 
dpc attained significant level of DNA methylation except 
around the lamin-associated domains (LADs), while at 
birth it showed a nearly fully methylated pattern and this 
pattern is similar to Kit–ve/Kit+ve spermatogonia at 7 dpp 
and mature mature spermatozoa[50]. Unlike somatic cells 
and PGCs, methylation in non-CpG sequences is a char-
acteristic feature of prospermatogonia[43].

The quantitative RT-PCR and in situ hybridization 
revealed the dynamic expression of distinct histone genes 
in different spermatogenic cells, and it is suggestive of 
the systematic regulatory role of various histone vari-
ants for the progression of different stages of spermato-
genesis[51]. The prospermatogonia enriched testes from 
mice at 2 dpp showed predominant expression of thirteen 
histone variant genes and the presence of similar histone 
variants in embryonic stem cells (ESCs), which imply that 
those histones are more closely associated with pluripo-
tency control[51]. A recent study noted that the epigenetic 
reprogramming during PGC to prospermatogonia transi-
tion entails a composite erasure of the epigenetic marks 
ensuring the timely and efficient activation of germline 
reprogramming responsive (GRR) genes, which can pro-
mote the progression towards spermatogenesis[52]. These 
epigenetic modifications include the high level promoter 
occupancy of both 5mC and 5hmC as well as a combined 

loss of DNA methylation and PRC1 repression for GRR 
gene activation. In addition to the DNA demethylation 
role after 11.5 dpc, TET1 binding at GRR gene promoters 
is also essential for GRR gene activation[52]. 

2.3. DNA Methylation During 
Spermatogonial Stem Cell (SSC) 
Differentiation
The DNA methylation profiling of human SSCs (hSSCs) 
showed a great resemblance to that of spermatozoa at 
promoters, putative enhancers and imprinted loci[53]. 
The epigenetic switch particularly through upregulated 
Dnmt3a2/3b expression, increase in global DNA meth-
ylation, changes in DNA methylation of regulatory genes, 
accumulation of H3K9me2 modification, localization/
distribution changes of H3K9me3 with nuclear DAPI foci 
is  crucial  for  transition of c-Kit-ve undifferentiated sper-
matogonia  to c-Kit+ve differentiated state[54]. The reported 
5mC levels of SSCs/undifferentiated spermatogonia 
and differentiated spermatogonia are varying with each 
other;[54-56] the study by Kubo et al[56] identified as com-
parable DNA methylation levels between these cell types 
with exceptions at DMRs. It is also noted that the genomic 
regions with stage specific DNA methylation changes are 
closely associated with subsequent gene activities includ-
ing stem cell function, cell proliferation and spermatogen-
esis[56]. The hypomethylation and open chromatin in a favor 
for expression of germline genes DDX4 and DAZL mark-
ing germ cell epigenetic/transcriptional status of hSSCs as 
distinct from that of ESCs[53]. The meiosis related genes that 
were repressed in PGCs exhibited gradual upregulation 
in hSSCs through DNA hypomethylation[53]. The expres-
sion of major pluripotent genes are differently regulated 
in hSSCs and this could be for unipotent germline activa-
tion. OCT4 and NANOG were repressed by DNA methyla-
tion. SOX2, though hypomethylated, remained repressed 
by some other mechanisms, while other pluripotent genes 
were active or poised possibly for regain the totipotency 
after fertilization[53,57]. In hSSCs, the major repeat ele-
ments LINE, SINE and LTR are hypermethylated as like in 
somatic cells whereas satellite elements especially ACRO1 
satellites and LTR subfamilies are hypomethylated[53]. The 
recent single cell analysis of hSSCs revealed that spermato-
gonial developmental trajectory includes five sequential 
transcriptional/developmental states, with the novel one as 
“State 0”, with very limited changes in open chromatin and 
DNA methylation enabling transcriptional plasticity to 
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encourage the state transitions for maintaining a constant 
SSC pool for life time male fertility and its replenishment 
in case of damage[58].

A recent study in hSSCs illustrated the existence of 
four distinct cellular states as a developmental trajectory 
accounting the transition from quiescence to prolifera-
tion and differentiation, and that revealed the unique epi-
genetic landscape of SSCs with specific DNA methylation 
and open chromatin patterns ensuring proper develop-
ment, niche responsiveness and poised pluripotency[53]. 
Existence of heterogeneous SSC population in mouse 
testes displaying extensive DNA methylation/imprinting/
chromatin dynamics has been demonstrated in juvenile 
mice too[59–61]. The SSCs’ quiescent state is very essen-
tial for preventing premature activation as well as stem 
cell exhaustion, and the DNMT3L promotes quiescence 
by regulating the delicate balance between the cycling 
and quiescence of SSCs and progenitors[62]. DNMT3L 
modulate cell fate transitions during postnatal period 
through regulation of CDK2 expression, PLZF stability 
and SALL4B repression, thereby ensuring lifelong main-
tenance of germline pool. PLZF is a well known transcrip-
tion factor (TF) and surface marker of undifferentiated 
spermatogonia including SSCs and plays critical role in 
SSCs for their exit from quiescence, self-renewal and 
maintenance of the stem cell pool, and balance between 
self-renewal and differentiation[63,64]. The epigenetic mode 
of gene expression regulation as well as L1 repression by 
PLZF had been demonstrated[65,66]. 

2.4. DNA Methylation During Mitosis-
Meiosis Transition
Various molecules and/or mechanisms have been identi-
fied which promote or prevent mitosis-to-meiosis tran-
sition[40,67]. With the current knowledge, retinoic acid 
(RA)-STRA8 signaling act as the main gateway for the pre-
cise mitosis-to-meiosis transition in male germ cells,[68–71] 
and the factors demonstrated to have key role in this tran-
sition, for example, DMRT1/6, NANOS2, etc. regulate the 
meiotic entry through their regulation on Stra 8 expres-
sion,[72,73] making STRA8 as the gate keeper for meiotic 
entry. The ubiquitin ligase β-TrCP functions as a critical 
regulator for mitosis-to-meiosis transition in male germ 
cells by targeting DMRT1 for its degradation[74]. 

Remarkably, this transition towards meiosis is accom-
panied with massive transcriptome changes with activa-

tion of late spermatogenesis genes along with silencing 
of somatic/progenitor genes[75,76]. SCML2 mediated 
bivalent domain mechanism is used at somatic/progeni-
tor genes for their future activation after fertilization 
through repressive H3K27me3 and active H3K4me2/3 
domains; this poised chromatin and bivalent domains 
facilitate the mitosis-to-meiosis transition[76,77]. This 
recruitment of H3K27me3 at genes by SCML2 is made 
possible through its binding to hypomethylated CpG pro-
moters enriched with H3K4me2/3 and it interacts with 
PRC2 for H3K27me3 regulation on bivalent domains[77]. 
The recent study demonstrated that during mitosis-to-
meiosis transition, the dynamic chromatin reorganiza-
tion is accomplished in intergenic and intronic regions 
in such a way that open mitotic-type chromatin is closed 
while de novo formation of meiotic-type open chromatin 
is achieved[78]. Additionally, several genetic and epigen-
etic factors are essential for the sustained progression of 
meiotic divisions and their perturbation to meiotic arrest 
which may result in male infertility/sub-fertility. The epi-
genetic regulations during meiotic progression is also 
previously reviewed by several authors[79–81].

Since genome wide DNA methylation patterns are 
regained before meiosis and persist through out sper-
matogenesis,[82] the chromatin/histone modifications of 
haploid cells were attained more concern and investi-
gated deeply. But a recent study in adult mice noted the 
transient reduction of DNA methylation (TRDM) in the 
meiotic S phase of spermatocytes and presence of specific 
hemimethylated DNA in prophase I as in favor of meiotic 
events[83]. In relation with this, DNA methylation medi-
ated epigenetic regulations in meiotic cells was noticed. 
For example, several epigenetic mechanisms mainly 
DNA methylation regulate the transient expression of 
GPAT2 in pachytene  spermatocytes[84]. Dynamic meth-
ylation pattern with spermatocyte-specifc inverted meth-
ylation patterns between CpG and non-CpG sites in the 
Dnmt1o 5’-upstream region was observed during sper-
matogenesis[85]. The DNMLT3 association during meiotic 
progression suggests the essentiality of the de novo DNA 
methylation during meiotic phase[80,81]. The expression of 
testis specific TF SOX 30, which regulates the expression 
of several meiotic/postmeiotic genes and IncRNAs which 
are critical for spermiogenesis and subsequent male fer-
tility[86–88] well regulated in male germline through DNA 
hypomethylation at CpG islands of its promoters[89]. USF, 
another TF, regulate MIWI expression from midpachy-
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tene to round spermatid stage through its inverse correla-
tion with CpG methylation of MIWI promoter[90].

2.5. DNA Methylation During Post-Meiotic 
Phase
Though DNA methylation dynamics of male germ cell-
specific single-exon genes are associated with CpG 
content, some intronless genes with lower CpG num-
ber showed expression in round spermatids even hav-
ing hypermethylated CpGs[91]. It has been noted that 
in round spermatids a distinct set of gene expression 
occurs from TSS bearing DNA methylation and these 
atypical promoters as enriched with DNA methylation, 
H3K4me3, 5hmC, RNAPol2 and high acetylation levels 
(H3K27ac and H3K9ac)[55]. The dynamic expression of 
DNMTs including the isoforms such as DNMT3a2 and 
DNMT3b2 are noticed throughout spermatogenesis with 
expression in round spermatids, but some disappear in 
elongating spermatids[92]. The round spermatids of mice 
and human exhibited the expression of various DNMTs: 
DNMT3a2 and DNMT3b could be for de novo methyla-
tion, but the role of DNMT1 in post-meiotic cells needs to 
be elucidated[14,29]. Towards the end of elongation phase, 
the gene expression is ceased while the chromatin con-
densation and compaction occurs with the replacement 
of nucleosomes/histones with protamines. The two paral-
ogous chromatin modifying proteins CTCF and BORIS 
regulated gene expression in spermatids and chroma-
tin organization in sperm in cooperation with several 
other testis-specific transcriptional regulators (TSTRs). 
They associated with regions which were strongly linked 
to protamine-refractory, histone-retaining regions in 
mature sperm[93].

3. Histone/Chromatin 
Modifications
Eukaryotic chromatin is a highly dynamic macromolecu-
lar assembly that undergoes local structural alterations, 
referred to as chromatin remodeling, for regulating gene 
expression during various cellular processes[94,95]. The 
chromatin remodelers, in an ATP-dependent mecha-
nism, alter the structure and stability of the nucleosomes 
and thereby, provide an access to the underlying DNA 
for regulatory proteins/factors ensuring DNA-templated 
processes like replication, transcription, repair, and other 
cellular processes[96,97]. Nucleosomes, the basic units of 

chromatin, are specialized chromatin structures pri-
marily made up of histones along with DNA. Histones 
are basic proteins that can be divided into core histones 
(usually H2A, H2B, H3 and H4) and linker histone (H1) 
depending on their association with nucleosome assem-
bly[98]. The core histones constitute an octameric con-
figuration in the nucleosome, [H2A–H2B][{H3-H4}2]
[H2A–H2B] wrapped by DNA sequence of about 147 
bp, and play crucial role in chromatin assembly and its 
compaction[99]. The linker histone H1 binds to the DNA 
sequences, linking the nucelosomes and determine the 
distances between nucleosomes and chromatin folding 
to higher order structures (51). The chromatin remodel-
ing through histone modifications includes incorporation 
of histone variants and/or the post translations modifi-
cations of existing histones. These histone modifications 
affect chromatin structure by influencing histone-DNA 
and histone-histone contacts and that can lead to the 
active or repressive state of that region for gene expres-
sion[95,97,100].

The covalent bonding of various functional groups 
to the N-terminal or C-terminal tails or globular core 
domains[101,102] of histone are collectively called as histone 
post translational modifications (PTMs) and are linked 
to essentially all cellular processes requiring DNA access 
including transcription, DNA repair, replication, recom-
bination and apoptosis[96,97,100]. PTMs are one among the 
components of epigenome and play a key role in defin-
ing and maintaining functionally distinct regions of the 
chromatins. The establishment of histone PTMs through 
specific chromatin modifying enzymes becomes the his-
tone language of that chromatin, and that can be sensed 
by particular chromatin remodelers, thereby influence 
their action and specificity[94,96]. Various chromatin reg-
ulators[97] sense the PTMs on the chromatin and render 
the compact architecture of chromatin differently either 
positively or negatively on gene expression. Studies on 
histone modifications have identified a diverse array of 
histone PTMs and the well characterized ones are acety-
lation, methylation, phosphorylation, ubiquitination and 
crotonylation. The use of mass spectrometry and associ-
ated high-throughput technologies revealed the existence 
of more types of PTMs associated with histones, termed 
as novel/non-classical PTMs, and the different PTMs’ 
combinatory patterns, but much of their biological func-
tions are still intriguing. The distinct histone languages 
on one or more tails act sequentially or in combination to 
constitute “a histone code”[100]. The hierarchy of multiple 
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PTMs as well as their establishment and maintenance 
around the localized chromatin regions are still unex-
plored mechanisms giving open questions to researchers. 

The different histone PTMs, their marking and eras-
ing by two distinct oppositely functioning enzymes (writ-
ers and erasers), and their influence on gene expression 
are well explained in a previous review[103]. Briefly, acety-
lation, phosphorylation, crotonylation and ubiquitination 
lead to gene activation while methylation and butyryla-
tion lead to gene silencing. But at times, binary signatures 
(promoter bivalency) are present through the incorpo-
ration of active and repressive marks that lead to poised 
chromatin especially in developmental genes. 

3.1. Histone Modifications During PGC and 
SSC Development
Various histone or chromatin modifications including 
genome wide downregulation of H3K9me2 as well as 
upregulation of H3K27me[336,104,105] occur during PGC 
specification. Since PGC state spans from 6.5 to 13.5 dpc, 
the overall epigenome reprogramming in PGCs can be cat-
egorized into PGC reprogramming I encompassing 8.0 to 
9.25 dpc and PGC reprogramming II between 10.5 to 13.5 
dpc[10,34,35,106,107]. The PGC reprogramming I encompasses 
the initiation of global DNA demethylation with genome 
wide loss of H3K9me2. During the period in between 
the major epigenetic rearrangements (9.25-10.5 dpc), the 
PGCs undergo a major shift in the intrinsic developmental 
program with the exit from the G2 pause, phosphorylation 
of the C-terminal domain (CTD) of RNA polymerase II, 
expression of gonadal-stage germline genes and the initia-
tion of reprograming II[108]. The second epigenetic repro-
gramming phase coincides with the methylation erasure 
from ICRs and single copy genes to establish germline epi-
genetic ground state[34,35] along with chromatin alteration 
including histone replacement[10,106,107].

Male germline undergoes a sex-specific remethylation 
during 15.5-18.5 dpc and completes it by termination of 
meiotic pachytene by 10-19 dpp. In the male germline, the 
imprinted loci undergo paternal imprinting following sex 
determination from 14.5 dpc to after birth whereas mater-
nal imprinting occurs only after birth[36,40]. The transposon 
loci escape from this global DNA demethylation program, 
possibly for the protection of genomic integrity during the 
germ cell development[34,35]. The male germline of mice 
remains in hypomethylated state for a few days while that 
of humans is comparatively longer for several weeks[109]. 

PRMT5 mediates SMDA on H2A and H4 histones and 
exhibits dynamic intracellular localization pattern in germ-
line, particularly during PGC specification as well as develop-
ment[110,111]. The cytoplasmic translocation of PRMT5 along 
with master germline/PGC determinant BLIMP1 at 11.5 dpc, 

[112] and a similar observation in human fetal germ cells,[113] 
is suggested to act as a key mechanism for PGC specification 
in relation with activation of stemness pathway as a conse-
quence of downregulation of H2A/H4R3me2. Further stud-
ies with germline conditional knockout models reframed the 
concept that PRMT5 is not essential for PGC specification; 
it is rather indispensable for PGC proliferation, survival and 
expression of the gonadal germline program during 9.5-10.5 
dpc[110,114]. The loss of PRMT5 in PGCs leads to the activa-
tion of genes associated with DNA damage response (DDR) 
and apoptosis pathways[114]. Remarkably, PRMT5 preserves 
genomic integrity and is involved in genome defense dur-
ing PGC specification and later development by silencing 
transposable elements in two different ways. In the earlier 
PGCs, PRMT5 translocates to nucleus from cytoplasm at 8.5 
dpc and marks H2A/H4R3me2s repressive modifications on 
IAP and LINE1 elements causing their repression[114]. Later 
its relocation back to cytoplasm coincide with the onset of 
the expression of PIWI proteins, thereby enabling them 
to participate in TE silencing indirectly through a pi-RNA 
pathway[114,115].

PLZF has been shown to colocalize with SPOC1[116]. 
SPOC1 (PHF13) is an H3K4me2/3 chromatin reader and 
transcriptional co-regulator and its interactions with PRC2 
RNA Pol II regulate gene expression during various cellu-
lar events including cell differentiation,[117] and it is demon-
strated that SPOC1 as indispensible for SSC differentiation 
in the testis and for sustained spermatogenesis[116]. The TF 
Yin yang 1 (YY1) is essential for the stemness of SSCs and 
had shown its association with heterochromatin nuclei 
of gonocytes of 14.5 dpc testis as well as stage-dependent 
testicular expression during postnatal life and throughout 
the  spermatogenic cycle[118]. Remarkably, CP2c, another 
TF, showed reciprocal localization in relation with YY1 
suggesting as critical for the commitment of spermatogo-
nia and during the progression of spermatogonia to sper-
matids[118]. The DMRT genes act sequentially in male 
germline for establishment and maintenance of spermato-
genesis with DMRT1 as involved in SSC maintenance and 
replenishment whereas DMRT6 acts as a mitotic/meiotic 
switch regulating timely entry to meiotic/spermatocyte 
program[73]. DMRT1 in differentiated spermatogonia per-
mits differentiation and mitotic proliferation, and prevent 
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premature meiotic initiation[73]. DMRT1 act as a bifunc-
tional transcription regulator in juvenile testes, binds at 
promoters of specific genes differently in germ cells and 
Sertoli cells, and their gene regulation is correlated through 
H3K4me3 modifications[119].

The establishment of SSCs from gonocytes is character-
ized by stage specific enrichment of eight histone variant 
genes, two of H1, two of H2a, three of H2b and one H3 
variant genes, along with high expression of some gono-
cyte enriched histone genes. As mentioned in gonocytes, 
the histone variants present in SSCs were also present in 
ESCs, thereby suggested to associate with maintaining 
pluripotency of these cells[51]. SSC enriched histone genes 
may associate with cell fate determination to specific adult 
stem cell line since during the differentiated cells express 
different set of histones[51]. The histone PTM profiling of 
hESCs revealed that the balance between self renewal and 
differentiation into different lineages is regulated by his-
tone PTM landscape of hESCs particularly through specific 
lysine acetylation (Kac) and lysine methylation (Kme)[120]. 
The enrichment of acetylation at H3K4, 9, 14, 18, 56 and 
122 as well as H4K5, 8, 12 and 16 marks the pluripotent 
state while its loss/decrease leads to differentiation. Thus 
self-renewal is characterized by specific histone acetylation 
patterns with chromatin openness. Also methylation espe-
cially of H3 at K9, K20, K27 and K36 are associated with dif-
ferentiation initiation[120]. The promoter bivalency through 
H3K4me3/H3K27me3 is enriched in SSCs specifically in 
developmental genes making them poised state and this 
bivalent mark is maintained in undifferentiated and differ-
entiated spermatogonia as well as in further stages of male 
germline; the promoter bivalency as a germline epigenetic 
mark preserved form PGCs to final spermatozoa ensur-
ing a stable epigenetic memory to next generation[55,77,121]. 
The bivalent domains are established on not only develop-
mental genes, but also somatic/progenitor genes through 
SCML2 which recruits the repressive H3K27me3 mark on 
H3K4me2/3 rich hypomethylated promoters[77]. Recently, 
it was demonstrated in hSSCs that only minor changes are 
associated with the open chromatin landscape that occurs 
during the commitment of undifferentiated SSEA4+ SSCs 
into c-Kit+ve differentiating spermatogonia, in spite of tran-
scriptional variation of hundreds of genes[58].

3.2. Histone Modifications During Mitosis-
Meiosis Transition
Though the molecular mechanisms behind meiotic sex 
chromosome inactivation (MSCI) are not fully eluci-

dated, some epigenetic signatures specific to MSCI were 
identified and detailed in previous reviews[79–81,122]. The 
MSCI/XY body epigenetic landscape is very complicated 
with the inclusion of different histone variants (gH2AX, 
macroH2A, H2AZ and H3.3), dynamic and diverse 
histone PTMs (Kme, Kac, lysine crotonylation (KCr). 
phosphorylation, ubiquitylation, and sumoylation) and 
histone modifiers (PRDM9, RNF8, SCML2, FANCD2, 
FANCB, SUV39H, and various DDR signals). Despite 
the significance of heterochromatin during various stages 
of spermatogenesis,[123,124] sex chromosome wide hetero-
chromatin formation is a characteristic of MSCI[75,78,125,126] 
and the HP1α (CBX5), HP1b (CBX1) and HP1γ (CBX3) 
were present in XY body: HP1b and g occupy on entire 
XY body in late pachytene whereas HP1α concentrates 
in more condensed heterochromatic areas, particularly 
in Y chromosome[127,128]. MSCI is associated with silenc-
ing of not only protein coding genes, but also X-linked 
miRNA (X-miRNA) genes[129]. The defects in the MSCI or 
XY body or X-miRNAs silencing leads to spermatogenic 
failure particularly through pachytene arrest resulting in 
male infertility[129,130].

Though distinct epigenetic modifications are present 
on both autosomes and sex chromosomes, we are focusing 
on epigenetic programming of sex chromosomes during 
MSCI. The DDR signals mediates MSCI initiation in early 
pachytene, leads to chromosome wide signal amplification 
and DDR pathway functions in sex chromosomes for trig-
gering the epigenetic programming of MSCI and post mei-
otic sex chromatin (PMSC) (details of PMSC mentioned in 
next section)[131]. The recruitment of Ser-139 phosphory-
lated H2AX (gH2AX) on sex chromosomes at pachytene 
stage is considered as the signal for MSCI initiation and this 
phosphorylation is mediated by ATR along with TOPBP1 
partner,[132,133] both of them will be loaded on sex chromo-
somes through BRCA1 in BRCA1-TOPBP1:ATR path-
way[134]. The BRCA1 mediates DDR signal amplification 
and spreading on unsynapsed sex chromosomes whereas 
suppresses ATR signals on synapsed autosomes. MDC1, the 
interacting partner of gH2AX, also facilitates the chromo-
some wide accumulation of gH2AX on sex chromosomes 
in MDC1-dependent pathway and leads to chromosome 
wide silencing of XY axes as well as XY body formation[135]. 
The H4K16 acetyl transferase MOF, which is responsible 
for three waves of gH2AX expansion of Prophase I, enables 
the third wave of H2AX expansion needed for MSCI 
through its recruitment of MDC1[136]. BRCA1, additionally, 
promotes establishment of X -pericentric heterochromatin 
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(X-PCH), which is critical for XY body morphogenesis 
and subsequent meiotic progression, and is followed by 
accumulation of macroH2A1 on X-pericentric region and 
pseudo-autosomal region (PAR) after the mid pachytene 
stage and on the Y-pericentric region after the late pachy-
tene stage and this BRCA1-dependent X-PCH facilitates 
formation of gH2AX domains on XY body[134]. H3K9me3 
present on both sex chromosomes in early pachynema, 
then restricted to Y chromosome during early to mid 
pachytene transition and disappears from late pachynema 
with the reappearance in the unsynapsed sex chromatin 
of diplonema[137,138]. The downstream H3K9me3 enrich-
ment on the asynapsed X  chromosome that occurs at 
onset of silencing is established by H3K9 methyltransferase 
SETDB1 and its recruitment in DDR network is mediated 
by TRIM28 through gH2AX[139].

Various histone ubiquitin enzymes had been shown as 
critical for meiosis[140,141] and ubiquitinated H2A and H2B 
forms were located in XY body[135,140]. The monoubiqui-
tination by RNF8 and polyubiquitination by RAD6 were 
shown as essential for male fertility[142]. Though exact role 
of histone ubiquitination in MSCI is not clear, ubH2A is 
associated with gene silencing[143] while ubH2B is asso-
ciated with gene transcription as well as elongation[144]. 
RNF8 promotes establishment of active epigenetic marks 
on sex chromosomes including H3K4me2 (after the dip-
lotene stage) as downstream of RNF8-dependent ubiq-
uitination of H2A and concomitant H4K20me1 (during 
early pachytene to the mid-diplotene stage), and these 
RNF8 mediated active epigenetic memory persists into 
post-meiotic spermatids[145]. The Fanconi Anemia (FA) 
core proteins including FANCA, FANCB, FANCC and 
FANCD2 mediates H3K9 methylation, positively for 
H3K9me2 and negatively for H3K9me3[138,146]. RNF8 
dependent H3K4me2 establishment is enabled through 
FANCD2 independently of FA pathway, acting as down-
stream to RNF8[146]. Thus the DDR and FA pathways 
functions in meiotic sex chromosomes with RNF8 as in 
central position. Though the sex chromosomes are tran-
scriptionally silenced during MSCI, de novo  formation 
of accessible chromatin at the sex chromosomes occurs 
with the closure of open chromatin at autosomes[78]. This 
distinct chromatin dynamics is regulated by SCML2 
which also facilitate monoubiquitination of H2AK119 
(H2AK119ub) positively on autosomes and negatively on 
sex chromosomes through the interaction of USP7[75,78,147]. 
Interestingly, the repressive H327me3 is excluded from 
sex chromosomes particularly from X chromosomes 

while accumulating H3K9me2 during MSCI[76]. RNF8 
mediated monoH2AK119ub at early pachytene sex chro-
mosomes undergoes gradual decrease through deubiqui-
tination by SCML2 and this RNF8-SCML2 cooperative 
regulation of ubiquitination during meiosis is essential 
for establishment of active enhancer mark H3K27ac and 
subsequent promoter mark H3K4me2 for poised state 
of genes could be for their activation in post meiotic 
cells[148]. The H2A.Z starts to accumulate during pachy-
tene stage and becomes predominant in later stages with 
the concomitant decrease of macroH2A and its presence 
is correlated with the dynamic nuclear relocalization of 
heterochromatic marks (HP1β and H3K9me2/3), which 
become concentrated in the inactive XY body, and that 
could be for keeping transcriptional repressed state of 
sex chromosomes[149]. In an in-vitro study, it was shown 
that the HP1α recruitment is regulated by the interplay 
of linker histone H1.4, H2A.Z and H3K9me3 implying 
their essential association within the heterochromati-
cregions[150]. The localization of transcriptional regulator 
TRIM27 as well as several translation regulating factors 
were noticed in XY body[151,152] and the presence of trans-
lation regulating factors suggesting the role of XY body as 
for controlling mRNA metabolism and/or “poising” pro-
tein translation complexes[152]. EXOSC10, a catalytic sub-
unit of the multimeric exosome, is present in the mitotic, 
meiotic and early post-meiotic germ cells and transiently 
localizes to XY body with colocalization with γ-H2AX in 
late pachynema, suggesting its role in epigenetic silenc-
ing, and its disruption leads to impaired germ cell differ-
entiation and male subfertility[153].

3.3 Histone Modifications During Post-
Meiotic Phase
The major epigenetic marks of PMSC include H3K9me2 
and H3K9me3, HP1b and HP1g, H3K27me1 and 
H3K27me3, and H3-K9 acetylation. Though PMSC is 
generally considered as silencing event, sex chromosomes 
are believed to be in a distinctive epigenetic constraint, 
enriched with active marks KCr and H4K9me3[154]. 

The gene expression in spermatids is regulated by 
master genes. The deletion of MSYq demonstrated the 
deregulation of multi-copy and single-copy genes with epi-
genetic abnormalities with complete loss of H4K8Ac and 
reduction in H3K9me3 and HP1b[155]. The Sly deficiency 
alone leads to upregulation of spermatid genes as well as 
sperm deformities with defective repressive marks on the 
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sex chromatin including reduced levels of the HP1β band 
H3K9 methylation[156–158]. The spermatid specific SLY had 
shown promoter occupancy of active genes having over-
laps with active chromatin marks H3K4me3 and KCr, 
and interacts with SMRT/N-CoR repressor complex, par-
ticularly with TBL1XR1, and regulates gene expression of 
spermatids particularly sex chromosome-encoded H2A 
variants (such as H2A.B3) and of the H3K79 methyltrans-
ferase DOT1L[156]. This study showed that SLY deficiency 
affects the spermatid gene expression with up-regulation 
of XY genes while distinct regulation on autosomes. Sly has 
critical role in post-meiotic sex chromosome repression 
(PMSR), either directly through spermatid sex chromatin 
or via interaction with sex chromatin protein partners[158]. 
In addition, Sly deficiency results in the deregulation of 
DOT1L and subsequent decrease of H3K79me2 and H4 
acetylation, both of which are necessary prior to histone 
eviction[156]. Corroborating with the previous report of Sly’s 
role in chromatin condensation,[157] the Sly KO mice exhib-
ited abnormal chromatin remodeling with higher propor-
tion of residual histones, significant reduction of protamine 
2 and increased DNA oxidation[156]. 

The Y escape genes contribute major role as in PMSR 
while RNF8 mediated H2AK119ub mediates active epi-
genetic marks including KCr, H2A.Z etc could be con-
tributing to the activation of gene expression[145]. RNF8 
–SCML2 cooperative effect, mentioned in meiotic phase, 
leads to the incorporation of active marks H3K27ac and 
subsequent H3K4me2 on escape genes[148]. Additionally, 
RNF8 mediated H2AK119ub imparts H4 acetylation 
which is implied for the subsequent histone-to-protamine 
transition. SCML2 is associated with induction of faculta-
tive heterochromatization in haploid spermatids and asso-
ciated marks. Bromodomain has role in gene expression. 
The dual bromodomain-containing protein BRWD1 is 
essential for postmeiotic gene expression without affecting 
the pericentric heterochromatin and histone landscape of 
round spermatids and its deficiency alter ~ 300 spermatid 
specific gene transcription, including protamines and tran-
sition proteins[159].

The epigenetic landscape of spermatozoa is also dis-
cussed in previous reviews[28,160–162]. Two studies with 
high throughput mass spectroscopy revealed the details 
of the histone landscape including histones/histone vari-
ants and histone PTMs associated with mature sperma-
tozoa of mice and human[101,163]. In addition, the sperm 
promoters exhibited three patterns- class I with depletion 
of H3K4me3, class II with enrichment of H3K4me3 and 

Class III with bivalent promoters (both H3K4me3 and 
H3K27me3), and the open chromatin in TSS of round 
spermatid state is maintained in H3K4me3 enriched pro-
moters of spermatozoa[78]. Though histones are replaced 
with protamines during spermiogenesis, around 1-10 % 
histones are retained in the mature spermatozoa. The 
recent method by using histone replacement-completed 
sperm (HRCS) also had shown that histones are retained 
at specific promoter regions in HRCS[164] and the retained 
histones are localized in intergenic regions as their associ-
ation with gene desert areas[165]. The H3K4me3-containing 
nucleosomes preferentially occurs at CpG-rich promot-
ers of development-associated genes while H3K9me3-
containing nucleosomes occupy satellite repeats including 
centromere and pericentromere[165]. The proper retention 
of core histones and histone variants are critical for sperm 
nuclear architecture and that can be altered by impaired 
poly(ADP-ribose) (PAR) metabolism[166–168]. Also the 
retained sperm histones act as potential mediators of epi-
genetic information to the zygote that regulates the gene 
expression in the early embryos, thereby PAR metabolism 
can modulate the transcription in early embryos[168]. 

4. Epigenetics and Fertility
The environment as well as life style factors includ-
ing diet and smoking can alter the sperm associated 
epigenetic landscape and that altered epigenetic signa-
tures including induced differential histone retention 
sites (DHRs) can be transmitted to the next genera-
tions[12,169–172]. Such altered sperm epigenome is associ-
ated with male infertility[16,173–175] and that epimutations 
can become involved in transgenerational inheri-
tance[176,177]. Moreover, the aberrant paternal epigenetic 
signatures can affect the reprogramming of embryos, 
its development as well as offspring phenotypes[178,179]. 
A recent integrative proteome and transcriptome anal-
yses identified that sperm proteins including epigene-
tic regulators contribute to correct embryogenesis and, 
possibly, for modulation of the offspring phenotype[180]. 
So the pre-checking of sperm quality through epigen-
etic biomarkers can effectively treat male infertility 
via ART and can avoid dysfunctions of embryogenesis 
and altered offspring phenotypes, as well as improve 
ART outcomes[160,181]. DNA methylation is altered in 
combination chemotherapy of testicular cancer in 
rodents[182] and the altered promoter DNA methylation 
in testicular tumor can be used as a diagnostic tool[183]. 
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A recent study in mice demonstrated that altered 
histone-to-protamine transition with the administra-
tion of leptin can be restored by concurrent admin-
istration of melatonin[184]. These observations suggest 
the significance of better understanding of epigenetic 
regulation of spermatogenesis and its application as 
for diagnosis and improvisation of current treatment 
methods of testicular cancer and infertility. The single 
cell transcriptome analysis facilitated the identification 
of subcellular populations with continuous develop-
mental trajectory as existing in male germ cells with 
dynamic processes and critical regulators[185,186] and 
this in future might improve the current realization of 
epigenetic reprogramming during spermatogenesis.

5. Acknowledgments
PGK received Intramural Research Support from Rajiv 
Gandhi Centre for Biotechnology, Thiruvananthapuram. 
KR was a Senior Research Fellow of Council of Scientific 
and Industrial Research, New Delhi, vide Award No. 
09/716(0135)/2010/EMR-1.

6. References
1. 	 Weinhold B. Epigenetics: The Science of Change. Environ 

Health Perspect [Internet]. 2006 Mar; 114(3):A160–7. 
Available from: http://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC1392256/

2. 	 Nevin C, Carroll M. Sperm DNA methylation, infertil-
ity and transgenerational epigenetics. J Hum Genet Clin 
Embryol. 2015; 1(004):9–10. 

3. 	 Felsenfeld G. A brief history of epigenetics. Cold Spring 
Harb Perspect Biol [Internet]. 6(1):a018200. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/24384572

4. 	 Ge S-Q, Lin S-L, Zhao Z-H, Sun Q-Y. Epigenetic dynamics 
and interplay during spermatogenesis and embryogen-
esis: implications for male fertility and offspring health. 
Oncotarget. 2017 Aug; 8(32):53804–18. 

5. 	 Frías-Lasserre D, Villagra CA. The Importance of ncRNAs 
as Epigenetic Mechanisms in Phenotypic Variation and 
Organic Evolution. Front Microbiol [Internet]. 2017 Dec 
22; 8:2483. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29312192

6. 	 Bunkar N, Pathak N, Lohiya NK, Mishra PK. Epigenetics: 
A key paradigm in reproductive health. Clin Exp Reprod 
Med [Internet]. 2016 Jun 23; 43(2):59–81. Available from: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4925870/

7. 	 Stewart KR, Veselovska L, Kelsey G. Establishment 
and functions of DNA methylation in the germline. 
Epigenomics. 2016 Oct; 8(10):1399–413. 

8. 	 Messerschmidt DM, Knowles BB, Solter D. DNA meth-
ylation dynamics during epigenetic reprogramming in 
the germline and preimplantation embryos. Genes Dev 
[Internet]. 2014 Apr 15; 28(8):812–28. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/24736841

9. 	 Gold HB, Jung YH, Corces VG. Not just heads and tails: 
The complexity of the sperm epigenome. J Biol Chem. 2018 
Sep; 293(36):13815–20. 

10.	 Hajkova P, Jeffries SJ, Lee C, Miller N, Jackson SP, Surani 
MA. Genome-wide reprogramming in the mouse germ 
line entails the base excision repair pathway. Science 
[Internet]. 2010 Jul 2; 329(5987):10.1126/science.1187945. 
Available from: http://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC3863715/

11. 	 Weber AR, Krawczyk C, Robertson AB, Kuśnierczyk A, 
Vågbø CB, Schuermann D, et al. Biochemical reconstitution 
of TET1–TDG–BER-dependent active DNA demeth-
ylation reveals a highly coordinated mechanism. Nat 
Commun [Internet]. 2016 Mar 2; 7:10806. Available from: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4778062/

12. 	 Donkin I, Barres R. Sperm epigenetics and influence of 
environmental factors. Mol Metab. 2018 Feb; 14:1-14. 
https://doi.org/10.1016/j.molmet.2018.02.006

13. 	 Illum LRH, Bak ST, Lund S, Nielsen AL. DNA methylation 
in epigenetic inheritance of metabolic diseases through the 
male germ line. J Mol Endocrinol. 2018 Feb; 60(2):R39–56. 

14. 	 Uysal F, Akkoyunlu G, Ozturk S. DNA methyltransfer-
ases exhibit dynamic expression during spermatogenesis. 
Reprod Biomed Online. 2016 Dec; 33(6):690–702. 

15. 	 Hammoud SS, Nix DA, Hammoud AO, Gibson M, Cairns 
BR, Carrell DT. Genome-wide analysis identifies changes 
in histone retention and epigenetic modifications at devel-
opmental and imprinted gene loci in the sperm of infertile 
men. Hum Reprod. 2011 Sep; 26(9):2558–69. 

16. 	 Urdinguio RG, Bayon GF, Dmitrijeva M, Torano EG, Bravo 
C, Fraga MF, et al. Aberrant DNA methylation patterns of 
spermatozoa in men with unexplained infertility. Hum 
Reprod. 2015 May; 30(5):1014–28. 

17. 	 Aston KI, Uren PJ, Jenkins TG, Horsager A, Cairns BR, 
Smith AD, et al. Aberrant sperm DNA methylation pre-
dicts male fertility status and embryo quality. Fertil Steril. 
2015 Dec; 104(6):1385–8. 

18. 	 Santi D, De Vincentis S, Magnani E, Spaggiari G. 
Impairment of sperm DNA methylation in male infertility: 
a meta-analytic study. Andrology. 2017 Jul; 5(4):695–703. 

19. 	 Hammoud SS, Purwar J, Pflueger C, Cairns BR, Carrell 
DT. Alterations in sperm DNA methylation patterns at 



13

A. Soumya, Karthika Radhakrishnan and Pradeep G. Kumar

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

imprinted loci in two classes of infertility. Fertil Steril. 2010 
Oct; 94(5):1728–33. 

20. 	 Smallwood SA, Kelsey G. De novo DNA methylation: a 
germ cell perspective. Trends Genet. 2012 Jan; 28(1):33–42. 

21. 	 Hogg K, Western PS. Refurbishing the germline epig-
enome: Out with the old, in with the new. Semin Cell Dev 
Biol. 2015 Sep; 45:104–13. 

22. 	 Saitou M, Kagiwada S, Kurimoto K. Epigenetic reprogram-
ming in mouse pre-implantation development and primordial 
germ cells. Development. 2012 Jan; 139(1):15–31. 

23. 	 Hackett JA, Surani MA. DNA methylation dynamics during 
the mammalian life cycle. Philos Trans R Soc Lond B Biol 
Sci [Internet]. 2013 Jan 5; 368(1609):20110328. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/23166392

24. 	 Cui X, Jing X, Wu X, Yan M, Li Q, Shen Y, et al. DNA methyla-
tion in spermatogenesis and male infertility. Exp Ther Med 
[Internet]. 2016/08/04. 2016 Oct; 12(4):1973–9. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/27698683

25. 	 Güneş S, Kulaç T. The role of epigenetics in spermatogenesis. 
Turkish J Urol [Internet]. 2013 Sep; 39(3):181–7. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/26328105

26. 	 Monk D. Germline-derived DNA methylation and early 
embryo epigenetic reprogramming: The selected survival 
of imprints. Int J Biochem Cell Biol. 2015 Oct; 67:128–38. 

27. 	 Song N, Endo D, Koji T. Roles of epigenome in mammalian 
spermatogenesis. Reprod Med Biol. 2014 Apr; 13(2):59–69. 

28. 	 Champroux A, Cocquet J, Henry-Berger J, Drevet JR, 
Kocer A. A Decade of Exploring the Mammalian Sperm 
Epigenome: Paternal Epigenetic and Transgenerational 
Inheritance. Front cell Dev Biol. 2018; 6:50. 

29. 	 Yao C, Liu Y, Sun M, Niu M, Yuan Q, Hai Y, et al. 
MicroRNAs and DNA methylation as epigenetic regula-
tors of mitosis, meiosis and spermiogenesis. Reproduction. 
2015 Jul; 150(1):R25-34. 

30. 	 Hahn MA, Szabó PE, Pfeifer GP. 5-Hydroxymethylcytosine: 
A stable or transient DNA modification? Genomics 
[Internet]. 2014; 104(5):314–23. Available from: 
http://www.sciencedirect.com/science/article/pii/
S0888754314001578

31. 	 Tirado-Magallanes R, Rebbani K, Lim R, Pradhan S, 
Benoukraf T. Whole genome DNA methylation: beyond 
genes silencing. Oncotarget [Internet]. 2016 Nov 24; 
8(3):5629–37. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/27895318

32. 	 Barau J, Teissandier A, Zamudio N, Roy S, Nalesso V, 
Herault Y, et al. The DNA methyltransferase DNMT3C 
protects male germ cells from transposon activity. Science. 
2016 Nov; 354(6314):909–12. 

33. 	 Jain D, Meydan C, Lange J, Claeys Bouuaert C, Lailler N, 
Mason CE, et al. rahu is a mutant allele of Dnmt3c, encod-
ing a DNA methyltransferase homolog required for meiosis 

and transposon repression in the mouse male germline. 
PLoS Genet. 2017 Aug; 13(8):e1006964. 

34. 	 Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, 
Santos F, et al. The dynamics of genome-wide DNA meth-
ylation reprogramming in mouse primordial germ cells. 
Mol Cell [Internet]. 2012 Dec 28; 48(6):849–62. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/23219530

35. 	 Guibert S, Forné T, Weber M. Global profiling of DNA 
methylation erasure in mouse primordial germ cells. 
Genome Res [Internet]. 2012 Apr; 22(4):633–41. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/22357612

36. 	 Li N, Shen Q, Hua J. Epigenetic Remodeling in 
Male Germline Development. Stem Cells Int. 2016; 
2016:3152173. 

37. 	 Seki Y. PRDM14 Is a Unique Epigenetic Regulator Stabilizing 
Transcriptional Networks for Pluripotency. Front cell Dev 
Biol. 2018; 6:12. doi: 10.3389/fcell.2018.00012. 

38. 	 Okashita N, Kumaki Y, Ebi K, Nishi M, Okamoto Y, 
Nakayama M, et al. PRDM14 promotes active DNA 
demethylation through the ten-eleven translocation 
(TET)-mediated base excision repair pathway in embry-
onic stem cells. Development. 2014 Jan; 141(2):269–80. 

39. 	 Grabole N, Tischler J, Hackett JA, Kim S, Tang F, Leitch 
HG, et al. Prdm14 promotes germline fate and naive 
pluripotency by repressing FGF signalling and DNA meth-
ylation. EMBO Rep. 2013 Jul; 14(7):629–37. 

40. 	 Ewen KA, Koopman P. Mouse germ cell development: from 
specification to sex determination. Mol Cell Endocrinol. 
2010 Jul; 323(1):76–93. 

41. 	 McCarrey JR. Toward a more precise and informative 
nomenclature describing fetal and neonatal male germ 
cells in rodents. Biol Reprod. 2013 Aug; 89(2):47. 

42. 	 McCarrey JR. Transition of Prenatal Prospermatogonia to 
Postnatal Spermatogonia BT - The Biology of Mammalian 
Spermatogonia. In: Oatley JM, Griswold MD, editors. New 
York, NY: Springer New York; 2017. p. 23–38. Available 
from: https://doi.org/10.1007/978-1-4939-7505-1_2

43. 	 Tseng Y-T, Liao H-F, Yu C-Y, Mo C-F, Lin S-P. Epigenetic 
factors in the regulation of prospermatogonia and 
spermatogonial stem cells. Reproduction. 2015 Sep; 
150(3):R77-91. 

44. 	 Phillips BT, Gassei K, Orwig KE. Spermatogonial stem 
cell regulation and spermatogenesis. Philos Trans R Soc 
Lond B Biol Sci [Internet]. 2010 May 27; 365(1546):1663–
78. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/20403877

45. 	 Geyer CB. Setting the Stage: The First Round of 
Spermatogenesis BT - The Biology of Mammalian 
Spermatogonia. In: Oatley JM, Griswold MD, editors. New 
York, NY: Springer New York; 2017. p. 39–63. Available 
from: https://doi.org/10.1007/978-1-4939-7505-1_3



14

DNA Methylation and Histone Modifications Associated with Male Germ Cell Differentiation

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

46. 	 Niedenberger BA, Geyer CB. Advanced immunostaining 
approaches to study early male germ cell development. 
Stem Cell Res [Internet]. 2018; 27:162–8. Available from: 
http://www.sciencedirect.com/science/article/pii/
S1873506118300370

47. 	 Mecklenburg JM, Hermann BP. Mechanisms Regulating 
Spermatogonial Differentiation BT - Molecular Mechanisms 
of Cell Differentiation in Gonad Development. In: Piprek 
RP, editor. Cham: Springer International Publishing; 2016. 
p. 253–87. Available from: https://doi.org/10.1007/978-3-
319-31973-5_10

48. 	 Wu J, Luo H, Wang H. Chapter Four - Germline Stem Cells. 
In: Wassarman PMBT-CT in DB, editor. Gametogenesis 
[Internet]. Academic Press; 2013. p. 97–126. Available 
from: http://www.sciencedirect.com/science/article/pii/
B9780124160248000040

49. 	 Manku G, Culty M. Mammalian gonocyte and spermato-
gonia differentiation: recent advances and remaining 
challenges. Reproduction. 2015 Mar; 149(3):R139-57. 

50. 	 Ishikura Y, Yabuta Y, Ohta H, Hayashi K, Nakamura T, 
Okamoto I, et al. In Vitro Derivation and Propagation of 
Spermatogonial Stem Cell Activity from Mouse Pluripotent 
Stem Cells. Cell Rep [Internet]. 2016; 17(10):2789–804. 
Available from: http://www.sciencedirect.com/science/
article/pii/S2211124716315844

51. 	 Sun R, Qi H. Dynamic expression of combinatorial rep-
lication-dependent histone variant genes during mouse 
spermatogenesis. Gene Expr Patterns [Internet]. 2014; 
14(1):30–41. Available from: http://www.sciencedirect.
com/science/article/pii/S1567133X1300094X

52. 	 Hill PWS, Leitch HG, Requena CE, Sun Z, Amouroux 
R, Roman-Trufero M, et al. Epigenetic reprogramming 
enables the transition from primordial germ cell to gono-
cyte. Nature. 2018 Mar; 555(7696):392–6. 

53. 	 Guo J, Grow EJ, Yi C, Mlcochova H, Maher GJ, Lindskog 
C, et al. Chromatin and Single-Cell RNA-Seq Profiling 
Reveal Dynamic Signaling and Metabolic Transitions dur-
ing Human Spermatogonial Stem Cell Development. Cell 
Stem Cell. 2017 Oct; 21(4):533–546.e6. 

54. 	 Shirakawa T, Yaman-Deveci R, Tomizawa S-I, Kamizato 
Y, Nakajima K, Sone H, et al. An epigenetic switch is cru-
cial for spermatogonia to exit the undifferentiated state 
toward a Kit-positive identity. Development. 2013 Sep; 
140(17):3565–76. 

55. 	 Hammoud SS, Low DHP, Yi C, Carrell DT, Guccione E, 
Cairns BR. Chromatin and Transcription Transitions 
of Mammalian Adult Germline Stem Cells and 
Spermatogenesis. Cell Stem Cell [Internet]. 2014; 
15(2):239–53. Available from: http://www.sciencedirect.
com/science/article/pii/S193459091400143X

56. 	 Kubo N, Toh H, Shirane K, Shirakawa T, Kobayashi H, Sato 
T, et al. DNA methylation and gene expression dynamics 
during spermatogonial stem cell differentiation in the early 
postnatal mouse testis. BMC Genomics. 2015 Aug; 16:624. 

57. 	 Sakashita A, Yeh Y-H V, Namekawa SH, Lin S-P. 
Epigenomic and single-cell profiling of human spermato-
gonial stem cells. Stem cell Investig [Internet]. 2018 Apr 
24; 5:11. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29782571

58. 	 Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, 
et al. The adult human testis transcriptional cell atlas. Cell Res 
[Internet]. 2018/10/12. 2018 Dec; 28(12):1141–57. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/30315278

59. 	 Hammoud SS, Low DHP, Yi C, Lee CL, Oatley JM, Payne 
CJ, et al. Transcription and imprinting dynamics in devel-
oping postnatal male germline stem cells. Genes Dev 
[Internet]. 2015 Nov 1; 29(21):2312–24. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/26545815

60. 	 Hermann BP, Mutoji KN, Velte EK, Ko D, Oatley JM, Geyer 
CB, et al. Transcriptional and translational heterogeneity 
among neonatal mouse spermatogonia. Biol Reprod. 2015 
Feb; 92(2):54. 

61. 	 Mutoji K, Singh A, Nguyen T, Gildersleeve H, Kaucher 
A V, Oatley MJ, et al. TSPAN8 Expression Distinguishes 
Spermatogonial Stem Cells in the Prepubertal Mouse 
Testis. Biol Reprod [Internet]. 2016/10/12. 2016 Dec; 
95(6):117. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/27733379

62. 	 Liao H-F, Chen WSC, Chen Y-H, Kao T-H, Tseng Y-T, 
Lee C-Y, et al. DNMT3L promotes quiescence in postnatal 
spermatogonial progenitor cells. Development. 2014 Jun; 
141(12):2402–13. 

63. 	 Liu TM, Lee EH, Lim B, Shyh-Chang N. Concise Review: 
Balancing Stem Cell Self-Renewal and Differentiation with 
PLZF. Stem Cells. 2016 Feb; 34(2):277–87. 

64. 	 Costoya JA, Hobbs RM, Barna M, Cattoretti G, Manova K, 
Sukhwani M, et al. Essential role of Plzf in maintenance of 
spermatogonial stem cells. Nat Genet. 2004 Jun; 36(6):653–9. 

65. 	 Koubi M, Poplineau M, Vernerey J, N’Guyen L, Tiberi G, 
Garciaz S, et al. Regulation of the positive transcriptional 
effect of PLZF through a non-canonical EZH2 activity. 
Nucleic Acids Res [Internet]. 2018/02/07. 2018 Apr 20; 
46(7):3339–50. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/29425303

66. 	 Puszyk W, Down T, Grimwade D, Chomienne C, Oakey 
RJ, Solomon E, et al. The epigenetic regulator PLZF 
represses L1 retrotransposition in germ and progeni-
tor cells. EMBO J [Internet]. 2013/05/31. 2013 Jul 3; 
32(13):1941–52. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/23727884



15

A. Soumya, Karthika Radhakrishnan and Pradeep G. Kumar

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

67. 	 Rossitto M, Philibert P, Poulat F, Boizet-Bonhoure B. 
Molecular events and signalling pathways of male germ cell 
differentiation in mouse. Semin Cell Dev Biol [Internet]. 
2015; 45:84–93. Available from: http://www.sciencedirect.
com/science/article/pii/S1084952115001743

68. 	 Kimble J. Molecular regulation of the mitosis/meiosis deci-
sion in multicellular organisms. Cold Spring Harb Perspect 
Biol [Internet]. 3(8):a002683–a002683. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/21646377

69. 	 Busada JT, Geyer CB. The Role of Retinoic Acid (RA) in 
Spermatogonial Differentiation. Biol Reprod [Internet]. 
2016 Jan 11; 94(1):10. Available from: http://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4809555/

70. 	 Griswold MD. Spermatogenesis: The Commitment to 
Meiosis. Physiol Rev [Internet]. 2016; 96(1):1–17. Available 
from: http://physrev.physiology.org/lookup/doi/10.1152/
physrev.00013.2015

71. 	 Endo T, Romer KA, Anderson EL, Baltus AE, de Rooij 
DG, Page DC. Periodic retinoic acid-STRA8 signaling 
intersects with periodic germ-cell competencies to regu-
late spermatogenesis. Proc Natl Acad Sci U S A. 2015 May; 
112(18):E2347-56. 

72. 	 Suzuki A, Saga Y. Nanos2 suppresses meiosis and pro-
motes male germ cell differentiation. Genes Dev. 2008 Feb; 
22(4):430–5. 

73. 	 Zhang T, Zarkower D. DMRT proteins and coordination 
of mammalian spermatogenesis. Stem Cell Res. 2017 Oct; 
24:195–202. 

74. 	 Nakagawa T, Zhang T, Kushi R, Nakano S, Endo T, 
Nakagawa M, et al. Regulation of mitosis-meiosis transi-
tion by the ubiquitin ligase beta-TrCP in male germ cells. 
Development. 2017 Nov; 144(22):4137–47. 

75. 	 Hasegawa K, Sin H-S, Maezawa S, Broering TJ, Kartashov 
A V, Alavattam KG, et al. SCML2 establishes the male 
germline epigenome through regulation of histone H2A 
ubiquitination. Dev Cell. 2015 Mar; 32(5):574–88. 

76. 	 Sin H-S, Kartashov A V, Hasegawa K, Barski A, Namekawa 
SH. Poised chromatin and bivalent domains facilitate the 
mitosis-to-meiosis transition in the male germline. BMC 
Biol. 2015 Jul; 13:53. 

77. 	 Maezawa S, Hasegawa K, Yukawa M, Kubo N, Sakashita 
A, Alavattam KG, et al. Polycomb protein SCML2 facili-
tates H3K27me3 to establish bivalent domains in the 
male germline. Proc Natl Acad Sci U S A. 2018 May; 
115(19):4957–62. 

78. 	 Maezawa S, Yukawa M, Alavattam KG, Barski A, Namekawa 
SH. Dynamic reorganization of open chromatin underlies 
diverse transcriptomes during spermatogenesis. Nucleic 
Acids Res [Internet]. 2017/11/06. 2018 Jan 25; 46(2):593–
608. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29126117

79. 	 Khalil AM, Wahlestedt C. Epigenetic mechanisms of 
gene regulation during mammalian spermatogenesis. 
Epigenetics. 2008; 3(1):21–8. 

80. 	 Kota SK, Feil R. Epigenetic Transitions in Germ Cell 
Development and Meiosis. Dev Cell [Internet]. 2010; 
19(5):675–86. Available from: http://www.sciencedirect.
com/science/article/pii/S1534580710004624

81. 	 Zamudio NM, Chong S, O’Bryan MK. Epigenetic regu-
lation in male germ cells. Reproduction. 2008 Aug; 
136(2):131–46. 

82. 	 Oakes CC, La Salle S, Smiraglia DJ, Robaire B, Trasler JM. 
Developmental acquisition of genome-wide DNA methyl-
ation occurs prior to meiosis in male germ cells. Dev Biol. 
2007 Jul; 307(2):368–79. 

83. 	 Gaysinskaya V, Miller BF, De Luca C, van der Heijden GW, 
Hansen KD, Bortvin A. Transient reduction of DNA meth-
ylation at the onset of meiosis in male mice. Epigenetics 
Chromatin. 2018 Apr; 11(1):15. 

84. 	 Garcia-Fabiani MB, Montanaro MA, Lacunza E, Cattaneo 
ER, Coleman RA, Pellon-Maison M, et al. Methylation of the 
Gpat2 promoter regulates transient expression during mouse 
spermatogenesis. Biochem J. 2015 Oct; 471(2):211–20. 

85. 	 Ko Y-G, Yun J, Park HJ, Tanaka S, Shiota K, Cho J-H. 
Dynamic methylation pattern of the methyltransferase1o 
(Dnmt1o) 5’-flanking region during mouse oogenesis and 
spermatogenesis. Mol Reprod Dev. 2013 Mar; 80(3):212–22. 

86. 	 Feng C-WA, Spiller C, Merriner DJ, O’Bryan MK, Bowles 
J, Koopman P. SOX30 is required for male fertility in mice. 
Sci Rep [Internet]. 2017 Dec 15; 7(1):17619. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/29247201

87. 	 Zhang D, Xie D, Lin X, Ma L, Chen J, Zhang D, et al. The 
transcription factor SOX30 is a key regulator of mouse 
spermiogenesis. Development. 2018 May; 145(11). 

88. 	 Bai S, Fu K, Yin H, Cui Y, Yue Q, Li W, et al. Sox30 initiates 
transcription of haploid genes during late meiosis and sper-
miogenesis in mouse testes. Development. 2018 Jul; 145(13). 

89. 	 Han F, Dong Y, Liu W, Ma X, Shi R, Chen H, et al. Epigenetic 
regulation of sox30 is associated with testis development in 
mice. PLoS One. 2014; 9(5):e97203. 

90. 	 Hou Y, Yuan J, Zhou X, Fu X, Cheng H, Zhou R. DNA 
demethylation and USF regulate the meiosis-specific 
expression of the mouse Miwi. PLoS Genet. 2012; 
8(5):e1002716. 

91. 	 Kato Y, Nozaki M. Distinct DNA methylation dynamics of 
spermatogenic cell-specific intronless genes is associated 
with CpG content. PLoS One. 2012; 7(8):e43658. 

92. 	 La Salle S, Trasler JM. Dynamic expression of DNMT3a 
and DNMT3b isoforms during male germ cell develop-
ment in the mouse. Dev Biol [Internet]. 2006; 296(1):71–82. 
Available from: http://www.sciencedirect.com/science/
article/pii/S0012160606007160



16

DNA Methylation and Histone Modifications Associated with Male Germ Cell Differentiation

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

93. 	 Rivero-Hinojosa S, Kang S, Lobanenkov V V, Zentner 
GE. Testis-specific transcriptional regulators selec-
tively occupy BORIS-bound CTCF target regions in 
mouse male germ cells. Sci Rep [Internet]. 2017 Feb 1; 
7:41279. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/28145452

94. 	 Zhang P, Torres K, Liu X, Liu C-G, Pollock RE. An 
Overview of Chromatin-Regulating Proteins in Cells. Curr 
Protein Pept Sci [Internet]. 2016; 17(5):401–10. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/26796306

95. 	 Marino-Ramirez L, Kann MG, Shoemaker BA, Landsman 
D. Histone structure and nucleosome stability. Expert Rev 
Proteomics. 2005 Oct; 2(5):719–29. 

96. 	 Bowman GD, Poirier MG. Post-translational modi-
fications of histones that influence nucleosome 
dynamics. Chem Rev [Internet]. 2014/11/26. 2015 Mar 
25; 115(6):2274–95. Available from: https://www.ncbi.
nlm.nih.gov/pubmed/25424540

97. 	 Petty E, Pillus L. Balancing chromatin remodeling and 
histone modifications in transcription. Trends Genet 
[Internet]. 2013/07/16. 2013 Nov; 29(11):621–9. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/23870137

98. 	 Ishibashi T, Li A, Ausió J. Chapter 289 - Histone Variants: 
Signaling or Structural Modules? In: Bradshaw RA, Dennis 
EABT-H of CS (Second E, editors. San Diego: Academic 
Press; 2010. p. 2409–25. Available from: http://www.scien-
cedirect.com/science/article/pii/B9780123741455002898

99. 	 Mariño-Ramírez L, Kann MG, Shoemaker BA, Landsman 
D. Histone structure and nucleosome stability. Expert Rev 
Proteomics [Internet]. 2005 Oct; 2(5):719–29. Available from: 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1831843/

100. 	 Strahl BD, Allis CD. The language of covalent histone 
modifications. Nature. 2000 Jan; 403(6765):41–5. 

101. 	 Brunner AM, Nanni P, Mansuy IM. Epigenetic marking of 
sperm by post-translational modification of histones and 
protamines. Epigenetics Chromatin [Internet]. 2014; 7(1):2. 
Available from: https://doi.org/10.1186/1756-8935-7-2

102. 	 Fenley AT, Anandakrishnan R, Kidane YH, Onufriev A V. 
Modulation of nucleosomal DNA accessibility via charge-
altering post-translational modifications in histone core. 
Epigenetics Chromatin [Internet]. 2018; 11(1):11. Available 
from: https://doi.org/10.1186/s13072-018-0181-5

103. 	 Bannister AJ, Kouzarides T. Regulation of chromatin by 
histone modifications. Cell Res [Internet]. 2011/02/15. 
2011 Mar; 21(3):381–95. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/21321607

104. 	 Kurimoto K, Saitou M. Epigenome regulation during 
germ cell specification and development from pluripotent 
stem cells. Curr Opin Genet Dev. 2018 Jun; 52:57–64. 

105. 	 Sun Y-C, Wang Y-Y, Ge W, Cheng S-F, Dyce PW, Shen W. 
Epigenetic regulation during the differentiation of stem 

cells to germ cells. Oncotarget [Internet]. 2017 Jun 12; 
8(34):57836–44. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/28915715

106. 	 Hajkova P, Ancelin K, Waldmann T, Lacoste N, Lange 
UC, Cesari F, et al. Chromatin dynamics during epigen-
etic reprogramming in the mouse germ line. Nature. 2008 
Apr; 452(7189):877–81. 

107. 	 Hajkova P, Erhardt S, Lane N, Haaf T, El-Maarri O, Reik 
W, et al. Epigenetic reprogramming in mouse primordial 
germ cells. Mech Dev. 2002 Sep; 117(1–2):15–23. 

108. 	 Seki Y, Yamaji M, Yabuta Y, Sano M, Shigeta M, Matsui Y, 
et al. Cellular dynamics associated with the genome-wide 
epigenetic reprogramming in migrating primordial germ 
cells in mice. Development. 2007 Jul; 134(14):2627–38. 

109. 	 Dolci S, Campolo F, De Felici M. Gonadal development 
and germ cell tumors in mouse and humans. Semin Cell 
Dev Biol. 2015 Sep; 45:114–23. 

110. 	 Li Z, Yu J, Hosohama L, Nee K, Gkountela S, Chaudhari 
S, et al. The Sm protein methyltransferase PRMT5 is not 
required for primordial germ cell specification in mice. 
EMBO J. 2015 Mar; 34(6):748–58. 

111. 	 Wang Y, Zhu T, Li Q, Liu C, Han F, Chen M, et al. Prmt5 is 
required for germ cell survival during spermatogenesis in 
mice. Sci Rep [Internet]. 2015 Jun 15; 5:11031. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/26072710

112. 	 Ancelin K, Lange UC, Hajkova P, Schneider R, Bannister 
AJ, Kouzarides T, et al. Blimp1 associates with Prmt5 and 
directs histone arginine methylation in mouse germ cells. 
Nat Cell Biol [Internet]. 2006 May 14; 8:623. Available 
from: https://doi.org/10.1038/ncb1413

113. 	 Eckert D, Biermann K, Nettersheim D, Gillis AJM, Steger 
K, Jack H-M, et al. Expression of BLIMP1/PRMT5 and 
concurrent histone H2A/H4 arginine 3 dimethylation in 
fetal germ cells, CIS/IGCNU and germ cell tumors. BMC 
Dev Biol. 2008 Nov; 8:106. 

114. 	 Kim S, Gunesdogan U, Zylicz JJ, Hackett JA, Cougot D, Bao 
S, et al. PRMT5 protects genomic integrity during global 
DNA demethylation in primordial germ cells and preim-
plantation embryos. Mol Cell. 2014 Nov; 56(4):564–79. 

115. 	 Vagin V V, Wohlschlegel J, Qu J, Jonsson Z, Huang X, 
Chuma S, et al. Proteomic analysis of murine Piwi pro-
teins reveals a role for arginine methylation in specifying 
interaction with Tudor family members. Genes Dev. 2009 
Aug; 23(15):1749–62. 

116. 	 Bordlein A, Scherthan H, Nelkenbrecher C, Molter T, 
Bosl MR, Dippold C, et al. SPOC1 (PHF13) is required 
for spermatogonial stem cell differentiation and sustained 
spermatogenesis. J Cell Sci. 2011 Sep; 124(Pt 18):3137–48. 

117. 	 Chung H-R, Xu C, Fuchs A, Mund A, Lange M, Staege H, 
et al. PHF13 is a molecular reader and transcriptional co-
regulator of H3K4me2/3. Elife. 2016 May; 5. 



17

A. Soumya, Karthika Radhakrishnan and Pradeep G. Kumar

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

118. 	 Kim JS, Chae JH, Cheon Y-P, Kim CG. Reciprocal 
localization of transcription factors YY1 and CP2c 
in spermatogonial stem cells and their putative roles 
during spermatogenesis. Acta Histochem. 2016 Sep; 
118(7):685–92. 

119. 	 Murphy MW, Sarver AL, Rice D, Hatzi K, Ye K, Melnick 
A, et al. Genome-wide analysis of DNA binding and 
transcriptional regulation by the mammalian Doublesex 
homolog DMRT1 in the juvenile testis. Proc Natl Acad Sci 
U S A. 2010 Jul; 107(30):13360–5. 

120. 	 Bhanu N V, Sidoli S, Garcia BA. Histone modification 
profiling reveals differential signatures associated with 
human embryonic stem cell self-renewal and differen-
tiation. Proteomics [Internet]. 2016/01/28. 2016 Feb; 
16(3):448–58. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/26631989

121. 	 Liu Y, Giannopoulou EG, Wen D, Falciatori I, Elemento O, 
Allis CD, et al. Epigenetic profiles signify cell fate plastic-
ity in unipotent spermatogonial stem and progenitor cells. 
Nat Commun [Internet]. 2016 Apr 27; 7:11275. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/27117588

122. 	 Turner JMA. Meiotic sex chromosome inactivation. 
Development. 2007 May; 134(10):1823–31. 

123. 	 Magaraki A, van der Heijden G, Sleddens-Linkels E, 
Magarakis L, van Cappellen WA, Peters AHFM, et 
al. Silencing markers are retained on pericentric het-
erochromatin during murine primordial germ cell 
development. Epigenetics Chromatin [Internet]. 2017; 
10(1):11. Available from: https://doi.org/10.1186/s13072-
017-0119-3

124. 	 Baumann C, Schmidtmann A, Muegge K, De La Fuente 
R. Association of ATRX with pericentric heterochromatin 
and the Y chromosome of neonatal mouse spermatogo-
nia. BMC Mol Biol [Internet]. 2008 Mar 13; 9:29. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/18366812

125. 	 Maezawa S, Hasegawa K, Alavattam KG, Funakoshi M, 
Sato T, Barski A, et al. SCML2 promotes heterochromatin 
organization in late spermatogenesis. J Cell Sci. 2018 Sep; 
131(17). 

126. 	 Fernandez-Capetillo O, Mahadevaiah SK, Celeste A, 
Romanienko PJ, Camerini-Otero RD, Bonner WM, et al. 
H2AX is required for chromatin remodeling and inacti-
vation of sex chromosomes in male mouse meiosis. Dev 
Cell. 2003 Apr; 4(4):497–508. 

127. 	 Namekawa SH, Park PJ, Zhang L-F, Shima JE, McCarrey 
JR, Griswold MD, et al. Postmeiotic Sex Chromatin in 
the Male Germline of Mice. Curr Biol [Internet]. 2006; 
16(7):660–7. Available from: http://www.sciencedirect.
com/science/article/pii/S0960982206012784

128. 	 Hoyer-Fender S. Molecular aspects of XY body forma-
tion. Cytogenet Genome Res. 2003; 103(3–4):245–55. 

129. 	 Royo H, Seitz H, ElInati E, Peters AHFM, Stadler MB, 
Turner JMA. Silencing of X-Linked MicroRNAs by 
Meiotic Sex Chromosome Inactivation. PLoS Genet. 2015 
Oct; 11(10):e1005461. 

130. 	 Royo H, Polikiewicz G, Mahadevaiah SK, Prosser H, 
Mitchell M, Bradley A, et al. Evidence that meiotic sex 
chromosome inactivation is essential for male fertility. 
Curr Biol. 2010 Dec; 20(23):2117–23. 

131. 	 Ichijima Y, Sin H-S, Namekawa SH. Sex chromosome 
inactivation in germ cells: emerging roles of DNA dam-
age response pathways. Cell Mol Life Sci. 2012 Aug; 
69(15):2559–72. 

132. 	 Royo H, Prosser H, Ruzankina Y, Mahadevaiah SK, 
Cloutier JM, Baumann M, et al. ATR acts stage specifi-
cally to regulate multiple aspects of mammalian meiotic 
silencing. Genes Dev. 2013 Jul; 27(13):1484–94. 

133. 	 ElInati E, Russell HR, Ojarikre OA, Sangrithi M, Hirota 
T, de Rooij DG, et al. DNA damage response protein 
TOPBP1 regulates X chromosome silencing in the mam-
malian germ line. Proc Natl Acad Sci U S A. 2017 Nov; 
114(47):12536–41. 

134. 	 Broering TJ, Alavattam KG, Sadreyev RI, Ichijima Y, Kato 
Y, Hasegawa K, et al. BRCA1 establishes DNA damage 
signaling and pericentric heterochromatin of the X chro-
mosome in male meiosis. J Cell Biol [Internet]. 2014 Jun 
9; 205(5):663–75. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/24914237

135. 	 Ichijima Y, Ichijima M, Lou Z, Nussenzweig A, Camerini-
Otero RD, Chen J, et al. MDC1 directs chromosome-wide 
silencing of the sex chromosomes in male germ cells. 
Genes Dev. 2011 May; 25(9):959–71. 

136. 	 Jiang H, Gao Q, Zheng W, Yin S, Wang L, Zhong L, et al. 
MOF influences meiotic expansion of H2AX phosphory-
lation and spermatogenesis in mice. PLoS Genet. 2018 
May; 14(5):e1007300. 

137. 	 Manterola M, Brown TM, Oh MY, Garyn C, Gonzalez BJ, 
Wolgemuth DJ. BRDT is an essential epigenetic regulator 
for proper chromatin organization, silencing of sex chro-
mosomes and crossover formation in male meiosis. PLoS 
Genet. 2018 Mar; 14(3):e1007209. 

138. 	 Kato Y, Alavattam KG, Sin H-S, Meetei AR, Pang Q, 
Andreassen PR, et al. FANCB is essential in the male 
germline and regulates H3K9 methylation on the sex 
chromosomes during meiosis. Hum Mol Genet. 2015 Sep; 
24(18):5234–49. 

139. 	 Hirota T, Blakeley P, Sangrithi MN, Mahadevaiah SK, 
Encheva V, Snijders AP, et al. SETDB1 Links the Meiotic 
DNA Damage Response to Sex Chromosome Silencing in 
Mice. Dev Cell. 2018 Dec; 47(5):645–659.e6. 

140. 	 Sheng K, Liang X, Huang S, Xu W. The role of histone 
ubiquitination during spermatogenesis. Biomed Res Int 



18

DNA Methylation and Histone Modifications Associated with Male Germ Cell Differentiation

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

[Internet]. 2014/05/19. 2014; 2014:870695. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/24963488

141. 	 Richburg JH, Myers JL, Bratton SB. The role of E3 ligases 
in the ubiquitin-dependent regulation of spermatogen-
esis. Semin Cell Dev Biol. 2014 Jun; 30:27–35. 

142. 	 Guo Y, Song Y, Guo Z, Hu M, Liu B, Duan H, et al. 
Function of RAD6B and RNF8 in spermatogenesis. Cell 
Cycle. 2018; 17(2):162–73. 

143. 	 An JY, Kim E-A, Jiang Y, Zakrzewska A, Kim DE, Lee 
MJ, et al. UBR2 mediates transcriptional silencing dur-
ing spermatogenesis via histone ubiquitination. Proc 
Natl Acad Sci U S A [Internet]. 2010/01/11. 2010 Feb 2; 
107(5):1912–7. Available from: https://www.ncbi.nlm.
nih.gov/pubmed/20080676

144. 	 Wang L, Cao C, Wang F, Zhao J, Li W. H2B ubiqui-
tination: Conserved molecular mechanism, diverse 
physiologic functions of the E3 ligase during meiosis. 
Nucleus [Internet]. 2017 Jun 19; 8(5):461–8. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/28628358

145. 	 Sin H-S, Barski A, Zhang F, Kartashov A V, Nussenzweig 
A, Chen J, et al. RNF8 regulates active epigenetic modi-
fications and escape gene activation from inactive sex 
chromosomes in post-meiotic spermatids. Genes Dev. 
2012 Dec; 26(24):2737–48. 

146. 	 Alavattam KG, Kato Y, Sin H-S, Maezawa S, Kowalski IJ, 
Zhang F, et al. Elucidation of the Fanconi Anemia Protein 
Network in Meiosis and Its Function in the Regulation of 
Histone Modifications. Cell Rep. 2016 Oct; 17(4):1141–57. 

147. 	 Luo M, Zhou J, Leu NA, Abreu CM, Wang J, Anguera 
MC, et al. Polycomb protein SCML2 associates with USP7 
and counteracts histone H2A ubiquitination in the XY 
chromatin during male meiosis. PLoS Genet. 2015 Jan; 
11(1):e1004954. 

148. 	 Adams SR, Maezawa S, Alavattam KG, Abe H, Sakashita 
A, Shroder M, et al. RNF8 and SCML2 cooperate to reg-
ulate ubiquitination and H3K27 acetylation for escape 
gene activation on the sex chromosomes. Adams IR, edi-
tor. PLoS Genet [Internet]. 2018 Feb 20; 14(2):e1007233. 
Available from: http://www.ncbi.nlm.nih.gov/pmc/arti-
cles/PMC5834201/

149. 	 Greaves IK, Rangasamy D, Devoy M, Marshall Graves JA, 
Tremethick DJ. The X and Y chromosomes assemble into 
H2A.Z-containing [corrected] facultative heterochroma-
tin [corrected] following meiosis. Mol Cell Biol. 2006 Jul; 
26(14):5394–405. 

150. 	 Ryan DP, Tremethick DJ. The interplay between H2A.Z 
and H3K9 methylation in regulating HP1α binding to 
linker histone-containing chromatin. Nucleic Acids 
Res [Internet]. 2018/07/11. 2018 Oct 12; 46(18):9353–
66. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/30007360

151. 	 Zhuang X-J, Tang W-H, Feng X, Liu C-Y, Zhu J-L, Yan J, et 
al. Trim27 interacts with Slx2, is associated with meiotic 
processes during spermatogenesis. Cell Cycle [Internet]. 
2016 Sep 9; 15(19):2576–84. Available from: https://www.
ncbi.nlm.nih.gov/pubmed/27612028

152. 	 Hu J, Sun F, Handel MA. Nuclear localization of EIF4G3 
suggests a role for the XY body in translational regulation 
during spermatogenesis in mice. Biol Reprod. 2018 Jan; 
98(1):102–14. 

153. 	 Jamin SP, Petit FG, Kervarrec C, Smagulova F, Illner D, 
Scherthan H, et al. EXOSC10/Rrp6 is post-translation-
ally regulated in male germ cells and controls the onset 
of spermatogenesis. Sci Rep [Internet]. 2017 Nov 8; 
7(1):15065. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/29118343

154. 	 Moretti C, Vaiman D, Tores F, Cocquet J. Expression and 
epigenomic landscape of the sex chromosomes in mouse 
post-meiotic male germ cells. Epigenetics Chromatin. 
2016; 9:47. 

155. 	 Reynard LN, Turner JMA. Increased sex chromosome 
expression and epigenetic abnormalities in spermatids 
from male mice with Y chromosome deletions. J Cell Sci. 
2009 Nov; 122(Pt 22):4239–48. 

156. 	 Moretti C, Serrentino M-E, Ialy-Radio C, Delessard M, 
Soboleva TA, Tores F, et al. SLY regulates genes involved 
in chromatin remodeling and interacts with TBL1XR1 
during sperm differentiation. Cell Death Differ. 2017 Jun; 
24(6):1029–44. 

157. 	 Riel JM, Yamauchi Y, Sugawara A, Li HYJ, Ruthig V, 
Stoytcheva Z, et al. Deficiency of the multi-copy mouse Y 
gene Sly causes sperm DNA damage and abnormal chro-
matin packaging. J Cell Sci. 2013 Feb; 126(Pt 3):803–13. 

158. 	 Cocquet J, Ellis PJI, Yamauchi Y, Mahadevaiah SK, Affara 
NA, Ward MA, et al. The multicopy gene Sly represses the 
sex chromosomes in the male mouse germline after meio-
sis. PLoS Biol. 2009 Nov; 7(11):e1000244. 

159. 	 Pattabiraman S, Baumann C, Guisado D, Eppig JJ, 
Schimenti JC, De La Fuente R. Mouse BRWD1 is critical 
for spermatid postmeiotic transcription and female meiotic 
chromosome stability. J Cell Biol. 2015 Jan; 208(1):53–69. 

160. 	 Jenkins TG, Aston KI, James ER, Carrell DT. Sperm epi-
genetics in the study of male fertility, offspring health, 
and potential clinical applications. Syst Biol Reprod Med. 
2017 Apr; 63(2):69–76. 

161. 	 Meyer RG, Ketchum CC, Meyer-Ficca ML. Heritable 
sperm chromatin epigenetics: a break to remember†. Biol 
Reprod [Internet]. 2017; 97(6):784–97. Available from: 
http://dx.doi.org/10.1093/biolre/iox137

162. 	 Rathke C, Baarends WM, Awe S, Renkawitz-Pohl R. 
Chromatin dynamics during spermiogenesis. Biochim 
Biophys Acta. 2014 Mar; 1839(3):155–68. 



19

A. Soumya, Karthika Radhakrishnan and Pradeep G. Kumar

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

163. 	 Luense LJ, Wang X, Schon SB, Weller AH, Lin Shiao E, 
Bryant JM, et al. Comprehensive analysis of histone post-
translational modifications in mouse and human male 
germ cells. Epigenetics Chromatin. 2016; 9:24. 

164. 	 Yoshida K, Muratani M, Araki H, Miura F, Suzuki T, 
Dohmae N, et al. Mapping of histone-binding sites in his-
tone replacement-completed spermatozoa. Nat Commun. 
2018 Sep; 9(1):3885. 

165. 	 Yamaguchi K, Hada M, Fukuda Y, Inoue E, Makino Y, 
Katou Y, et al. Re-evaluating the Localization of Sperm-
Retained Histones Revealed the Modification-Dependent 
Accumulation in Specific Genome Regions. Cell Rep. 
2018 Jun; 23(13):3920–32. 

166. 	 Meyer-Ficca ML, Ihara M, Lonchar JD, Meistrich ML, 
Austin CA, Min W, et al. Poly(ADP-ribose) metabolism is 
essential for proper nucleoprotein exchange during mouse 
spermiogenesis. Biol Reprod. 2011 Feb; 84(2):218–28. 

167. 	 Meyer-Ficca ML, Lonchar JD, Ihara M, Bader JJ, Meyer 
RG. Alteration of poly(ADP-ribose) metabolism affects 
murine sperm nuclear architecture by impairing peri-
centric heterochromatin condensation. Chromosoma 
[Internet]. 2013/06/01. 2013 Aug; 122(4):319–35. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/23729169

168. 	 Ihara M, Meyer-Ficca ML, Leu NA, Rao S, Li F, Gregory 
BD, et al. Paternal poly (ADP-ribose) metabolism mod-
ulates retention of inheritable sperm histones and early 
embryonic gene expression. PLoS Genet [Internet]. 2014 
May 8; 10(5):e1004317–e1004317. Available from: https://
www.ncbi.nlm.nih.gov/pubmed/24810616

169. 	 Ben Maamar M, Sadler-Riggleman I, Beck D, Skinner 
MK. Epigenetic Transgenerational Inheritance of Altered 
Sperm Histone Retention Sites. Sci Rep. 2018 Mar; 
8(1):5308. 

170. 	 Hamad MF, Shelko N, Kartarius S, Montenarh M, 
Hammadeh ME. Impact of cigarette smoking on histone 
(H2B) to protamine ratio in human spermatozoa and 
its relation to sperm parameters. Andrology. 2014 Sep; 
2(5):666–77. 

171. 	 Yu B, Qi Y, Liu D, Gao X, Chen H, Bai C, et al. Cigarette 
smoking is associated with abnormal histone-to-prot-
amine transition in human sperm. Fertil Steril. 2014 Jan; 
101(1):51–57.e1. 

172. 	 Schagdarsurengin U, Steger K. Epigenetics in male repro-
duction: effect of paternal diet on sperm quality and 
offspring health. Nat Rev Urol. 2016 Oct; 13(10):584–95. 

173. 	 Du Y, Li M, Chen J, Duan Y, Wang X, Qiu Y, et al. Promoter 
targeted bisulfite sequencing reveals DNA methylation 
profiles associated with low sperm motility in astheno-
zoospermia. Hum Reprod. 2016 Jan; 31(1):24–33. 

174. 	 Rahiminia T, Yazd EF, Fesahat F, Moein MR, Mirjalili AM, 
Talebi AR. Sperm chromatin and DNA integrity, methyl-

transferase mRNA levels, and global DNA methylation 
in oligoasthenoteratozoospermia. Clin Exp Reprod Med. 
2018 Mar; 45(1):17–24. 

175. 	 Dehghanpour F, Tabibnejad N, Fesahat F, Yazdinejad F, 
Talebi AR. Evaluation of sperm protamine deficiency and 
apoptosis in infertile men with idiopathic teratozoosper-
mia. Clin Exp Reprod Med. 2017 Jun; 44(2):73–8. 

176. 	 Ben Maamar M, Sadler-Riggleman I, Beck D, McBirney 
M, Nilsson E, Klukovich R, et al. Alterations in sperm 
DNA methylation, non-coding RNA expression, and his-
tone retention mediate vinclozolin-induced epigenetic 
transgenerational inheritance of disease. Environ epi-
genetics. 2018 Apr; 4(2):dvy010. 

177. 	 Skinner MK, Ben Maamar M, Sadler-Riggleman I, Beck D, 
Nilsson E, McBirney M, et al. Alterations in sperm DNA 
methylation, non-coding RNA and histone retention 
associate with DDT-induced epigenetic transgenerational 
inheritance of disease. Epigenetics Chromatin [Internet]. 
2018; 11(1):8. Available from: https://doi.org/10.1186/
s13072-018-0178-0

178. 	 Denomme MM, McCallie BR, Parks JC, Schoolcraft WB, 
Katz-Jaffe MG. Alterations in the sperm histone-retained 
epigenome are associated with unexplained male factor 
infertility and poor blastocyst development in donor oocyte 
IVF cycles. Hum Reprod. 2017 Dec; 32(12):2443–55. 

179. 	 Kropp J, Carrillo JA, Namous H, Daniels A, Salih SM, 
Song J, et al. Male fertility status is associated with DNA 
methylation signatures in sperm and transcriptomic pro-
files of bovine preimplantation embryos. BMC Genomics. 
2017 Apr; 18(1):280. 

180. 	 Castillo J, Jodar M, Oliva R. The contribution of human 
sperm proteins to the development and epigenome of the 
preimplantation embryo. Hum Reprod Update [Internet]. 
2018; 24(5):535–55. Available from: http://dx.doi.
org/10.1093/humupd/dmy017

181. 	 Ge S, Zhao P, Liu X, Zhao Z, Liu M. Necessity to Evaluate 
Epigenetic Quality of the Sperm for Assisted Reproductive 
Technology. Reprod Sci. 2018 Nov; 1933719118808907. 

182. 	 Chan D, Delbes G, Landry M, Robaire B, Trasler JM. 
Epigenetic alterations in sperm DNA associated with 
testicular cancer treatment. Toxicol Sci. 2012 Feb; 
125(2):532–43. 

183. 	 Markulin D, Vojta A, Samarzija I, Gamulin M, Beceheli 
I, Jukic I, et al. Association Between RASSF1A Promoter 
Methylation and Testicular Germ Cell Tumor: A 
Meta-analysis and a Cohort Study. Cancer Genomics 
Proteomics. 2017; 14(5):363–72. 

184. 	 Almabhouh FA, Singh HJ. Adverse effects of leptin on 
histone-to-protamine transition during spermatogen-
esis are prevented by melatonin in Sprague-Dawley rats. 
Andrologia. 2018 Feb; 50(1). 



20

DNA Methylation and Histone Modifications Associated with Male Germ Cell Differentiation

Journal of Endocrinology and ReproductionVol 22 (1) | June 2018 | http://www.informaticsjournals.com/index.php/jer/index

185. 	 Green CD, Ma Q, Manske GL, Shami AN, Zheng X, 
Marini S, et al. A Comprehensive Roadmap of Murine 
Spermatogenesis Defined by Single-Cell RNA-Seq. Dev 
Cell. 2018 Sep; 46(5):651–667.e10. 

186. 	 Chen Y, Zheng Y, Gao Y, Lin Z, Yang S, Wang T, et al. 
Single-cell RNA-seq uncovers dynamic processes and 
critical regulators in mouse spermatogenesis. Cell Res. 
2018 Sep; 28(9):879–96. 

187. 	 Goudarzi A, Shiota H, Rousseaux S, Khochbin S. Genome-
scale acetylation-dependent histone eviction during 
spermatogenesis. J Mol Biol. 2014 Oct; 426(20):3342–9. 

188. 	 Liu S, Yu H, Liu Y, Liu X, Zhang Y, Bu C, et al. 
Chromodomain Protein CDYL Acts as a Crotonyl-
CoA Hydratase to Regulate Histone Crotonylation and 
Spermatogenesis. Mol Cell. 2017 Sep; 67(5):853–866.e5. 

189. 	 An J, Zhang X, Qin J, Wan Y, Hu Y, Liu T, et al. The histone 
methyltransferase ESET is required for the survival of 
spermatogonial stem/progenitor cells in mice. Cell Death 
Dis. 2014 Apr; 5:e1196. 

190. 	 Ozawa M, Fukuda T, Sakamoto R, Honda H, Yoshida N. The 
Histone Demethylase FBXL10 Regulates the Proliferation 
of Spermatogonia and Ensures Long-Term Sustainable 
Spermatogenesis in Mice. Biol Reprod. 2016 Apr; 94(4):92. 

191. 	 Di Giacomo M, Comazzetto S, Sampath SC, Sampath SC, 
O’Carroll D. G9a co-suppresses LINE1 elements in sper-
matogonia. Epigenetics Chromatin [Internet]. 2014 Sep 
11; 7:24. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/25276231

192. 	 Liu Z, Zhou S, Liao L, Chen X, Meistrich M, Xu J. Jmjd1a 
demethylase-regulated histone modification is essential 
for cAMP-response element modulator-regulated gene 
expression and spermatogenesis. J Biol Chem [Internet]. 
2009/11/12. 2010 Jan 22; 285(4):2758–70. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/19910458

193. 	 Nakajima R, Okano H, Noce T. JMJD1C Exhibits 
Multiple Functions in Epigenetic Regulation during 
Spermatogenesis. PLoS One. 2016; 11(9):e0163466. 

194. 	 Kuroki S, Akiyoshi M, Tokura M, Miyachi H, Nakai Y, 
Kimura H, et al. JMJD1C, a JmjC domain-containing pro-
tein, is required for long-term maintenance of male germ 
cells in mice. Biol Reprod. 2013 Oct; 89(4):93. 

195. 	 Lambrot R, Lafleur C, Kimmins S. The histone demeth-
ylase KDM1A is essential for the maintenance and 
differentiation of spermatogonial stem cells and progeni-
tors. FASEB J Off Publ Fed Am Soc Exp Biol. 2015 Nov; 
29(11):4402–16. 

196. 	 Okada Y, Scott G, Ray MK, Mishina Y, Zhang Y. Histone 
demethylase JHDM2A is critical for Tnp1 and Prm1 
transcription and spermatogenesis. Nature. 2007 Nov; 
450(7166):119–23. 

197. 	 Okada Y, Tateishi K, Zhang Y. Histone demethylase 
JHDM2A is involved in male infertility and obesity. J 
Androl. 2010; 31(1):75–8. 

198. 	 Iwamori N, Zhao M, Meistrich ML, Matzuk MM. The 
testis-enriched histone demethylase, KDM4D, regulates 
methylation of histone H3 lysine 9 during spermatogene-
sis in the mouse but is dispensable for fertility. Biol Reprod 
[Internet]. 2011/02/03. 2011 Jun; 84(6):1225–34. Available 
from: https://www.ncbi.nlm.nih.gov/pubmed/21293030

199. 	 Wu R, Wang Z, Zhang H, Gan H, Zhang Z. H3K9me3 
demethylase Kdm4d facilitates the formation of pre-ini-
tiative complex and regulates DNA replication. Nucleic 
Acids Res. 2017 Jan; 45(1):169–80. 

200. 	 Zoabi M, Nadar-Ponniah PT, Khoury-Haddad H, Usaj M, 
Budowski-Tal I, Haran T, et al. RNA-dependent chroma-
tin localization of KDM4D lysine demethylase promotes 
H3K9me3 demethylation. Nucleic Acids Res. 2014 Dec; 
42(21):13026–38. 

201. 	 Khoury-Haddad H, Nadar-Ponniah PT, Awwad S, Ayoub 
N. The emerging role of lysine demethylases in DNA 
damage response: dissecting the recruitment mode of 
KDM4D/JMJD2D to DNA damage sites. Cell Cycle. 2015; 
14(7):950–8. 

202. 	 Glaser S, Lubitz S, Loveland KL, Ohbo K, Robb L, Schwenk 
F, et al. The histone 3 lysine 4 methyltransferase, Mll2, 
is only required briefly in development and spermato-
genesis. Epigenetics Chromatin [Internet]. 2009; 2(1):5. 
Available from: https://doi.org/10.1186/1756-8935-2-5

203. 	 Shi B, Xue J, Zhou J, Kasowitz SD, Zhang Y, Liang G, et al. 
MORC2B is essential for meiotic progression and fertility. 
PLoS Genet [Internet]. 2018 Jan 12; 14(1):e1007175–
e1007175. Available from: https://www.ncbi.nlm.nih.gov/
pubmed/29329290

204. 	 Hayashi K, Matsui Y. Meisetz, a novel histone tri-meth-
yltransferase, regulates meiosis-specific epigenesis. Cell 
Cycle. 2006 Mar; 5(6):615–20. 

205. 	 Thibault-Sennett S, Yu Q, Smagulova F, Cloutier J, Brick 
K, Camerini-Otero RD, et al. Interrogating the Functions 
of PRDM9 Domains in Meiosis. Genetics [Internet]. 
2018/04/19. 2018 Jun; 209(2):475–87. Available from: 
https://www.ncbi.nlm.nih.gov/pubmed/29674518

206. 	 Lu L-Y, Wu J, Ye L, Gavrilina GB, Saunders TL, Yu X. 
RNF8-dependent histone modifications regulate nucleo-
some removal during spermatogenesis. Dev Cell. 2010 
Mar; 18(3):371–84. 

207. 	 Liu T, Chen X, Li T, Li X, Lyu Y, Fan X, et al. Histone 
methyltransferase SETDB1 maintains survival of mouse 
spermatogonial stem/progenitor cells via PTEN/AKT/
FOXO1 pathway. Biochim Biophys acta Gene Regul 
Mech. 2017 Oct; 1860(10):1094–102.


