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Mammalian  germline  reprogramming  involves  the erasure  and  re-establishment  of  epigenetic  infor-
mation  critical  for germ  cell  function  and  inheritance  in offspring.  The  bi-faceted  nature  of  such
reprogramming  ensures  germline  repression  of  somatic  programmes  and  the  establishment  of  a  carefully
constructed  epigenome  essential  for fertilisation  and embryonic  development  in the  next  generation.
While  the  majority  of  the  germline  epigenome  is  erased  in preparation  for  embryonic  development,  cer-
tain genomic  sequences  remain  resistant  to this  and  may  represent  routes  for  transmission  of  epigenetic
changes  through  the germline.  Epigenetic  reprogramming  is  regulated  by highly  conserved  epigenetic
modifiers,  which  function  to  establish,  maintain  and  remove  DNA  methylation  and  chromatin  modifica-
eprogramming
NA methylation
istone modification

tions.  In this  review,  we  discuss  recent  findings  from  a  considerable  body  of  work  illustrating  the  critical
requirement  of epigenetic  modifiers  that  influence  the  epigenetic  signature  present  in mature  gametes,
and  have  the  potential  to affect  developmental  outcomes  in  the offspring.  We  also  briefly  discuss  the
similarities  of these  mechanisms  in  the  human  germline  and  consider  the potential  for  inheritance  of

epigenetically  induced  germline  genetic  errors  that  could  impact  on  offspring  phenotypes.

©  2015  Published  by Elsevier  Ltd.
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Fig. 1. Germline cycle and epigenetic reprogramming waves. Primordial germ cells
(PGCs) are specified from the mouse epiblast at embryonic day (E)6.5. PGCs migrate
and enter the bipotential gonad at E11.0, followed shortly after by gonad differenti-
ation and germ cell sex determination. Germ cells subsequently follow sex-specific
developmental trajectories; female germ cells enter meiosis and male germ cells
enter mitotic arrest between E13.5–E14.5. In the adult, gametes mature through
folliculogenesis in the ovary and spermatogenesis in the testis to produce mature
gametes capable of fertilisation. After specification widespread epigenetic repro-
gramming occurs in the germline (wave 1: green bar) with an initial phase of
epigenetic erasure (dark green) that removes parent-specific information, follow-
ing by establishment of new sex-specific epigenetic information (light green). A
K. Hogg, P.S. Western / Seminars in Cell 

. Introduction

Germ cells transmit genetic and epigenetic information to the
ffspring. Although genetic inheritance is well understood and the
NA sequence provides the underlying material on which nat-
ral selection acts, the role of epigenetic inheritance in biology
nd evolution is relatively poorly understood. Moreover, epigenetic
echanisms perform fundamental roles in regulating genome sta-

ility and the possibility that altered germline epigenetics may
ediate genetic changes that affect inheritance, remains poorly

nderstood.
Epigenetic mechanisms regulate chromatin structure, allowing

he DNA to be properly organised and compacted into the nucleus
n a way that permits accurate gene transcription and gene silenc-
ng [1]. This is mediated primarily through DNA methylation and
n array of chemical modifications to the histone proteins (histone
odifications). These modifications are flexible in that they can

e removed or added, providing a myriad of chromatin formats
hat profoundly affect developmental processes. However, epige-
etic modifications are also heritable across cell generations and
hereby provide cells with the ability to stabilise lineage identity
nd somatic gene expression profiles throughout life [2].

Similarly, heritability of some epigenetic modifications from
he parent significantly affects behaviour, development and
ealth in the offspring [3]. The best understood example of
pigenetic inheritance is genomic imprinting, which involves dif-
erential methylation of genomic regions that confers allele or
arent-specific gene expression important for offspring growth,
evelopment and behaviour. Germ cells perform a critical role in
emoving existing epigenetic information from the genome and
stablishing new epigenetic information in the forming gametes,

 process known as epigenetic reprogramming. In most cases this
rocess underpins normal outcomes in the offspring. However,
he plasticity of epigenetic modifications also leaves the germline
usceptible to environmental influences that potentially alter epi-
enetic state in the parental germline and may  have consequences
n the offspring.

In this review, we outline the role of the germline in regu-
ating the epigenetic signature of the gametes and the potential
or altered epigenetic states to be inherited by the next genera-
ion. Although most existing models focus on identifying epigenetic
hanges in the germline that alter outcomes in the offspring, we
riefly raise the possibility that epigenetic change in the germline

eads to secondary genetic changes that could be transmitted to
he offspring. As most of what we know is derived from stud-
es in mice, this review will primarily focus on the mouse model.
owever, recent advances in deriving human germline cells from
luripotent stem cells and from studies of in vivo germline devel-
pment have significantly progressed our understanding of human
ermline epigenetics.

. Epigenetic reprogramming in the germline

In the mouse, primordial germ cells (PGCs) are specified via BMP
ignalling in the posterior extra-embryonic mesoderm at embry-
nic day (E) 6.25 [4–6] (Fig. 1). The newly specified PGCs migrate
rom the base of the allantois, along the hindgut to reach the geni-
al ridge by E11.0. Although there is a short period of mitotic arrest
t E8.5, the PGCs are highly proliferative during migration and for
round two days after colonising the gonad [7–9]. At ∼E12.0 the
ipotential gonad differentiates down the testis or ovarian path-

ay and germ cells initiate differentiation through sex-specific

ignalling from supporting somatic cells (Fig. 1) [10,11]. By E14.5
ale germ cells exit the cell cycle and enter a period of mitotic

rrest, which is not resumed until after birth [12]. In contrast,
second round of epigenetic reprogramming (wave 2: blue bar) occurs in the embryo
(erasure/re-methylation: darker/lighter blue), but inherited epigenetic modifica-
tions survive this phase.

female germ cells cease to proliferate, enter meiosis and become
arrested in prophase I by E14.5 [13], thus representing a finite
gametogenic store for female individuals.

2.1. DNA methylation dynamics in the developing germline

During mammalian development there are two  waves of exten-
sive epigenetic reprogramming; the first occurring in the newly
specified PGCs during migration and colonisation of the gonad,
and the second taking place in the early preimplantation embryo
shortly after fertilisation (Fig. 2). The first round of epigenetic
reprogramming permits the removal of existing epigenetic infor-
mation and establishment of an epigenome that is distinct to that
of somatic lineages, a process that is essential for germline iden-
tity and function. Furthermore, epigenetic reprogramming in the
germline establishes a chromatin signature that permits a return
to totipotency (the ability to form all cell types in the body), which
is essential for formation of a viable zygote, and that carries sex-
specific epigenetic information critical for health and development
in the offspring. Hence male and female germ cells represent spe-
cialised cell types that must acquire epigenetic patterning suitable
for directing gametogenic function and the ability to support devel-
opment.

Genome-wide DNA demethylation is a major event charac-
terising germline and preimplantation epigenetic reprogramming
(Fig. 2). DNA methylation is a biochemical modification occur-
ring primarily at cytosine residues within cytosine-guanidine
(CpG) dinucleotides. DNA methylation has established roles in
gene and retrotransposon silencing, genomic imprinting, X-
chromosome inactivation and chromosomal stability [14–16].
Upon specification, the germline undergoes widespread global
DNA demethylation [17], primarily at introns, intergenic regions

and repeats, with more modest losses occurring within exons
and promoters [18]. Germline DNA demethylation takes place in
two discernible stages; the first prior to E9.5 when up to 70% of
DNA methylation is lost, and another during the final stages of



106 K. Hogg, P.S. Western / Seminars in Cell & Developmental Biology 45 (2015) 104–113

Fig. 2. Epigenetic reprogramming in the germline and early embryo. The mouse germline undergoes epigenetic remodelling to erase somatic epigenetic memory, to produce
a  gamete capable of re-establishing totipotency in the next generation and to provide gametes with sex-specific epigenetic information that is essential for offspring health
and  development. From E6.5 to E13.5, there is extensive global DNA demethylation in germ cells. Parental imprints are removed and the X-chromosome is reactivated in
female germ cells. Significantly, a portion of genomic sequences are protected from complete DNA demethylation, including some repeat elements (REs). Sex-specific DNA
methylation is re-established by birth in the male germline and postnatally in the female germline. Germline chromatin remodelling includes the removal, and replacement of,
di-methylated histone (H)3 lysine (K)9 with tri-methylated H3K27 repressive marks at ∼E8.0. Genes actively transcribed in germ cells, and critical for germ cell development
and  function may  be marked with the ‘active’ histone modification, H3K4me3. Conversely, genes that are not expressed in the germline, but have essential functions in early
embryo development may be ‘poised’ for transcription, containing bivalent domains enriched for both H3K4me3 and H3K27me3. After fertilisation, the embryo embarks on
a  unde
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 second round of epigenetic reprogramming. Parental pronuclei in the early zygote
he  E3.5 blastocyst. However, parental imprints and some REs are spared DNA deme
ell  lineages. The germline of the next generation is specified at E6.5 and commenc

igration and gonad colonisation [19]. After PGCs enter the gonad,
NA methylation levels continue to fall, although at a slower rate

han during migration, to ∼14% and 7% in male and female E13.5
GCs, respectively [19]. Importantly, this later stage completes
emethylation of genomic imprints, which escape demethylation
uring preimplantation reprogramming, and CpG islands (CGIs) of
-chromosome linked germline expressed genes [20]. As a result
13.5 male and female PGCs possess similar minimal DNA methyl-
tion profiles, which allow subsequent establishment of paternal
nd maternal specific epigenetic information during sperm and
ocyte development, respectively (Fig. 2).

Despite initial observations that the rapid decline in germline
NA methylation occurs through active mechanisms [18,21], there

s now a strong argument that replication-dependent passive
echanisms contribute significantly to DNA demethylation [22].

n line with a passive mechanism, it is well established that the
ermline levels of de novo methyltransferases DNMT3A, DNMT3B
nd the co-factor DNMT3L are very low prior to E12.5 [17,22,23]. In
ddition, the transcription of Uhrf1, a recruitment factor required
or the maintenance methyltransferase, DNMT1, is repressed in
GCs after specification [22,23] and there is minimal localisation
f DNMT1 to replication foci in E10.5–E13.5 PGCs [22]. Further-
ore, the timing of demethylation of a number of genomic imprints

s consistent with the timing of replication-dependent passive
emethylation based on PGC doubling time during the migratory
eriod [22].

Nevertheless, during the later stages of epigenetic reprogramm-
ng (E9.5–E13.5) the methylcytosine dioxygenases ten-eleven
ranslocation 1 (TET1) and TET2, and a number of base exci-

ion repair (BER) proteins are expressed in germ cells [21,22,24].
hese proteins are capable of active DNA demethylation through
onversion of 5-methylcytosine (5-mC) to the intermediary base
-hydroxymethylcytosine (5-hmC). This is thought to provides
rgo major chromatin remodelling and global DNA demethylation to basal levels in
ion at this time. Tissue-specific DNA methylation is re-established across emerging

first wave of epigenetic reprogramming, completing the cycle.

substrates for secondary processes such as BER that remove 5-hmC,
ultimately replacing it with unmethylated cytosine. Supporting a
role for TET1/2-mediated 5-mC oxidation, 5-hmC is detected in
germ cells during this wave of DNA demethylation. The loss of
5-mC between E9.5 and E10.5 is correlated with a global gain in
5-hmC levels, followed by depletion of 5-hmC [24,25]. Moreover,
miRNA knock down of Tet1 and Tet2 in an in vitro model of PGC
development impaired DNA demethylation, whereas overexpress-
ion of these proteins enhanced the removal of germline-specific
DNA methylation [24].

Initial findings indicated that germline epigenetic reprogramm-
ing was  unaffected in the absence of TET1, given the observation
that Tet1/2 deficiency did not negatively impact on germ cell dif-
ferentiation in vitro [24], and that Tet1−/− mice produce viable
and fertile offspring [26]. However, recent studies have revealed
a critical role for TET1 in erasure of genomic imprints. Offspring
generated from Tet1 deficient fathers mated to wild type moth-
ers present with a number of phenotypic abnormalities, including
severe placental and foetal growth defects and a high incidence of
embryonic death [27]. These developmental defects are attributed
to a failure of maternal imprint erasure in the paternal genome,
including DNA methylation at the maternally imprinted genes
Peg3 and Peg10 [27,28]. Therefore, although global changes in DNA
methylation are undetectable in E13.5 germ cells or sperm of Tet1
knock out animals, TET1 is essential for driving active demethyla-
tion at specific loci [27,28].

2.2. Protecting specific loci from reprogramming is critical for the
stability and integrity of the germline epigenome
Striking a balance between DNA demethylation and the reten-
tion of DNA methylation at repeat elements is critical. Adequate
DNA methylation is required for the repression of repeat elements
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n the germline, which have the potential to cause insertional muta-
enesis if inappropriately activated, while sufficient demethylation
ust occur to complete reprogramming. Interestingly, normal

ermline development also involves protecting some sequences
rom DNA demethylation (Fig. 2). Although DNA methylation is nor-

ally removed from a number of repeat sequences including LINEs,
INEs and long terminal repeats (LTRs), some classes including LTR-
ndogenous retrovirus 1 (ERV1) and LTR-ERVK retrotransposons,
hich contain intracisternal A-particle (IAP) elements, are some-
hat resistant to DNA demethylation [18–20,29]. In addition, CGIs

lose to IAP elements also retain higher DNA methylation levels
24] suggesting that they are protected from transcriptional activ-
ty. However, resistance to demethylation at CGIs and non-CGIs not
roximal to IAPs is also observed [19,20,24].

The mechanisms that underpin retention of DNA methylation
n these circumstances are poorly understood, but dysregulation
f these processes could lead to abnormal DNA methylation sig-
atures that are subsequently transmitted to the offspring [30,31].
ecent work has identified a role of the histone methyltransferase,
ETDB1, in mediating H3K9me3 deposition at partially methylated
etrotransposons, including LTR-ERVs and IAPs [32]. Indeed, dele-
ion of germline Setdb1 results in loss of DNA methylation and
he repressive histone modification H3K27me3, and reactivation
f some ERV sequences in a sex-dependent manner. This is asso-
iated with loss of male germ cells and post-natal gonadal defects
n both sexes [32]. Despite the central role of SETDB1 in these pro-
esses, it is very likely that additional repressive mechanisms also
ontribute to silencing of repetitive elements in PGCs.

While appropriate removal of DNA methylation and proba-
ly other epigenetic modifications is essential during germline
eprogramming, re-establishment of appropriate sex-specific mod-
fications is also critical. This is best understood for DNA

ethylation and is mediated by the de novo DNA methyltrans-
erases (DNMT3A, DNMT3B and DNMT3L), which are essential for
he sex-specific re-establishment of DNA methylation at genomic
mprints, single-copy genes and repeat elements in germ cells.
n the male germline this occurs from E15.5, while in females it
s mediated after birth, during oocyte growth. Perturbing these
emethylation pathways results in the activation of repeat ele-
ents, meiotic defects and failed gametogenesis (reviewed in [33]).

he highly conserved PIWI proteins also mediate retrotransposon
ilencing in germ cells and deletion in the mouse confers similar
efects to disruption of DNMT activity [33].

.3. Chromatin remodelling in germ cells and maturing gametes

The remodelling of the germline epigenome also occurs at the
hromatin level and includes extensive reorganisation of histone
odifications, exchange of histone linker proteins and the mobil-

sation of histone chaperone proteins. Coupled with substantial
oss of DNA methylation at E8.0, germ cells exchange the repres-
ive histone mark H3K9me2 with another repressive but more
lastic mark, H3K27me3, at euchromatic regions (Fig. 2) [8,17]. In
ddition, further chromatin reorganisation has been observed in
erm cells coincident with their entry into the gonad, although the
xtent of these changes is debated [34]. However, recent mapping
f histone modifications during germline development has identi-
ed a cohort of genes co-enriched with both repressive H3K27me3
nd active H3K4me3. These include developmental genes that
re not expressed in male or female germ cells, which maintain
hese bivalent marks from foetal stages [35–38] until post-meiotic
tages in adult animals [36,39]. The presence of these modifica-

ions in mature sperm suggests that they perform a critical role
n regulating gene expression during activation of totipotency and
evelopmental competence in the zygote, and during preimplant-
tion development in the offspring.
elopmental Biology 45 (2015) 104–113 107

Dynamic control of germline H3K27me3 has been func-
tionally associated with early germ cell development and the
re-establishment of pluripotency. For example, the PR domain
containing 14, PRDM14, protein is a transcriptional regulator exclu-
sively expressed in male and female germ cells until ∼E13.5-E14.5
[5]. Deletion of Prdm14 results in loss of germ cells in develop-
ing ovaries and testes due to impaired germ cell specification and
activation of pluripotency factors including Sox2 [5]. These defects
are associated with an inability to repress the H3K9me2 methyl-
transferase, Ehmt1,  resulting in the failed exchange of H3K9me2
for H3K27me3 between E8.5 and E9.5 [5]. Another example is
the JmjC-domain containing demethylase, UTX. UTX displaces
the H3K27 methylating polycomb repressive complex 2 (PRC2),
actively demethylates H3K27me3 and associates with H3K4me3
methyltransferases, to activate genes required for development
[40–42]. E12.5 germ cells deficient for Utx contain abnormally high
levels of H3K27me3 and lower germ cell pluripotency [43]. This
inability to return to ground state pluripotency in the absence of
epigenetic regulators, such as PRDM14 and UTX, indicates that
H3K27me3 reprogramming is essential for normal germ cell func-
tion and the establishment of the germline epigenome.

Many questions remain regarding the establishment of epige-
netic marks during PGC development, their genomic distribution
and the precise role that they may  have at specific loci. Although it is
established that certain epigenetic modifiers are required for sper-
matogenesis and oogenesis, there is limited understanding of how
these modifiers might alter epigenetic information in the germline
and how particular modifications are targeted to specific genomic
regions in germ cells. Establishing the roles for specific epige-
netic modifiers, and the potential interactions between epigenetic
modifications, will be vital to understanding how epigenetic sig-
natures established in the germline may  be affected by drugs, diet
or other environmental influences, and how epigenetic changes in
the germline alter phenotypes in offspring.

3. Transmission of epigenetic information to the offspring

While reprogramming occurs during PGC development and in
the foetal germ cells, at least some of this information must then
be retained through meiosis and the final stages of gametogenesis
before being transmitted to the offspring. During the late stages
of gametogenesis the oocyte and sperm undergo extensive chro-
matin remodelling and nuclear condensation, which is required to
silence germline transcriptional programmes and acquire a devel-
opmentally competent nuclear state capable of supporting early
embryogenesis.

3.1. Chromatin remodelling in the oocyte

During oocyte growth, chromatin is reorganised from a decon-
densed configuration during the transcriptionally active period in
diplotene-stage oocytes, to a condensed configuration in mature
oocytes [44,45]. Histone variants present during oocyte growth
include the oocyte-specific H1 linker histone variant H1foo [46,47],
the H2A variant macro H2A [48] and the replication independent
variant H3.3 [49], suggesting that there is dynamic remodelling of
maternal chromatin during this time. Genetic studies have demon-
strated the essential requirement for the oocyte-specific histone
H1 linker proteins for embryonic development [50]. H1foo is nec-
essary for maturation of germinal vesicle (GV) stage oocytes and
is required for meiotic resumption, suggesting a role in cell cycle

[51]. siRNA depletion of H3.3 in oocytes reveals an essential role of
this maternally derived factor for preimplantation reprogramming
and for the reactivation of pluripotency programmes in the zygote
[52]. In addition, maternal H3.3 and its chaperone protein HIRA is
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equired for male pronuclear formation and is essential for mouse
evelopment beyond the zygote stage [53–55].

Early oocyte growth is associated with histone hyperacetylation
ermitting active transcription required for oocyte development
56]. As meiotic competence is acquired mid-way through oocyte
rowth, transcriptional programmes are inactivated and the
hromatin condenses allowing the acquisition of developmental
ompetence [57]. This is associated with rapid deacetylation, catal-
sed by the class I histone deacetylases HDAC1 and HDAC2, deletion
f which leads to developmental arrest of secondary-stage follicles
nd sterility [58]. Moreover, pharmaceutical inhibition of HDACs in
V-stage oocytes results in disordered chromatin decondensation,
isrupted binding of the centromeric heterochromatin binding pro-
ein ATRX, and meiotic defects [59].

Modifying HDAC1/2 levels in the growing oocyte can also
xert secondary epigenetic effects beyond increased histone acet-
lation levels. This is illustrated by the increased activity of the
istone demethylase, Kdm5b,  and reduced H3K4 methylation in
dac1/Hdac2 mutants that is associated with genome-wide gene

epression [58]. Furthermore, the dominant catalyst of H3K4
rimethylation, MLL2, is required for global transcriptional silenc-
ng associated with the onset of meiotic resumption [60]. Class
I histone deacetylase activity is also implicated in oocyte chro-

atin reorganisation, with over-expression of the predominantly
ytoplasmic HDAC6 in GV-stage oocytes leading to premature chro-
atin compaction [61].

.2. Chromatin remodelling in sperm

During spermiogenesis, extensive chromatin remodelling in
ound spermatids is associated with the resumption of meio-
is, nuclear condensation and the acquisition of developmental
ompetence to produce mature spermatozoa. Unlike the nucleo-
omal inheritance of the maternal genome, the paternal genome
ndergoes genome-wide histone-protamine exchange [62], which

s required for packaging the genome into the sperm head and
ignificantly affects epigenetic programming in the zygote [63].

hile protamines are rapidly replaced with maternally derived
istones after fertilisation [64], approximately 1% and 10% of his-
ones are retained in mouse and human sperm, respectively [62,65]
nd therefore could transmit epigenetic information that mediates
aternal epigenetic inheritance.

Although testis-specific histone variants, including TH2B and
1t are not retained during histone-protamine exchange, others

ncluding H2AL1/2 [66], H2A.Bbd [67,68], H1t2 [69], Hils1 [70]
nd H2A.Lap1 [71] are specifically incorporated during histone-
rotamine exchange. However, with the exception of H2AL1/2,
hich is removed soon after fertilisation and presumably is not

nherited [72], the potential for testis-specific histone variants to
ontribute to paternal epigenetic inheritance is not known. Despite
his, it is clear that some of these variants are essential for normal
permiogenesis since deletion of Hlt2 results in defective sper-
atids, delayed chromatin condensation and reduced fertility [69].
Histone hyperacetylation is a further hallmark of sper-

atid chromatin remodelling [73] and may  be important for
istone-protamine exchange and nuclear condensation. In sperm,
cetylated histones are recognised by the testis-specific bromod-
main protein, BRDT [74], which is essential for normal nuclear
ondensation and spermatid development in mice [75]. Modifiers
f histone methylation are also critical for normal spermiogene-
is, including the H3K9me1/2 demethylase, JMJDA1 [76], and the
istone methyltransferase, Mll5 [77].
Of particular interest in epigenetic inheritance is the repres-
ive polycomb group complex, PRC2, first identified in Drosophila
or its role in repressing homeotic genes [78]. PRC2 catalyses
he trimethylation of H3K27 at developmental genes such as the
elopmental Biology 45 (2015) 104–113

Hox genes [65,79,80]. In the male germline, conditional deletion
of the PRC2 component Embryonic ectoderm development (Eed)
results in complete infertility due failed meiosis [81], revealing a
role of PRC2 in male germline development. Genome-wide stud-
ies of chromatin state in mature sperm reveal that H3K27me3,
H3K4me3 and DNA methylation are found on distinct sequences
indicating that these epigenetic modifications provide a specific
epigenetic signature in male gametes [65,80]. Moreover, these
modifications may  guide the histone-protamine exchange pro-
cess with DNA methylation marked for protamination, H3K4me3
enriched sequences marked for exchange of canonical histones
H3.1 and H3.2 for the H3.3 variant, and enrichment of H3K27me3
corresponding with the retention of canonical H3.1 [82]. Of partic-
ular interest, H3K27me3 is enriched at the promoters of a range
of developmental genes that are repressed during preimplantation
development in the offspring [82]. These data provide important
insights into a chromatin signature that is established during male
germline development and presumably transmitted to offspring in
whom it may  mediate paternal epigenetic inheritance.

3.3. Do epigenetically induced genetic alterations contribute to
inheritance?

It is clear that both the maternal and paternal gametes trans-
mit  complex epigenetic information to the offspring. Moreover,
numerous reports in animal models and human cohorts indi-
cate that environmental impacts on the parent can contribute to
behavioural, endocrine and metabolic defects in offspring/children
(reviewed in [3,83]). These outcomes are often attributed to epige-
netic changes in the germline that are transmitted to the offspring,
although in most cases the potential underlying epigenetic defect
remains unknown and a definitive link to epigenetic inheritance
remains to be confirmed [84,85]. It is also possible that epigenetic
defects may  induce genetic changes in the germline and have an
indirect affect on the offspring [86]. In such a case, although the pri-
mary lesion may  be epigenetic, this may  lead to a genetic change(s)
in the germline that is transmitted to and affects phenotype in the
offspring (Fig. 3).

The most obvious genetic changes that could occur involve de-
repression and insertional mutagenesis of repetitive sequences,
such as ERVs. Indeed, a number of examples demonstrate the
mobilisation of repetitive elements in the germline, including
blockages in the piRNA pathway and H3K9 methylation [32,33].
However, it is possible that other sequences may  also be involved,
resulting in copy number variants such as gene duplications or
deletions, although evidence for this is currently lacking. Clearly
the distinction between epigenetic and genetic inheritance is chal-
lenging to assess in a human cohort, and also in animal studies of
mixed genetic backgrounds, although would be possible in rodent
studies using inbred animals. Despite these challenges, this ques-
tion of whether epigenetic changes in the germline are directly
transmitted to the offspring, whether they alter the primary genetic
sequence and are then transmitted, or a combination of the two is
critical. Resolution of these points will provide significant insight
into the balance between epigenetic and genetic inheritance, their
respective affects on offspring, and for determining how environ-
mental influences inducing epigenetic change might affect genetic
diversity.

4. Epigenetic reprogramming in the preimplantation
embryo
Notwithstanding these qualifications, it is clear that epige-
netic inheritance is essential for offspring development, with
genomic imprints providing the classical example. Mechanisms
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Fig. 3. Epigenetic inheritance: epigenetic vs genetic effects? How epigenetic modi-
fications to DNA and chromatin are inherited by successive generations is enigmatic,
and  the subject of recent investigations in maturing gametes and the early embryo.
Evidently, a germline epigenetic error can result in a sub-optimal phenotype in off-
spring. In some cases, this phenotype remains stable across generations. However,
since epigenetic modifications significantly affect genome stability, another possi-
ble  explanation for the propagation of an undesirable phenotype through successive
generations is that an epigenetic defect in the germline might cause a genetic error.
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his could include a copy number variant (insertion/deletion) or base substitution
hat is then transmitted to, and impacts on the offspring. Epigenetic inheritance may
herefore involve either of these possibilities or a combination of the two.

ave evolved to facilitate transmission of these effects to the
omatic tissues, and have been a major focus of research that
as progressed significantly in recent years. Preimplantation
evelopment involves substantial reorganisation of the highly
ifferentiated and non-equivalent parental genomes after fertilisa-
ion, to facilitate totipotency and support embryonic development.
his includes extensive epigenetic remodelling of histone modifica-
ions at pericentric chromatin, genome-wide DNA demethylation
nd zygotic gene activation. In the zygote, the parental genomes are
ranscriptionally inactive and early development relies on mater-
al factors that are supplied by the oocyte before the initiation
f zygotic transcription [87]. Although maternal factors effectively
rive the early stages of development in the zygote and preim-
lantation embryo, it is clear that germline chromatin possesses
ualities that are also required to support normal embryogenesis.
ow germline chromatin states are prepared for initiating develop-
ent in the zygote is a topic of ongoing scrutiny, particularly with

espect to the epigenetic modifications that are transmitted to the
ext generation and the epigenetic modifiers that are involved.

.1. DNA methylation dynamics in the preimplantation embryo

Zygotic and preimplantation reprogramming must achieve two
oals to support development. Firstly, the chromatin must be reor-
anised in order to support the acquisition of a naïve pluripotent
tate capable of supporting early developmental programmes. Sec-
ndly, this stage of reprogramming must protect parent-specific
pigenetic information transmitted by the gametes and which

s required to support development and health in later life (e.g.
enomic imprints). The first goal is achieved through genome-
ide DNA demethylation of the asymmetric parental methylomes,

nherited from the egg and sperm [88,89]. After fertilisation, the
elopmental Biology 45 (2015) 104–113 109

diverse parental methylomes represented by hypermethylated
sperm and intermediately methylated oocytes [90,91], are re-set
and DNA methylation levels are globally reduced to their lowest
levels in the inner cell mass at E3.5 (Fig. 2) [92]. Despite these
global changes in DNA methylation, the second goal is achieved
by protecting some DNA sequences from demethylation in the
early embryo, such as imprints [93–95] and certain repeat elements
including LTRs and IAPs [29], which remain methylated to preserve
genomic integrity.

Historically, it was  considered that the zygotic paternal genome
is actively demethylated before the first mitotic division [96,97],
and was  linked to the rapid DNA methylation loss shortly after
protamine-histone exchange in the zygote [98]. A recent flurry
of papers has put these initial assumptions to the test and con-
cluded that the vast majority of DNA demethylation occurring
in the zygotic paternal (and maternal) genome occurs through
replication-dependent DNA demethylation [92,99–101]. Neverthe-
less, evidence suggests that this process is facilitated by active DNA
demethylation, catalysed by the oxidation of 5-mC to 5-hmC by
TET3 [90,99,101–103]. Furthermore, in contrast to the notion that
active DNA demethylation only occurs in the paternal genome,
recent evidence suggests that TET3 actively demethylates a sig-
nificant number of maternal loci in the maternal genome [92,101]
both in the zygote [99,101] and after the two-cell stage [92]. It also
appears that in the zygote, maternal demethylation at repetitive
elements is counter-balanced by de novo methylation [104].

TET3 is expressed in oocytes of primary follicles and during
oocyte growth and maturation. In the zygote, TET3 is enriched in
the male pronucleus as 5-mC levels decrease and 5-hmC levels
rise [102,105]. Moreover, conditional deletion of Tet3 in the female
germline blocks the formation of 5-hmC in the male pronucleus and
impairs paternal genomic DNA demethylation after fertilisation
[105,106]. This is accompanied by reduced fecundity and increased
mid-gestation developmental failure [105], despite apparently nor-
mal  preimplantation development and zygotic gene activation
[101,105]. However, recent data suggest that TET3 activity may  be
more significant at selected loci than on a global level [90,101,104].
Enhanced whole genome bisulfite sequencing of Tet3 depleted
zygotes indicate that TET3 is required for DNA demethylation of
intergenic and gene body regions, as well as non-CGI contain-
ing promoters [90]. Furthermore, this work demonstrates that at
the majority of loci, DNA demethylation is not impaired by defi-
cient TET3 activity, suggesting that alternative or passive pathways
are primarily involved in DNA demethylation during early repro-
gramming [90].

Indeed, very recently, the role of 5-hmC in coordinating DNA
demethylation of the paternal pronuclei has been challenged by
data showing that the sub-lethal phenotype present in maternal
Tet3 deficient embryos is not caused by defective 5-mC oxidation
[107]. Moreover, the majority of DNA demethylation during this
wave of epigenetic reprogramming is replication-dependent, as
demonstrated by the inability of TET3 to normally demethylate the
parental genomes when DNA replication is blocked [101]. Interest-
ingly, at a subset of CGI-associated promoters, TET3 protects the
sequence from de novo DNA methylation rather than catalysing
demethylation [90]. Preventing DNA methylation at these targets
may  permit their transcriptional activation during early embryo-
genesis, highlighting alternative roles for TET3 and demonstrating
the complexity of loci specific epigenetic control during preim-
plantation reprogramming.

Although the mechanisms that facilitate DNA demethylation
in the pre-mitotic zygote are not fully elucidated, they may  be

required to give the process a ‘head-start’ prior to replication-
dependent DNA methylation. This would ensure that the genome
is sufficiently depleted of DNA methylation marks, and the cor-
rect transcriptional programmes are activated for developmental



1 & Dev

c
f
m
d

4
p

t
m
b
t
c
H
n
m
p
p
w
n
a
a
H
t

a
T
P
R
[
p
a
m
p
t
o
h
h

m
o
r
[
o
p
t
d
I
l
R
m
b
t
[
r
i
a
f

5
g

e

10 K. Hogg, P.S. Western / Seminars in Cell 

ompetence. This is further complicated by the requirement to
acilitate transmission of essential epigenetic modifications that

ust be protected from reprogramming during preimplantation
evelopment.

.2. Differential regulation of chromatin state within the parental
ronuclei

At the most fundamental level, constitutive heterochroma-
in performs crucial roles in chromosomal segregation and the

aintenance of genome integrity [108]. This is complemented
y facultative heterochromatin, which is required for the main-
enance of cell identity between mitotic divisions, ensuring the
orrect repression of certain gene subsets [109]. In the early zygote,
3K9me3 is maintained in constitutive heterochromatin at mater-
al pericentric regions by the maternally derived H3K9 specific
ethyltransferase, SUV39h [110], and the heterochromatic adaptor

rotein, HP1� [111]. In contrast, SUV39h is absent from the male
ronucleus and paternal pericentric heterochromatin is enriched
ith H3K27me3, catalysed by maternally supplied PRC1 compo-
ents including ring finger protein 2 (RNF2) [112]. Recent data
lso show that chromobox homolog 2, CBX2, targets catalytically
ctive PRC1 to paternal constitutive heterochromatin, and that
P1� present on maternal pericentric heterochromatin prevents

his interaction [113].
At euchromatic regions, a number of developmentally associ-

ted genes are bivalently marked with H3K27me3 and H3K4me3.
he repression of these genes involves cooperation of PRC1 and
RC2, where PRC2 recruits PRC1 and gene silencing is mediated by
NF2-induced monoubiquitination of H2A lysine 119 (H2AK119u1)
114,115]. However, PRC1-mediated H3K27me3 enrichment at
aternal pericentric heterochromatin is not dependent on PRC2
ctivity in the zygote [112]. On the other hand, absence of the
aternal PRC1 protein, RNF2, leads to increased de-repression of

aternal but not maternal major satellites [112]. Notably, deple-
ion of Suv39h (loss of H3K9me3) results in the accumulation
f maternal PRC1 components, and H3K27me3, on pericentric
eterochromatin of both parental genomes, indicating a degree of
ierarchy between H3K9me3 and H3K27me3 [112].

While complete deletion of Rnf2 is embryonic lethal [116],
aternal deficiency of RNF2 does not disrupt embryonic devel-

pment [117,118]. However, this is explained by functional
edundancy with the RNF2 paralogue RING1 in the oocyte
117,119], and removal of maternal RNF2 and RING1 stalls embry-
nic development beyond the two-cell stage. Moreover, this
henotype is not rescued through microinjection of Rnf2 mRNA into
he early zygote, indicating the necessity of PRC1 (RNF2 and RING1)
uring oocyte growth for normal embryonic development [117].

ndeed, more than 2500 transcripts with roles in development and
ineage specification are dysregulated in GV oocytes in which both
nf2 and Ring1 are deleted during oocyte growth [117]. Further-
ore, sophisticated chromosome transfer studies demonstrate that

oth PRC1 defined cytoplasmic factors and PRC1 mediated pat-
erning of the maternal genome, contribute to early embryogenesis
117]. Thus PRC1 is a crucial chromatin modulator that maintains a
epressive state at developmental and lineage specifying genes dur-
ng oogenesis, and directs inheritance of cytoplasmic programmes
nd germline chromatin patterns by the zygote that are required
or early developmental competence.

. Conservation of epigenetic mechanisms in the human

ermline

There is a strong imperative to determine how heritability of
pigenetic changes affects human health outcomes. To understand
elopmental Biology 45 (2015) 104–113

this there is a necessity to determine how the human germline
develops, reprogrammes epigenetic information and how these
processes may  be affected by external influences. Clearly, studying
the role of germline epigenome inheritance in humans is chal-
lenging. However, recent advances in unravelling early germline
programming events will enable future investigations into the role
of highly conserved epigenetic modifiers in human germ cell biol-
ogy.

Human PGCs are specified during week 2 of development and
migrate along the hindgut to enter the genital ridge on week 5
[120]. Sex-determination occurs during weeks 6–8 and human
germ cells, now termed gonocytes, are enclosed within testis cords
from around week 7 [121,122]. Oogonia begin to enter meiosis by
week 9 in females, while pre-spermatogonia enter mitotic arrest by
week 18 in males [122]. Week 2–9 human germ cells are develop-
mentally aligned with E6.5–E13.5 mouse germ cells, equivalent to
the main period during which DNA methylation is removed from
the developing germline [120,123].

Epigenetic reprogramming occurs in human germ cells during
week 4–9 of development [120], with the lowest levels of global
DNA methylation observed by weeks 10–11 of gestation [123,124].
Remethylation of the male germ cell genome is thought to occur
sometime later, possibly not until after 19 weeks, and may  occur
later than in the female germline [123,125]. Recent studies employ-
ing immunofluorescence and whole genome bisulfite sequencing
indicate that human germ cells are globally hypomethylated as
early as week 7 [120]. Like the mouse, DNA demethylation in
human germ cells is associated with the repression of the de
novo methyltransferases DNMT3A and DNMT3B, and the func-
tionally associated protein UHRF1 at week 7 of development,
indicating that DNA methylation may  be at least partially depleted
through passive mechanisms [120,124]. Conversely, TET1 levels are
increased in human first trimester germ cells, in combination with
strong enrichment of the BER pathway, suggesting that active DNA
demethylation processes may also be involved [120,123,125].

In common with the mouse, human germ cell retrotransposon
sequences including LINE and SINE elements, and particularly, evo-
lutionarily young L1, ERVK and Alu elements show site-specific
resistance to DNA demethylation [120,123,125]. This is of impor-
tance to the hypothesis that genomic sequences escaping DNA
demethylation contribute to epigenetic inheritance. For example, a
number of sequences classed as DNA demethylation ‘escapees’ that
are not associated with repeat elements, are enriched for H3K9me3
and are found at gene regions involved in brain development and
obesity [120].

Rapid progress is being made in the study of the human germline
epigenome with the recent production of germ cells using in vitro
approaches [120,123,124,126], and research in human foetal germ
cells [120,123–126]. However, the processes underpinning epige-
netic reprogramming in the human germline and transmission of
epigenetic information to the offspring remain poorly understood.
Better understanding of these processes is essential as the human
population faces many new environmental challenges with the
potential for enduring consequences [83,127].

6. Conclusions

Over the past two decades, and particularly in the last five
years, significant progress has been made in unravelling how the
mammalian germline is epigenetically reprogrammed to influence:
(1) germline development, gamete formation and fertility, and (2)
transmission of epigenetic information that permits a return to

totipotency and directs subsequent development in the offspring.
Numerous genetic studies have focused on the role of epigenetic
modifiers during oogenesis and spermatogenesis, and the conse-
quences of their depletion on offspring. While these studies make



& Dev

i
b
t
e
o
p
h
p

C

A

t
t
c
w
t
a
P

R

K. Hogg, P.S. Western / Seminars in Cell 

mportant contributions to our understanding of the potential for
oth maternal and paternal epigenetic inheritance to influence
he offspring, the possibility that epigenetically induced genetic
rrors could contribute should be also considered. Recent devel-
pments in our knowledge of the human germline epigenome are
redicted to result in exciting advances in the understanding of
ow influences on the epigenome may  impact on both evolutionary
rocesses and health and well-being in the human population.
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