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Recent findings shed light on the 
coordination of two fundamen-

tal, yet mechanistically opposing, pro-
cesses in the early mammalian embryo. 
During the oocyte-to-embryo transi-
tion and early preimplantation develop-
ment nuclear reprogramming occurs. 
This resetting of the epigenome in 
maternal and paternal pronuclei to a 
ground state is the essential step ensur-
ing totipotency in the zygote, the first 
embryonic stage. Radical, global DNA 
demethylation, which occurs actively 
in the paternal and passively in the 
maternal genome, is a prominent fea-
ture of nuclear reprogramming; yet, 
this process poses a danger to a subset 
of methylated sequences that must be 
preserved for their germline to soma 
inheritance. Genomic imprinting and 
its importance were demonstrated three 
decades ago by a series of experiments 
generating non-viable mammalian uni-
parental embryos. Indeed, imprinted 
loci, gene clusters with parent-of-origin 
specific gene expression patterns, must 
retain their differential methylation 
status acquired during gametogen-
esis throughout embryogenesis and in 
adult tissues. It is just recently that the 
molecular players that protect/maintain 
imprinting marks during reprogram-
ming in preimplantation embryos have 
been identified, in particular, an epigen-
etic modifier complex formed by ZFP57 
and TRIM28/KAP1. The interaction 
of these and other molecules with the 
newly formed embryonic chromatin and 
imprinted genes is discussed and high-
lighted herein.

Should I stay or should I go
Protection and maintenance of DNA methylation at imprinted genes

Daniel M. Messerschmidt
Mammalian Development Group; Institute of Medical Biology; Singapore, Singapore

Genomic Imprinting

Mammalian parthenotes are not viable,1 
suggesting that differential and essential 
traits are contributed to the newly formed 
embryo by both egg and sperm. By gener-
ating embryos from two female pronuclei 
(biparental gynogenetic embryo) or from 
two male pronuclei (biparental androge-
netic embryos) using pronuclear manipu-
lation in mouse zygotes, the requirement 
of the “genomic contribution” from both 
the mother and the father to the next gen-
eration was demonstrated.2 Nearly three 
decades later the true nature of this paren-
tal imprint is still elusive; however, it is 
well established that asymmetric chroma-
tin and cytosine methylation on DNA at a 
number of genomic loci results in parent-
of-origin specific gene expression in the 
progeny. Thus, gynogenetic and andro-
genetic mammalian embryos differ from 
each other and from normal embryos in 
their expression of essential developmen-
tal genes, explaining their incompatibility 
with life.3,4

Imprinted genes are usually arranged 
in clusters, with each cluster containing 
a local imprinting control region (ICR) 
(Fig. 1A). Different, independently 
evolved mechanisms ensure allele-specific 
expression at over 80 different imprinted 
regions, involving insulator proteins and 
microRNAs, yet each of them ultimately 
depends on differential DNA methylation 
at ICRs. This methylation, established at 
specific loci in the maternal or the paternal 
germ line is conserved throughout devel-
opment and is generally maintained in 
adult tissues.5-7
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ICR methylation patterns are, and must 
be, established in sperm and oocytes, 
respectively (Fig. 2). This reacquisition 
of methylation is DNA methyltransferase 
3A (DNMT3A)-dependent and occurs in 
males during late fetal development and 
begins in females postnatally in growing 
oocytes.21-23 The activity of DNMT3A 
relies on the enzymatically inactive regu-
latory factor DNMT3L, which enables 
binding and methylation of DNA in the 
first place. The loss of DNMT3L equally 
results in loss of maternal and paternal 
imprints. In male germ cells, DNMT3L is 
also required to repress retrotransposons, 
potentially linking genomic imprint-
ing and silencing of repetitive elements. 
This observation may help to answer how 
DNMT3A is specifically targeted to the 
ICRs in the first place.24,25

ICRs are not the only remethylated 
regions in maturing germ cells. The aver-
age DNA methylation level in sperm is 
a remarkable (89.4%), reflective of its 
terminal differentiation and the dense 
packaging of genetic information in these 
highly specialized cells.26 Methylation of 
the maternal genome in oocytes is less 
dense (40%),26 yet still remarkably high 
compared with blastocysts (21%) and 
readily detectable by immunofluorescent 
analysis of 5-methyl-cytosine (5-mC).27-29 
Similar results have been reported recently 
from genome-wide sperm, other oocyte 
and embryo methylome studies.30,31

In contrast to the exceptionally 
restricted potential of germ cells, the 
zygote is the only truly totipotent entity 
in mammals. This dramatic turnabout 
of potency is initiated after fertilization 
when immediate, drastic epigenetic repro-
gramming ensues to produce the totipo-
tent state, which is necessary for further 
embryonic development.10 The enormity 
of this step to the genome is most appar-
ent when the dynamic of DNA demeth-
ylation is examined. Within 7 to 8 h of 
fertilization, before DNA replication ini-
tiates, the paternal pronucleus loses most 
of its 5-mC marks. Conversely to this 
active demethylation, the maternally con-
tributed genome undergoes replication-
dependent, passive demethylation over 
several cell divisions (Fig. 2).27-29,32 Either 
way, in contrast to the epigenetic repro-
gramming in PGCs, reprogramming in 

of both DNA and chromatin.13,14 The 
cell’s epigenome, which does not affect 
the genetic code, is itself heritable at each 
mitotic cell division.15 These epigenetic 
states and their consequent transcriptional 
programs engendered in each cell are 
acquired throughout development as each 
cell specializes, concomitantly sacrificing 
its developmental potential.

To initiate a new life cycle, the epig-
enome must revert to a blank slate state. 
In vitro, this can be achieved by ecto-
pic expression of transcription factors in 
somatic cells, forcing reprogramming 
to an “induced pluripotency” state.16 
Epigenetic reprogramming can also occur 
pathologically in somatic cells in vivo 
but, importantly, it is the key process in 
primordial germ cell (PGC) determina-
tion and the oocyte-to-embryo transition 
(OET) (reviewed in ref. 17).

In both female and male PGCs 
DNA demethylation of genic and inter-
genic regions is completed by embryonic 
day E13.5.18,19 This process is absolute 
and includes reactivation of the second 
X-chromosome in females and full demeth-
ylation of all imprinted gene clusters.20 
The demethylation in early PGCs is essen-
tial, as new all-paternal or all-maternal 

Over the decades, genomic imprinting 
has served as an epigenetic paradigm, and 
many mechanistic aspects of imprinting 
control, establishment, maintenance and 
mitotic inheritance relate to general epi-
genetic principles (for a review see ref. 8). 
In particular, DNA methylation is a prom-
inent and globally applied mechanism and 
has crucial roles not only in imprinting 
but also in X-chromosome inactivation, 
retrotransposon repression, chromosome 
structure and gene silencing.9-11 However, 
epigenetic marks on imprinted loci, due 
to their heritability from generation to 
generation, exhibit unique characteristics, 
especially in regard to epigenetic repro-
gramming (for reviews see refs. 7 and 12).

Epigenetic Reprogramming

All cells in an individual organism (with 
few exceptions) carry identical genetic 
information. Accordingly, functional spe-
cialization of cells during development is 
the outcome of differential transcriptional 
programs, not different genetic informa-
tion. These programs are governed by 
the transcription/translation machinery, 
which in turn is guided and controlled by 
epigenetic (i.e., chemical) modifications 

Figure 1. Schematic representation of the imprinted H19 locus and TRIM28/ZFP57 complex bind-
ing to the ICR. (A) Gene expression from the H19 imprinted locus is controlled by an enhancer, 
whose activity is directed to the H19 promoter by binding the insulator CTCF to the unmethylated 
ICR on the maternal allele. Methylation of the ICR on the paternal allele prevents CTCF binding, 
thus directing the enhancer activity to the Igf2/Igf2as promoters. (B) The ICR of the H19 locus con-
tains a ZFP57 binding site. ZFP57 binds DNA in a sequence- and methylation-dependent manner, 
attracting TRIM28 and several chromatin and DNA modifying components.
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partners has been extended to include, 
at least in embryonic stem cells (ESCs), 
the maintenance and de novo DNA 
methyltransferases DNMT1, DNMT3A 
and DNMT3B.40,44 The DNA binding 
specificity of the complex is conveyed 
by interaction of TRIM28 with various, 
tissue-specifically expressed Krüppel-
associated box-containing zinc-finger pro-
teins (KRAB-ZFPs), such as ZFP57.38

ZFP57 was the first component of the 
complex to be linked to imprinting con-
trol. Ablating maternal-zygotic expression 
of ZFP57 in mouse embryos causes mis-
expression of imprinted genes and loss of 
methylation at both paternally and mater-
nally methylated ICRs.38 Also in humans 
loss-of-function mutations in Zfp57 cause 
hypomethylation at several ICRs, ulti-
mately resulting in transient neo-natal 
diabetes.45 The effect on imprint main-
tenance in mice is less pronounced and 
more variable in zygotic mutants and the 
loss of maternal ZFP57 alone can be fully 
rescued by zygotic expression of the pater-
nal allele.38

Conversely, the deletion of maternal 
Trim28 alone is lethal, though the pheno-
types of affected individuals are variable.39 
DNA methylation analysis of post-
implantation maternal Trim28 mutants 
also revealed an effect on several mater-
nally and paternally methylated ICRs in 
genetically identical individuals.

modification, H3K9me2, specifically 
recruits STELLA to the maternal genome 
and to the subset of paternal ICRs, pre-
venting active DNA demethylation by 
TET (ten-eleven translocation) enzymes 
at these loci.34,36,37

Remarkably, STELLA is also expressed 
in primordial germ cells, detectable first in 
embryos at E7.5 and remaining expressed 
throughout PGC specification. Its pres-
ence in PGCs, however, prevents neither 
active nor passive DNA demethylation of 
ICRs.33

TRIM28 and ZFP57

The loss of STELLA, while only affecting 
a subset of the imprinted regions, globally 
affects the maternal genome. Conversely, a 
chromatin-modifier complex has recently 
been shown to confer reprogramming 
resistance to imprinted regions in a global, 
but much more specific manner.38-40 
TRIM28 (also known as KAP1 or TIF1b) 
is the central scaffolding component of 
this heterochromatin-inducing complex 
containing multiple chromatin-remod-
eling factors. Along with other compo-
nents, it binds the H3K9me3-catalyzing 
histone methyltransferase SETDB1 (or 
ESET), the nucleosome remodeling and 
histone deacetylation (NuRD) complex 
as well as heterochromatin protein 1 
(HP1).41-43 Recently, this list of interaction 

preimplantation embryos is more selec-
tive, conserving DNA methylation at 
ICRs and thus allowing the inheritance of 
the parental imprints by the new embryo 
(Fig. 2).12 Although a control mechanism 
permitting the “demethylation machin-
ery” to distinguish imprinted from non-
imprinted regions and even paternal from 
maternal genomes was postulated early 
on, it is only recently that the pieces to this 
puzzling process have fallen into place.

STELLA

The first genetic evidence for a molecule 
with such a sentry function came from 
analysis of embryos derived from a mater-
nal knockout of the developmental plu-
ripotency-associated 3 protein (DPPA3), 
also known as PGC7 or STELLA.33-35 
Zygotes lacking maternal contribu-
tion of STELLA do not differentiate the 
maternal from paternal genome, actively 
demethylating both as a result.34 These 
mutants arrest before blastocyst forma-
tion. Whether active demethylation vs. 
the normal passive demethylation of the 
maternal pronucleus is the cause of this 
effect is still unclear, as some paternally 
and maternally methylated imprinted 
regions and retrotransposable elements 
are also errantly demethylated. A recent 
study has not resolved this question; yet, it 
has shown that an underlying chromatin 

Figure 2. Global and ICR-specific DNA methylation dynamics in germ cells and embryonic development. Maternal and paternal genomes are methyl-
ated during germ cell specification, including allele-specific methylation of imprinted genes by DNMT3A. Epigenetic reprogramming ensues after 
fertilization of the oocyte by sperm. The paternal genome becomes actively demethylated in the zygote and the maternal genome undergoes passive 
demethylation until the early blastocyst stage. STELLA and potentially TRIM28/ZFP57 protect ICRs from active demethylation in preimplantation 
embryos. ICR methylation is most likely maintained by TRIM28/ZFP57-guided DNMT1 activity.
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restriction analysis (COBRA) showed 
little effect on the H19 ICR in 2-cell stage 
embryos, and loss of methylation only 
became apparent at the 4- to 8-cell stages, 
suggesting DNA demethylation happens 
slowly. Thus, active DNA demethylation 
through base excision repair (BER) as 
observed in primordial germ cells and 
suggested to occur in zygotes46 is unlikely, 
suggestive of a passive mechanism. On the 
other hand, active DNA demethylation by 
TET enzymes produces the intermediate 
5-hmC, which can persist in preimplanta-
tion embryos until it is passively diluted by 
DNA replication.37,47,48

Since bisulfite conversion-based detec-
tion of DNA methylation does not allow 
distinction between 5-mC and 5-hmC, 
i.e., active from passive demethylation,49 it 
is necessary to analyze ICRs in 2-cell stage 
embryos by other methods capable of such 
a distinction. However, the classical meth-
ods (i.e., MeDIP/hMeDIP or immuno-
fluorescent detection) are not applicable 
to the small amounts of genomic material 
available from preimplantation embryos 
or do not allow the required resolution. 
Two related, recently presented methods, 
however, permit the quantitative mapping 
of 5-hmC and data from preimplanta-
tion embryos will undoubtedly be avail-
able soon.50,51 Whether or not active DNA 
demethylation could affect imprinting 
maintenance at all will depend on whether 
ZFP57 is also able to bind 5-hmC in its 
consensus sequence, which remains to be 
shown.

The direct interaction of TRIM28 with 
several DNMTs in ESCs argues in favor of 
a maintenance mechanism preventing the 
passive, replication-dependent dilution of 
5-mC. In particular, the interaction of 
TRIM28 with DNMT1 and NP95, both 
previously shown to be involved in main-
tenance of imprints, is an intriguing find-
ing.40,44,52,53 Branded the “maintenance 
DNA methyltransferase,” DNMT1 rec-
ognizes hemimethylated DNA, propagat-
ing methylation on the newly synthesized, 
“naked” strand in mitotic cells.54,55 The 
new evidence suggests ZFP57-guided tar-
geting of DNMT1 to ICRs. The absence 
of ZFP57, or the linker TRIM28, during 
cell division would therefore prevent such 
maintenance and cause the observed dilu-
tion of methylated ICRs.38,39 In a Trim28 

must be preserved throughout an individ-
ual’s life span even in the face of epigenetic 
reprogramming at early embryonic stages. 
The zinc-finger protein ZFP57 binds both 
maternally and paternally methylated 
ICRs in a sequence- and methylation-
specific manner. Through the interaction 
of ZFP57 with TRIM28, the chromatin- 
and DNA-modifying factors, which are all 
maternally expressed, are attracted to the 
methylated ICRs. This complex remains 
bound to ICRs throughout preimplanta-
tion development, preserving the 5-mCs 
in an environment poised to reprogram 
and demethylate genomes (Figs. 1 and 2).

Genetic evidence from various knock-
out studies established the components 
required and, to some extent, their inter-
relationships in this process. However, 
open questions remain especially regard-
ing the actual mechanism employed by 
the TRIM28/ZFP57 complex to preserve 
DNA methylation.

Protection, Maintenance or Both?

In maternal Trim28 mutants demeth-
ylation of the ICRs is not complete. In 
fact, the most affected locus (H19) is 
completely demethylated in only 50% 
of the analyzed embryos. Other loci are 
less frequently affected and some appear 
to be unaffected. This could result from 
paternal TRIM28 rescue of the not yet 
demethylated ICRs that still retain bound 
ZFP57. Theoretically, after zygotic gene 
activation ZFP57 could engage newly 
synthesized TRIM28 expressed from the 
paternal allele to attract the whole modi-
fier complex and recover normal imprint-
ing. It is therefore likely that the rate of 
demethylation and of TRIM28 transcrip-
tion from the paternal genome dictates the 
severity and variability of the mutant phe-
notype.39 Testing this hypothesis would 
require ICR methylation analysis of indi-
vidual, maternal-zygotic Trim28 mutant 
embryos, which to date is prevented by 
technical limitations.

The rate of DNA demethylation in 
the embryo depends on whether it occurs 
actively or passively. It is tempting to con-
sider that binding of the ZFP57/TRIM28 
complex to ICRs could prevent active 
DNA demethylation, similar to STELLA 
function. However, combined bisulphite 

ICR Recognition

Despite the fact that ICRs are not all 
affected to the same extent in mutant 
Trim28 or Zfp57 embryos, the binding of 
TRIM28 and ZFP57 and the presence of 
H3K9me3, product of the histone meth-
yltransferase SETDB1, were detected at 
all imprinted loci tested.39 This global, yet 
highly specific, binding was confirmed by 
genome-wide DNA binding analysis in 
ESCs, showing that 91 loci, including all 
known ICRs, are bound by the complex 
in a fully ZFP57-dependent manner.40 
Predictably, deletion of Zfp57 in ESCs also 
affects DNA methylation, with five tested 
ICRs (Snrpn, KvDMR, Rasgrf1, Peg3 and 
Gnas) being fully demethylated. In con-
trast, deletion of Trim28 in ESCs results in a 
rapid loss of pluripotency and growth arrest, 
preventing comprehensive analysis of DNA-
demethylation dynamics in these cells.40

Interestingly, in maternal Trim28 mutant 
embryos with hypomethylated ICRs, 
TRIM28 and ZFP57 binding and accu-
mulation of H3K9me3 was lost and never 
recovered, even when TRIM28 from the 
paternal allele was expressed (unpublished 
observation).39 This observation provided 
the first in vivo indication that DNA-
binding of ZFP57 is 5-mC-dependent. Once 
DNA methylation at the ICR is lost it can-
not be restored. In vitro, this irrevocability 
has been illustrated by forced expression of 
wild-type ZFP57 in a Zfp57 null embryonic 
stem cell line, which does not restore DNA 
methylation at ICRs. Using an inducible 
deletion/expression system it was moreover 
demonstrated, that wild-type ZFP57, but 
not a TRIM28 interaction-deficient ZFP57 
protein, can prevent loss of DNA methyla-
tion, further cementing the requirement for 
TRIM28 in this process.44

Analysis of the binding sites discovered 
by ChIP-seq in ESCs revealed a hexanucle-
otide consensus ZFP57-binding sequence 
(TGCCGC), which was highly conserved 
in 81 of 91 bound loci.40 Further, in vitro 
gel-shift assays confirmed preferential 
binding of the ZFP57 zinc-finger domain 
to the methylated oligonucleotide.

In a Nutshell

Genomic imprinting is regulated by DNA 
methylation at control regions, which 
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DNA methylation at ICRs has not been 
analyzed. Intriguingly, conditional dele-
tion of Trim28 in the hippocampus of 
mice, a region also expressing ZFP57,58 led 
to disregulation of some imprinted loci,59 
suggesting a similar function in adult tis-
sues, which requires further investigation.

Yet, preimplantation embryos and ESC 
are well known for their labile epigen-
etic states. The requirement for parental 
genome activation followed directly by the 
preparation of blastomeres for disparate 
cell fates in the first lineage segregations 
demands great epigenetic plasticity. This 
plasticity is recognizable in co-expression 
of both demethylating (TETs) and meth-
ylating (DNMTs) enzymes, and in the 
presence of bivalent chromatin marks.60-62 
Such an environment might just require 
specific, specialized targeting of a main-
tenance complex to ICRs to ensure epi-
genetic integrity in these volatile cells. For 
instance, recent careful reexamination of 

Trim28 mutants, especially since the 
paternally methylated H19 locus is most 
strongly affected. This combination of 
both demethylation mechanisms fur-
ther enhances the unpredictability of the 
phenotypic and molecular outcome for 
individual blastomeres, and even more 
so for the embryos, fitting our in vivo 
observations.39

The implication that the ZFP57/
TRIM28/DNMT1 complex could main-
tain imprints in a regulated way in preim-
plantation embryos, rather than simply 
providing mere protection from demeth-
ylation, raises the question as to whether 
this mechanism could also affect later 
developmental stages and adult tissues. 
Zygotic Trim28 mutants die at gastrula-
tion, failing to induce mesoderm differen-
tiation and showing extreme upregulation 
of IAP retrotransposons.56,57 However, a 
comprehensive analysis of the phenotype 
and its cause was not performed, and 

maternal-mutant embryo only two cells 
would carry one hemimethylated allele at 
any stage before zygotic rescue (Fig. 3B). 
With 91 loci bound by the complex, ran-
domly distributed among the blastomeres, 
permutations of methylation defects could 
be vast, leading to a wide range of pheno-
types. In this scenario, ZFP57 recognizes 
hemimethylation on either DNA strand 
in combination with its hexameric (non- 
palindromic) binding site, a hypothesis 
that remains to be tested (Fig. 3A).

The question as to whether the 
TRIM28/ZFP57 complex inhibits active 
or passive demethylation cannot be con-
clusively answered at this time. Additional 
experiments, such as conditional dele-
tion of Zfp57 in ESCs and timed, com-
parative MeDIP/hMeDIP experiments 
could, however, provide considerable 
insights. Possibly, a combination of both 
active and passive demethylation contrib-
ute to the loss of imprinting in maternal 

Figure 3. Possible DNA methylation maintenance scenario in normal and Trim28 maternal mutant embryos. (A) ZFP57-dependent recognition of ICRs 
and TRIM28-mediated recruitment of DNMT1 during/after replication allows methylation of the newly synthesized strand. Note that this mecha-
nism requires ZFP57-recognition of hemimethylated DNA on either strand in combination with the non-palindromic hexanucleotide ZFP57-binding 
sequence (bold). (B) In the absence of TRIM28, DNMT1 is not recruited to ICRs, resulting in hemimethylated alleles in the 2-cell stage embryo. Further 
DNA replication, in absence of TRIM28, produces two hemimethylated and two unmethylated alleles (highlighted) to be inherited at the 4-cell stage. 
(For simplicity, only the methylated parental allele and only one daughter cell are depicted.)
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Finally, evidence from maternal Zfp57 
mutants suggests a role for ZFP57 in 
establishing methylation at the Snrpn ICR 
in the maternal germ line.38 Even though 
this finding was not confirmed in mater-
nal Trim28 mutants (unpublished obser-
vation), it opens the exciting prospect that 
profound analysis of ZFP57 function and 
its binding partners might shed light onto 
the other major, still unanswered, ques-
tion of imprinting: how is DNA methyla-
tion established at ICRs in the first place?
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