UCSF

UC San Francisco Previously Published Works

Title
Unwind and transcribe: chromatin reprogramming in the early mammalian embryo.

Permalink

bttgs:ééescholarshiQ.orgéucgitem425n4264g

Authors
Biechele, Steffen
Lin, Chih-Jen
Rinaudo, Paolo

Publication Date
2015-10-01

DOI
10.1016/j.gde.2015.06.003

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2sn4z64k
https://escholarship.org/uc/item/2sn4z64k#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Genet Dev. 2015 October ; 34: 17-23. doi:10.1016/j.gde.2015.06.003.

Unwind and transcribe: chromatin reprogramming in the early
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Center Way, University of California, San Francisco, CA 94143, USA

Abstract

Within the first few days of life, the unipotent gametic genomes are rapidly reprogrammed to
support emergence of pluripotent cells in the early mammalian embryo. It is now appreciated that
this critical stage of development involves dramatic changes to chromatin at multiple levels, such
as DNA methylation, histone modifications, histone mobility, and higher-order chromatin
organization. Technological advances are beginning to allow genome-wide views of this
chromatin reprogramming, and provide new approaches to functionally dissect its regulation. Here
we review recent insights into the dynamic chromatin environment of the early mouse embryo.
New data challenge long-held assumptions, for example, with regards to the asymmetry of DNA
methylation of the parental genomes or the onset of functional zygotic genome activation. We
discuss how impaired chromatin reprogramming can lead to early embryonic lethality, but might
also have delayed effects that only manifest later in embryogenesis or postnatally, potentially
influencing the propensity for adult-onset diseases.

Introduction

A key goal of contemporary biology is to understand the mechanisms that underlie cellular
potency, defined as the ability to give rise to different cell types. The highest level of
cellular potency is the totipotency of the zygote and early blastomeres of the mammalian
preimplantation embryo. This is rapidly followed by pluripotency, which defines the state of
the peri-implantation epiblast cells that are no longer able to differentiate into extra-
embryonic tissues, but can give rise to any tissue of the embryo proper and thus the
organism after birth. While the instructive roles of transcription factors and signaling
pathways in these processes have been investigated and described extensively (reviewed in
[1]), an increasing body of data suggests that reprogramming of chromatin states plays an
important role in allowing, buffering and/or instructing transitions in cellular potency.
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The ability to observe preimplantation development ex vivo and the extensive tools
available for genetic and genomic studies make the mouse an excellent model system to
dissect chromatin reprogramming in the early mammalian embryo. Moreover, a limited
number of studies can be carried out in human embryos, which can also be cultured ex vivo
from the zygote to the blastocyst stage. This research represents a pivotal intersection of
basic and applied research, as understanding of the epigenetic reprogramming of the
gametes towards totipotency and the establishment of pluripotency will be instructive both
for reprogramming-based regenerative medicine applications as well as Assisted
Reproductive Technologies (ART) in humans. Here we review recent advances in chromatin
reprogramming during early mammalian development.

Epigenetic reprogramming of gametic genomes

H3.3 incorporation in nucleosome assembly and transcription

Very soon after a sperm cell enters the oocyte, a dramatic protamine-to-histone exchange
takes place in the paternal genome. Recent studies in flies reveal that histone chaperones
(TAP/p32, NAP-1, NLP) act to remove protamines from the sperm genome [2]. Maternal
Histone 3.3 (H3.3), a histone variant that does not depend on DNA replication to be
incorporated and is associated with active transcription, is the main type of H3 incorporated
into the paternal genome [3,4], but its functional role in the mouse had remained unclear.
Recent work from our lab and others shows that incorporation of H3.3 by its chaperone Hira
is not involved in protamine removal, but is indispensable for nucleosome assembly and
subsequent DNA replication in the male genome [5,6], as well as for ELYS-mediated
nuclear pore complex assembly [7].

An unexpected finding of our studies is that Hira-mediated H3.3 incorporation is required
for RNA Polymerase | (Pol I) transcription in both the maternal and the paternal pronuclei,
which in turn is essential for zygote development [6]. These results indicate that the female
pronucleus is not a passive “bystander” as previously assumed, but rather undergoes active
reprogramming. Moreover, these data challenge a decades-old dogma that transcription of
the zygotic genome in mouse is minor and not required for the development to the 2-cell
stage [8,9]. While phenotypic consequences of zygotic Pol Il inhibition only become
obvious beyond the 2-cell stage [10], Pol I function is strictly required for the transition to
the two cell stage [6]. Thus, Zygotic Genome Activation (ZGA) can be considered to begin
at the zygote stage with the transcription of rRNA by Pol I, in preparation for the translation
of mRNAs transcribed by Pol 11 at the 2-cell stage (Fig. 1). While these findings are
exciting, they raise several new questions. Further studies should focus on (1) the
characterization of the genome-wide location of H3.3 in the parental genomes (2) the
mechanisms by which H3.3-containing nucleosomes support DNA replication and rRNA
transcription and (3) the kinetics of ribosomal RNA biosynthesis and translation in the
zygote.

High resolution views of DNA demethylation in early mouse embryo

Around the same time that the parental genomes are reprogrammed at the nucleosomal level
to support development, they also undergo DNA demethylation on a remarkable genome-
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wide scale. Previous low resolution studies based primarily on immunofluorescence staining
suggested that the paternal genome undergoes rapid active DNA demethylation via Tet3-
mediated oxidation of 5-methyl-cytosine (5mC) to 5-hydroxymethyl-cytosine (5hmC)
[11-14]. On the other hand, the female genome was thought to undergo passive DNA
demethylation by dilution of 5mC with each DNA replication in the absence of maintenance
methylation by Dnmt1 (reviewed in [15]).

Similarly to the case of histone reprogramming (above), this simplistic view of asymmetric
DNA demethylation was partially overturned with recent base-pair resolution next-
generation sequencing techniques. Wang et al. [16] demonstrated that active DNA
demethylation is not restricted to the male genome (Fig 1). Instead, the oxidized 5mC
derivatives 5hmC and 5-formylcytosine (5fC), which are products of Tet activity, are
detected in both parental genomes. Independent studies [17-19] confirmed the simultaneous
involvement of active as well passive DNA demethylation in both pronuclei in the zygote by
dissecting the mechanisms genetically (using maternal Tet3 mutants) or pharmacologically
(using the DNA replication inhibitor Aphidicolin). Blurring the lines between active and
passive DNA demethylation, some genomic regions were shown to undergo Tet3-mediated
conversion of 5mC to 5hmC, followed by DNA-replication dependent conversion to
unmodified cytosine (C) [17]. Guo et al. [17] further discovered that TDG (thymine DNA
glycosylase), a DNA repair enzyme that can promote the conversion of the 5mC oxidized
derivatives to C via base excision repair, is not involved in DNA demethylation in the
zygote. Thus, while base excision repair may still contribute to DNA demethylation, it does
not involve TDG.

The picture that emerges (Fig. 1) is one where multiple partially redundant demethylation
pathways operate in both parental genomes, to varying extents in each genome that may
depend on the timing of DNA replication, local chromatin landscape, and accessibility to
Tet3. It will be of interest to dissect the contribution of each of these factors, as well as their
relationship with other regulators of DNA methylation during early development, such as
Dppa3 [20], Zfp57 [21], Prmt5 [22], or Trim28 [23,24]. The observation that H3.3
incorporation is required for DNA replication [6] places histone reprogramming upstream of
passive DNA demethylation, but the interplay between histone and DNA reprogramming
requires further investigation.

Perhaps more vexing is the question of the function of this massive wave of DNA
demethylation, which to date remains unclear. Embryos with a maternal Tet3 mutation are
sub-viable [14], although this defect is also observed in zygotic heterozygous animals,
pointing to a functional role of Tet3 later in gestation [25]. DNA demethylation may erase of
potential epimutations present in the gametes, facilitate activation of developmental genes or
regulatory sequences, contribute to surveillance of transposable elements in the genome,
and/or reduction in transcriptional noise during development. Genome-wide analyses of
mutants in regulators of DNA demethylation should contribute to shedding light on this
question.
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Setting up pluripotency during cleavage stages and peri-implantation

Histone modifications

Global removal of DNA methylation during early development allows for the derepression
of transposable elements (TESs), such as LINEs, SINEs and IAPs, which have been detected
at particularly high levels at the 2-cell stage [26,27], without causing major genomic
instability. Maternal-zygotic deletion of Prmt5, an arginine methyltransferase that catalyzes
repressive methylation of H2A/H4R3, causes upregulation of IAPs during preimplantation
development and subsequent embryonic lethality [22]. These data suggest that histone
modifications contribute to keeping TE activity below a critical level in the context of low
DNA methylation during preimplantation development. The regulation and potential
relevance [28] of the controlled expression of TEs in totipotent cells clearly represents an
area of future discovery.

In addition to contributing to genome defense, intriguing new evidence suggests that histone
modifications may also play instructive roles in directing cell fates prior to or in parallel
with lineage-specific transcription factors, such as Cdx2 and Oct4. Burton et al. identified
Prdm14, a Carml-interacting protein that attenuates H3R26me2 levels and biases cells
towards the inner cell mass (ICM) fate already at the 4-cell stage [29]. Along these lines,
Saha and colleagues found that disrupting the balance of KDM6B and EED affects the
levels of H3K27me3 and transcription at key trophectoderm regulators, and interferes with
normal blastocyst formation [30].

Histone variants and mobility

Histone variants have also been shown to have an impact on the epigenetic landscape of the
preimplantation embryo. We found that H3.3 is required for development to the blastocyst
stage by preventing over-condensation and mis-segregation of chromosomes during
cleavage [31]. At the molecular level, H3.3 is required to maintain high levels of H3K36me2
and H4K16ac, marks of decondensed chromatin, and to antagonize excessive incorporation
of linker histone H1 [31]. These results highlight the intricate interplay between histone
variants, histone modifications and chromosome structure, and support the notion that there
is a critical sensitivity to aneuploidies at the morula-to-blastocyst transition.

While the genome-wide location of histone variants and histone marks during cleavage
stages remains to be determined, the mobility of several GFP-tagged histones has recently
been investigated using FRAP [32]. Interestingly, the mobility of H3.3 remains unchanged
between the 2- and the 8-cell stages, while H2A, H3.1 and H3.2 mobility decreases along
with an increase in heterochromatin. Pluripotent cells of the ICM display a lower histone
mobility than totipotent cleavage stage cells but higher than trophectoderm cells [32].
Similarly, ES cells have higher histone mobility than differentiated cells derived from them
[33]. Thus, histone mobility in the preimplantation embryo appears to correlate with
developmental potency of cells (Fig. 1). The functional relevance of this intriguing
observation remains to be investigated.
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Euchromatin vs Heterochromatin

While a globally decondensed chromatin is associated with totipotency, Jachowicz et al.
recently explored the significance of the localization of pericentromeric heterochromatin at
the periphery of nucleolar precursor bodies [34]. Pericentromeric DNA was tethered to the
nuclear lamina using a fusion protein between Zn fingers that bind to major satellite repeats
and emerin, an integral protein of the inner nuclear membrane. Interestingly, this resulted in
major satellite de-repression and defective development to the blastocyst stage [34]. These
findings suggest that the developmental defect may be caused by impaired heterochromatin
silencing, although unrelated effects on fidelity of mitosis cannot be excluded. Nevertheless,
the results point to a nuclear partitioning of silenced vs active chromatin domains in
totipotent/pluripotent cells that is distinct from that of differentiated cells.

Overall, little is known about the molecular regulation of the decondensed chromatin state of
pluripotent cells. Chdl, a chromatin remodeler that binds to the active histone mark
H3K4me3, had previously been implicated in maintenance of decondensed chromatin in
embryonic stem (ES) cells [35]. Following up on these studies, we recently showed that
Chd1—/- ES cells have a self-renewal deficit and a 25-30% reduction in transcriptional
output genome-wide, including of ribosomal RNA. In vivo, we found that Chd1l is
specifically required in the epiblast for development past E5.5, and that Chd1—/— mutant
epiblast cells have abnormal nucleolar morphology and greatly reduced rRNA expression
[36]. These results reveal that Chd1 is a critical regulator of the globally elevated
transcriptional output of pluripotent cells, which in turn may be required for their rapid cell
proliferation. In support of these findings, in vitro studies have recently showed that
silencing of nucleolar ribosomal DNA nucleates heterochromatinization of non-nucleolar
DNA and promotes exit from pluripotency [37]. Clearly, the role of the nucleolus as an
orchestrator of the euchromatic state of pluripotent cells deserves further exploration.

X chromosome reactivation during preimplantation development

Likely the most extreme form of facultative heterochromatinization is displayed by the
inactive X chromosome in female cells. The re-activation and inactivation of the X
chromosome (XCR/XCI) in females represents a special case of epigenetic regulation that
appears to encompass all previously discussed modes of regulation. While the paternal X
chromosome remains inactive in the extra-embryonic trophoblast cells, cells of the ICM
reactivate the imprinted X by E3.5 and undergo subsequent random XCI. These inactivation
events have been investigated in great detail and will not be discussed here (for a recent
review, see [38]).

The regulation of XCR remains much less understood than that of XCI. It was recently
shown that the non-coding RNA Tsix and the transcriptional regulator Prdm14 are important
for efficient XCR prior to implantation [39], but the molecular details underlying these
defects remain unclear. Consistent with the in vivo findings that Tsix is a positive regulator
of XCR efficiency, but is not absolutely required, both Payer et al. and Pasque et al. found
Tsix to be dispensable for XCR during induced pluripotent stem cell (iPSC) generation in
vitro [39,40]. Pasque and colleagues further identified several intermediate steps of
epigenetic reprogramming during XCR in individual female cells in vitro, establishing a
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paradigm that may allow for the generation of testable hypotheses for the regulation of XCR
in vivo.

Do environmental factors modulate epigenetic states during early

mammalian development?

There is a growing appreciation that environmental factors can impact chromatin states, at
least in part by modulating metabolic pathways [41]. Given the extensive chromatin
reprogramming that occurs during early mammalian development, it is possible that
environmental influences during this window of time lead to alterations in the chromatin
state of pluripotent cells that are epigenetically inherited into adulthood (Fig. 1). Such
epimutations could affect disease propensity in the adult or possibly across generations [42].
Epidemiological data support the so-called developmental origin of health and disease
(DOHaD) hypothesis [43,44], but the underlying molecular mechanisms remain unknown.

ART [reviewed in [45,46]] and nutritional cues [47] are among the most common and better
studied environmental stresses that can alter epigenetic marks in preimplantation embryos.
Overall there is a lack of genome-wide data in this field. Recent evidence from low-
resolution studies using immunofluorescence indicate a decrease in H3K4me3 levels
following ART [48] or acute dietary zinc deprivation [49]. Tian and Diaz further report a
reduction in DNA methylation and an increase in the mRNA levels of some TEs in zinc-
deficient oocytes [49]. Taking a candidate gene approach, Feuer et al. found that a glucose-
sensitive gene, Thioredoxin-interacting protein (Txnip), is expressed at significantly higher
levels in in vitro fertilization (I\VVF) blastocysts, and adipose tissue and muscle of adult IVF
females [50]. This dysregulation of Txnip expression was associated with enrichment for H4
acetylation at the Txnip promoter, detected both at the blastocyst stage and in adult adipose
tissue. There were no detectable DNA methylation differences at the Txnip promoter [50].
Interestingly, analyses of DNA methylation at a select group of imprinted genes at E10.5
reveal an increase in stochastic errors associated with ART in the placenta, but not the
embryo [51]. These studies lend some support to the notion that early mammalian
development is a window of opportunity for environmental modulation of epigenetic states.
Given that the environment of the preimplantation embryo is by design artificially
manipulated during human ART, this is a question of high relevance where basic science
can make an important contribution. Much work lies ahead in understanding the extent to
which environmental factors affect chromatin states genome-wide, whether chromatin
alterations are cause or consequence of dysregulation of gene expression, what are direct
effects on the embryo vs those modulated by effects in the uterine environment or the
placenta, how epigenetic information is inherited into adulthood, and how it can affect
disease propensity.

Conclusions

Recent advances highlight the importance of chromatin reprogramming for the
establishment of totipotent and pluripotent states during early mammalian development. We
are beginning to gain mechanistic insight into the intricate network of interactions of many
layers of chromatin-level regulation, including DNA methylation, histone marks, histone
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variants, nucleosome positioning, chromatin mobility, higher-order chromatin organization,
and nuclear compartmentalization that contribute to the remarkably precise unfolding of
transcriptional states and lineage decisions in the early mammalian embryo. Due to the
limited amount of material available from preimplantation embryos, however, these
phenomena have to date often been explored using specific loci and exceptional situations,
such as imprinting and XCI/XCR. It is imperative to test how the models that are emerging
fare on a genome-wide scale, particularly with regards to histone modifications. Recent
advances in low cell number ChlIP-seq applied to freshly isolated embryonic cells [52,53]
should be particularly useful in this regard. An area that deserves further attention pertains to
the potential role of non-coding RNAs in the regulation of chromatin states during early
development, as suggested by studies linking satellite repeat expression to heterochromatin
formation [54,55]. In parallel, the use of pluripotent (ESCs, EpiSCs, iPSCs) and extra-
embryonic stem cells (TSCs, XEN cells) provides opportunities to investigate epigenetic
phenomena in vitro that will need to be tested thoroughly in vivo, preferably using rigorous
genetic strategies that avoid artifacts of gene over-expression or knockdown approaches.
Whenever possible, maternal gene manipulation using Cre/loxP technology will continue to
be a method of choice, and new CRISPR/Cas9-based approaches will likely accelerate
discovery on this front. Finally, most studies have investigated the effects of chromatin
abnormalities that are dramatic and frequently lethal by the blastocyst stage. However, the
preimplantation period might also be a sensitive window for sub-lethal insults that result in
epigenetic changes impacting later events in the life. It will be important to rigorously assess
if, when and how environmental factors may epigenetically affect postnatal propensity for
disease. Considering the increasing availability of sophisticated technologies to probe in
depth chromatin states in the early mammalian embryo, the years ahead should prove fertile
ground for fundamental discoveries in this field.

Acknowledgements

We thank members of the Santos lab, Marco Conti, and Matt Lorincz for discussions. We apologize to authors
whose work was not cited due to space limitations. Research in the Santos lab is supported by grants from the NIH
(OD012204 and GM113014) and CIRM (RB4-06028).

References

Of outstanding interest **, of interest *.

1. Posfai E, Tam OH, Rossant J. Mechanisms of pluripotency in vivo and in vitro. Curr Top Dev Biol.
2014; 107:1-37. [PubMed: 24439801]

2. Emelyanov AV, Rabbani J, Mehta M, Vershilova E, Keogh MC, Fyodorov DV. Drosophila
TAP/p32 is a core histone chaperone that cooperates with NAP-1, NLP, and nucleophosmin in
sperm chromatin remodeling during fertilization. Genes Dev. 2014; 28:2027-2040. [PubMed:
25228646]

3. van der Heijden GW, Dieker JW, Derijck AAHA, Muller S, Berden JHM, Braat DDM, van der Vlag
J, de Boer P. Asymmetry in histone H3 variants and lysine methylation between paternal and
maternal chromatin of the early mouse zygote. Mech Dev. 2005; 122:1008-1022. [PubMed:
15922569]

4. Torres-Padilla M-E, Bannister AJ, Hurd PJ, Kouzarides T, Zernicka-Goetz M. Dynamic distribution
of the replacement histone variant H3.3 in the mouse oocyte and preimplantation embryos. Int J
Dev Biol. 2006; 50:455-461. [PubMed: 16586346]

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biechele et al.

11.

12.

Page 8

. Tang MCW, Jacobs SA, Mattiske DM, Soh YM, Graham AN, Tran A, Lim SL, Hudson DF, Kalitsis

P, O'Bryan MK, et al. Contribution of the Two Genes Encoding Histone Variant H3.3 to Viability
and Fertility in Mice. PL0oS Genet. 2015; 11:1004964-23. [PubMed: 25675407]

. Lin C-J, Koh FM, Wong P, Conti M, Ramalho-Santos M. Hira-mediated H3.3 incorporation is

required for DNA replication and ribosomal RNA transcription in the mouse zygote. Developmental
Cell. 2014; 30:268-279. ** This study shows that Hira-mediated H3.3 incorporation is required for
Pol | mediated transcription of rDNA in the zygote, and development to the 2-cell stage. [PubMed:
25087892]

. Inoue A, Zhang Y. Nucleosome assembly is required for nuclear pore complex assembly in mouse

zygotes. Nat Struct Mol Biol. 2014; 21:609-616. [PubMed: 24908396]

. Braude P, Pelham H, Flach G, Lobatto R. Post-transcriptional control in the early mouse embryo.

Nature. 1979; 282:102-105. [PubMed: 503184]

. Schultz RM. The molecular foundations of the maternal to zygotic transition in the preimplantation

embryo. Hum Reprod Update. 2002; 8:323-331. [PubMed: 12206467]

10. Flach G, Johnson MH, Braude PR, Taylor RA, Bolton VN. The transition from maternal to

embryonic control in the 2-cell mouse embryo. EMBO J. 1982; 1:681-686. [PubMed: 7188357]
Wossidlo M, Nakamura T, Lepikhov K, Marques CJ, Zakhartchenko V, Boiani M, Arand J,
Nakano T, Reik W, Walter J. 5-Hydroxymethylcytosine in the mammalian zygote is linked with
epigenetic reprogramming. Nature Communications. 2011; 2:241.

Oswald J, Engemann S, Lane N, Mayer W, Olek A, Fundele R, Dean W, Reik W, Walter J. Active
demethylation of the paternal genome in the mouse zygote. Curr. Biol. 2000; 10:475-478.
[PubMed: 10801417]

13. Mayer W, Niveleau A, Walter J, Fundele R, Haaf T. Demethylation of the zygotic paternal

genome. Nature. 2000; 403:501-502. [PubMed: 10676950]

14. Gu T-P, Guo F, Yang H, Wu H-P, Xu G-F, Liu W, Xie Z-G, Shi L, He X, Jin S-G, et al. The role

of Tet3 DNA dioxygenase in epigenetic reprogramming by oocytes. Nature. 2011; 477:606-610.
[PubMed: 21892189]

15. Seisenberger S, Peat JR, Hore TA, Santos F, Dean W, Reik W. Reprogramming DNA methylation

in the mammalian life cycle: building and breaking epigenetic barriers. Philos Trans R Soc Lond B
Biol Sci. 2013; 368:20110330. [PubMed: 23166394]

16. Wang L, Zhang J, Duan J, Gao X, Zhu W, Lu X, Yang L, Zhang J, Li G, Ci W, et al. Programming

and inheritance of parental DNA methylomes in mammals. Cell. 2014; 157:979-991. ** One of
four studies where the authors demonstrate that active DNA demethylation is not restricted to the
paternal genome, and that passive DNA demethylation is not restricted to the maternal genome.
[PubMed: 24813617]

17. Guo F, Li X, Liang D, Li T, Zhu P, Guo H, Wu X, Wen L, Gu T-P, Hu B, et al. Active and passive

demethylation of male and female pronuclear DNA in the Mammalian zygote. Cell Stem Cell.
2014; 15:447-458. ** One of four studies where the authors demonstrate that active DNA
demethylation is not restricted to the paternal genome, and that passive DNA demethylation is not
restricted to the maternal genome. [PubMed: 25220291]

18. Shen L, Inoue A, He J, Liu Y, Lu F, Zhang Y. Tet3 and DNA replication mediate demethylation of

both the maternal and paternal genomes in mouse zygotes. Cell Stem Cell. 2014; 15:459-470. **
One of four studies where the authors demonstrate that active DNA demethylation is not restricted
to the paternal genome, and that passive DNA demethylation is not restricted to the maternal
genome. [PubMed: 25280220]

19. Peat JR, Dean W, Clark SJ, Krueger F, Smallwood SA, Ficz G, Kim JK, Marioni JC, Hore TA,

Reik W. Genome-wide bisulfite sequencing in zygotes identifies demethylation targets and maps
the contribution of TET3 oxidation. Cell Rep. 2014; 9:1990-2000. ** One of four studies where
the authors demonstrate that active DNA demethylation is not restricted to the paternal genome,
and that passive DNA demethylation is not restricted to the maternal genome. [PubMed:
25497087]

20. Nakamura T, Liu Y-J, Nakashima H, Umehara H, Inoue K, Matoba S, Tachibana M, Ogura A,

Shinkai Y, Nakano T. PGC7 binds histone H3K9me2 to protect against conversion of 5mC to
5hmC in early embryos. Nature. 2012; 486:415-419. [PubMed: 22722204]

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biechele et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 9

Li X, Ito M, Zhou F, Youngson N, Zuo X, Leder P, Ferguson-Smith AC. A maternal-zygotic effect
gene, Zfp57, maintains both maternal and paternal imprints. Developmental Cell. 2008; 15:547—
557. [PubMed: 18854139]

Kim S, Giinesdogan U, Zylicz JJ, Hackett JA, Cougot D, Bao S, Lee C, Dietmann S, Allen GE,
Sengupta R, et al. PRMTS5 protects genomic integrity during global DNA demethylation in
primordial germ cells and preimplantation embryos. Mol Cell. 2014; 56:564-579. ** This study
shows that Prmt5-mediated histone modification is required to sufficiently silence transposable
elements in the absence of DNA methylation. [PubMed: 25457166]

Messerschmidt DM, de Vries W, Ito M, Solter D, Ferguson-Smith A, Knowles BB. Trim28 is
required for epigenetic stability during mouse oocyte to embryo transition. Science. 2012;
335:1499-1502. [PubMed: 22442485]

Lorthongpanich C, Cheow LF, Balu S, Quake SR, Knowles BB, Burkholder WF, Solter D,
Messerschmidt DM. Single-cell DNA-methylation analysis reveals epigenetic chimerism in
preimplantation embryos. Science. 2013; 341:1110-1112. [PubMed: 24009393]

Inoue A, Shen L, Matoba S, Zhang Y. Haploinsufficiency, but Not Defective Paternal 5mC
Oxidation, Accounts for the Developmental Defects of Maternal Tet3 Knockouts. Cell Rep. 2015;
10:463-470. [PubMed: 25640176]

Fadloun A, Le Gras S, Jost B, Ziegler-Birling C, Takahashi H, Gorab E, Carninci P, Torres-Padilla
M-E. Chromatin signatures and retrotransposon profiling in mouse embryos reveal regulation of
LINE-1 by RNA. Nat Struct Mol Biol. 2013; 20:332-338. [PubMed: 23353788]

Macfarlan TS, Gifford WD, Driscoll S, Lettieri K, Rowe HM, Bonanomi D, Firth A, Singer O,
Trono D, Pfaff SL. Embryonic stem cell potency fluctuates with endogenous retrovirus activity.
Nature. 2012; 487:57-63. [PubMed: 22722858]

Beraldi R, Pittoggi C, Sciamanna I, Mattei E, Spadafora C. Expression of LINE-1 retroposons is
essential for murine preimplantation development. Mol Reprod Dev. 2006; 73:279-287. [PubMed:
16365895]

Burton A, Muller J, Tu S, Padilla-Longoria P, Guccione E, Torres-Padilla M-E. Single-Cell
Profiling of Epigenetic Modifiers Identifies PRDM14 as an Inducer of Cell Fate in the Mammalian
Embryo. Cell Rep. 2013; 5:687-701. * This study reveals that overexpression of the
transcriptional regulator Prdm14 can bias blastomeres towards the ICM fate. [PubMed: 24183668]

Saha B, Home P, Ray S, Larson M, Paul A, Rajendran G, Behr B, Paul S. EED and KDM6B
Coordinate the First Mammalian Cell Lineage Commitment To Ensure Embryo Implantation. Mol
Cell Biol. 2013; 33:2691-2705. [PubMed: 23671187]

Lin C-J, Conti M, Ramalho-Santos M. Histone variant H3.3 maintains a decondensed chromatin
state essential for mouse preimplantation development. Development (Cambridge, England). 2013;
140:3624-3634.

Boskovi¢ A, Eid A, Pontabry J, Ishiuchi T, Spiegelhalter C, Raghu Ram EVS, Meshorer E, Torres-
Padilla M-E. Higher chromatin mobility supports totipotency and precedes pluripotency in vivo.
Genes Dev. 2014; 28:1042-1047. ** This study uses FRAP to determine histone mobility in the
early embryo and reveals a positive correlation between mobility and potency of the cell.
[PubMed: 24831699]

Meshorer E, Yellajoshula D, George E, Scambler PJ, Brown DT, Misteli T. Hyperdynamic
plasticity of chromatin proteins in pluripotent embryonic stem cells. Developmental Cell. 2006;
10:105-116. [PubMed: 16399082]

Jachowicz JW, Santenard A, Bender A, Muller J, Torres-Padilla M-E. Heterochromatin
establishment at pericentromeres depends on nuclear position. Genes Dev. 2013; 27:2427-2432.
[PubMed: 24240232]

Gaspar-Maia A, Alajem A, Polesso F, Sridharan R, Mason MJ, Heidersbach A, Ramalho-Santos J,
McManus MT, Plath K, Meshorer E, et al. Chd1 regulates open chromatin and pluripotency of
embryonic stem cells. Nature. 2009; 460:863-868. [PubMed: 19587682]

Guzman-Ayala M, Sachs M, Koh FM, Onodera C, Bulut-Karslioglu A, Lin C-J, Wong P, Nltta R,
Song JS, Ramalho-Santos M. Chd1 is essential for the high transcriptional output and rapid growth
of the mouse epiblast. Development (Cambridge, England). 2015; 142:118-127. * This study links
a Chdl-mediated global increase in transcription with growth of the pluripotent epiblast
postimplantation.

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biechele et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 10

Savi¢ N, Bér D, Leone S, Frommel SC, Weber FA, Vollenweider E, Ferrari E, Ziegler U, Kaech A,
Shakhova O, et al. IncRNA maturation to initiate heterochromatin formation in the nucleolus is
required for exit from pluripotency in ESCs. Cell Stem Cell. 2014; 15:720-734. [PubMed:
25479748]

Lee JT, Bartolomei MS. X-Inactivation, Imprinting, and Long Noncoding RNAs in Health and
Disease. Cell. 2013; 152:1308-1323. [PubMed: 23498939]

Payer B, Rosenberg M, Yamaji M, Yabuta Y, Koyanagi-Aoi M, Hayashi K, Yamanaka S, Saitou
M, Lee JT. Tsix RNA and the germline factor, PRDM14, link X reactivation and stem cell
reprogramming. Mol Cell. 2013; 52:805-818. [PubMed: 24268575]

Pasque V, Tchieu J, Karnik R, Uyeda M, Sadhu Dimashkie A, Case D, Papp B, Bonora G, Patel S,
Ho R, et al. X chromosome reactivation dynamics reveal stages of reprogramming to pluripotency.
Cell. 2014; 159:1681-1697. [PubMed: 25525883]

Feil R, Fraga MF. Epigenetics and the environment: emerging patterns and implications. Nat Rev
Genet. 2011; 13:97-109. [PubMed: 22215131]

Daxinger L, Whitelaw E. Understanding transgenerational epigenetic inheritance via the gametes
in mammals. Nat Rev Genet. 2012; 13:153-162. [PubMed: 22290458]

Gluckman PD, Hanson MA, Buklijas T, Low FM, Beedle AS. Epigenetic mechanisms that
underpin metabolic and cardiovascular diseases. Nat Rev Endocrinol. 2009; 5:401-408. [PubMed:
19488075]

Barker DJP. Sir Richard Doll Lecture. Developmental origins of chronic disease. Public Health.
2012; 126:185-189. [PubMed: 22325676]

Manipalviratn S, DeCherney A, Segars J. Imprinting disorders and assisted reproductive
technology. Fertil Steril. 2009; 91:305-315. [PubMed: 19201275]

Feuer SK, Camarano L, Rinaudo PF. ART and health: clinical outcomes and insights on molecular
mechanisms from rodent studies. Mol Hum Reprod. 2013; 19:189-204. [PubMed: 23264495]
Sinclair KD, Allegrucci C, Singh R, Gardner DS, Sebastian S, Bispham J, Thurston A, Huntley JF,
Rees WD, Maloney CA, et al. DNA methylation, insulin resistance, and blood pressure in
offspring determined by maternal periconceptional B vitamin and methionine status. Proceedings
of the National Academy of Sciences. 2007; 104:19351-19356.

Wu F-R, Liu Y, Shang M-B, Yang X-X, Ding B, Gao J-G, Wang R, Li W-Y. Differences in H3K4
trimethylation in in vivo and in vitro fertilization mouse preimplantation embryos. Genet. Mol.
Res. 2012; 11:1099-1108. [PubMed: 22614279]

Tian X, Diaz FJ. Acute dietary zinc deficiency before conception compromises oocyte epigenetic
programming and disrupts embryonic development. Developmental Biology. 2013; 376:51-61.
[PubMed: 23348678]

Feuer SK, Liu X, Donjacour A, Lin W, Simbulan RK, Giritharan G, Piane LD, Kolahi K, Ameri K,
Maltepe E, et al. Use of a Mouse In Vitro Fertilization Model to Understand the Developmental
Origins of Health and Disease Hypothesis. Endocrinology. 2014; 155:1956-1969. ** This study
shows that I\VVF and embryo culture can alter postnatal metabolism, and identifies epigenetic
alterations at the Txnip locus associated with IVF. [PubMed: 24684304]

de Waal E, Mak W, Calhoun S, Stein P, Ord T, Krapp C, Coutifaris C, Schultz RM, Bartolomei
MS. In Vitro Culture Increases the Frequency of Stochastic Epigenetic Errors at Imprinted Genes
in Placental Tissues from Mouse Concepti Produced Through Assisted Reproductive
Technologies. Biol Reprod. 2014; 90:22-22. [PubMed: 24337315]

Brind’Amour J, Liu S, Hudson M, Chen C, Karimi MM, Lorincz MC. An ultra-low-input native
ChIP-seq protocol for genome-wide profiling of rare cell populations. Nature Communications.
2015; 6:6033.

Sachs M, Onodera C, Blaschke K, Ebata KT, Song JS, Ramalho-Santos M. Bivalent chromatin
marks developmental regulatory genes in the mouse embryonic germline in vivo. Cell Rep. 2013;
3:1777-1784. [PubMed: 23727241]

Probst AV, Okamoto I, Casanova M, Marjou El F, Le Baccon P, Almouzni G. A strand-specific
burst in transcription of pericentric satellites is required for chromocenter formation and early
mouse development. Developmental Cell. 2010; 19:625-638. [PubMed: 20951352]

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Biechele et al.

Page 11

55. Santenard A, Ziegler-Birling C, Koch M, Tora L, Bannister AJ, Torres-Padilla M-E.
Heterochromatin formation in the mouse embryo requires critical residues of the histone variant
H3.3. Nature Cell biology. 2010; 12:853-862. [PubMed: 20676102]

Curr Opin Genet Dev. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Biechele et al. Page 12

\‘ ART / environment / culture conditions

Implantation

ﬁ

Prmt5
Nucleosome‘
- assembly x
@ . Trophectoderm
S : H2Ame2 | Histone mobility ?
2 ] H4R3me2
- Hira nner Cell Mass
I
H3.3 ] H1

Chd1
Prdm14 ] H3R26me2

Tet3 & active

DNA
methylation

Pol |

Transcription
(ZGA)

Figure 1.
Summary of key recent advances in epigenetic reprogramming during early mouse

development at the level of histones, DNA (de)methylation, and transcription. Paternal and
maternal pronuclei are indicated in blue and red, respectively. Pluripotent cells are indicated
in green. See text for details.
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