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Abstract Epiblast stem cells (EpiSCs), which are pluripotent
cells isolated from early post-implantation mouse embryos
(E5.5), show both similarities and differences compared to mouse
embryonic stem cells (MESCs), isolated earlier from the inner cell
mass (ICM) ofthe E3.5 embryo. Previously, we have observed that
while chromatin is very dispersed in E3.5 ICM, compact chroma-
tin domains and chromocentres appear in ES.5 epiblasts after em-
bryo implantation. Given that the observed chromatin re-
organization in E5.5 epiblasts coincides with an increase in DNA
methylation, in this study, we aimed to examine the role of DNA
methylation in chromatin re-organization during the in vitro con-
version of ESCs to EpiSCs. The requirement for DNA methylation
was determined by converting both wild-type and DNA
methylation-deficient ESCs to EpiSCs, followed by structural
analysis with electron spectroscopic imaging (ESI). We show that
the chromatin re-organization which occurs in vivo can be re-
capitulated in vitro during the ESC to EpiSC conversion. Indeed,

Electronic supplementary material The online version of this article
(doi:10.1007/s00412-017-0625-x) contains supplementary material,
which is available to authorized users.

P4 David P. Bazett-Jones
david.bazett-jones @sickkids.ca

Vahideh Hassan-Zadeh
hassanzadeh @khayam.ut.ac.ir

Peter Rugg-Gunn
peter.rugg-gunn @babraham.ac.uk

Department of Cell and Molecular Biology, Faculty of Biology,
College of Science, University of Tehran, Tehran, Iran

Epigenetics Programme, The Babraham Institute, Babraham
Research Campus, Cambridge, UK

Programme in Genetics and Genome Biology, The Hospital for Sick
Children, 686 Bay Street, Toronto, ON M5G 0A4, Canada

after 7 days in EpiSC media, compact chromatin domains begin to
appear throughout the nuclear volume, creating a chromatin orga-
nization similar to ES epiblasts and embryo-derived EpiSCs. Our
data demonstrate that DNA methylation is dispensable for this
global chromatin re-organization but required for the compaction
of pericentromeric chromatin into chromocentres.
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Introduction

Mouse embryonic stem cells (ESCs) and epiblast stem cells
(EpiSCs) are both pluripotent cells capable of self-renewal
and differentiation into all cell types of the three germ layers
upon receiving the appropriate signals. These pluripotent cells
not only share similarities but also exhibit differences such as
colony morphology, gene expression profile, epigenome, me-
dia requirement and signalling pathways involved in main-
taining the pluripotent state. ESCs are isolated from the inner
cell mass (ICM) at embryonic day 3.5 but EpiSCs are isolated
later in development from the epiblast of the post-implantation
embryo at day 5.5 (Brons et al. 2007; Tesar et al. 2007).
EpiSCs, similar to ESCs, have a broad differentiation capacity
in vitro and in vivo. They can make teratomas when injected
into immunodeficient mice and give rise to derivatives of all
three germ lines in vitro. However, unlike ESCs, chimera
production from these pluripotent cells is impaired (Brons
et al. 2007; Tesar et al. 2007).

Whereas mouse ESCs grow as small, compact and rounded
colonies in vitro, EpiSC colonies are large, flat and monolayer
(Brons et al. 2007; Tesar et al. 2007). Both express core
pluripotency factors, namely Nanog, Sox2 and Oct4, but
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EpiSCs lose the expression of ESCs markers such as
Rex1/Z{p42, Dppa3/Stella and Dax1 and instead, highly express
genes such as Cerl, Sox17 and Fgf5 (Brons et al. 2007; Tesar
et al. 2007). EpiSCs rely on activin/nodal and Fgf2 pathways to
maintain the pluripotency state (Brons et al. 2007; Tesar et al.
2007), whereas ESCs require signalling mediated by leukaemia
inhibitory factor (LIF) for pluripotency maintenance (Williams
et al. 1988; Niwa et al. 1998). Murine ESCs and EpiSCs are
inter-convertible in vitro (Bao et al. 2009), allowing for studies
of the molecular and epigenetic changes correlated with and/or
required for this transition.

We have demonstrated the power of electron spectroscopic
imaging (ESI) for examining chromatin and nuclear architec-
ture. ESI is an electron microscopy technique well suited to
visualize chromatin fibres with high resolution and contrast
without the requirement of heavy atom contrast agents
(Bazett-Jones and Hendzel 1999; Dellaire et al. 2004,
Bazett-Jones et al. 2008; Ahmed et al. 2009). Moreover, ESI
can be used to study the spatial relationships of chromatin to
protein- and ribonucleoprotein (RNP)-based structures by ni-
trogen and phosphorus mapping. With ESI, we have previous-
ly shown that there is a notable difference in chromatin orga-
nization between cells in the ICM and epiblast cells after em-
bryo implantation in vivo. In the ICM, chromatin is uniformly
dispersed, whereas in late epiblasts, small blocks of chromatin
are visible within the nucleus and along the nuclear envelope.
Interestingly, we also observed that embryo-derived ESCs and
EpiSCs show a chromatin organization similar to ICM and
epiblasts, respectively (Ahmed et al. 2010). In this study, we
first asked whether this chromatin re-organization can be
reproduced during early stem cell differentiation in vitro and
whether maintenance and de novo DNA methylation play a
role in the organization of the global and/or pericentromeric
chromatin during this process.

In mammals, DNA methylation is mediated by three DNA
methyltransferases, which are essential for embryo develop-
ment (Li et al. 1992; Okano et al. 1999; Smith and Meissner
2013). Dnmtl, the first mammalian DNA methyltransferase to
be discovered, has an affinity for hemimethylated DNA and
maintains DNA methylation status during cell division
(Bestor et al. 1988; Leonhardt et al. 1992; Pradhan et al.
1999). De novo methylation is carried out by the Dnmt3 fam-
ily with two catalytically active members, Dnmt3a and
Dnmt3b, which are expressed in ESCs and methylate
unmethylated sites during differentiation (Lei et al. 1996;
Okano et al. 1998; Hsieh 1999). During development, be-
tween embryonic days 4.5 and 6.5, a wave of de novo meth-
ylation occurs in the epiblasts (Borgel et al. 2010; Smith et al.
2012; Auclair et al. 2014) and this coincides temporally with
chromatin re-organization (Ahmed et al. 2010), but the extent
to which both processes are linked is unknown. In order to
answer this question, wild-type and DNA methylation-
deficient ESCs were used and converted to EpiSCs. Male
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ICM-derived ESCs cultured in serum are hypermethylated
compared to the ICM cells (Habibi et al. 2013) and display a
global level of DNA methylation similar to post-implantation
epiblasts and EpiSCs (Senner et al. 2012; Habibi et al. 2013).
However, when ESCs are converted to EpiSCs in vitro, there
is are-distribution of DNA methylation and an increased prev-
alence of hypermethylated promoters in EpiSCs has been ob-
served (Veillard et al. 2014). Here, we aimed to determine
whether this re-distribution of DNA methylation plays a role
in the chromatin re-organization that occurs during ESC to
EpiSC conversion. Our results show that EpiSC-like chroma-
tin organization could be re-capitulated in vitro, and DNA
methylation is dispensable for global chromatin organization
during the transition of ESCs to EpiSCs. Interestingly, how-
ever, we observed that in the absence of DNA methylation, the
organization of pericentromeric chromatin into chromocentres
is affected.

Experimental procedures
ES cell culture and EpiSC conversion

Wild-type (J1) and mutant ESCs derived from the J1 back-
ground were cultured in DMEM high glucose (Invitrogen,
11965-092) media supplemented with 15% foetal bovine se-
rum (ES cell qualified, Invitrogen, 10439-024), 1% penicillin-
streptomycin-glutamine (Invitrogen, 10378-016), 2 mM L-
glutamine (Invitrogen, 25,030-081), 0.1 mM MEM NEAA
(Invitrogen, 11140-050), 1 mM sodium pyruvate
(Invitrogen, 11,360-070), 0.1 mM mercaptoethanol
(Invitrogen, 21985-023) and 1000 U/ml LIF (chemicon,
ESG1107) on mouse embryo fibroblasts (MEFs). The double
knockout [Dnmt3a ", Dnmt3b "] and the triple knockout
[Dnmtl™"", Dnmt3a~"~, Dnmt3b "] ES cells were kindly pro-
vided by Dr. Masaki Okano (Okano et al. 1999; Tsumura et al.
20006).

After three passages in ES condition, cells were washed
and then 1.5 x 10° cells were seeded on MEF-coated cover-
slips in EpiSC media. EpiSC media contain 50% F-12 nutrient
mixture (Invitrogen 31765-035), 50% Iscove’s modified
Dulbecco’s medium (Invitrogen 31980-030), 5 mg/ml BSA
fraction V (Sigma A1470), 450 uM 1-thioglycerol (Sigma
M7522), 7 pg/ml insulin (Roche 11376497001), 15 pg/ml
transferrin (Roche 10652202001), 20 ng/ml activin A and
12 ng/ml Fgf2 (Brons et al. 2007). Media was changed daily
up to 7 days, and cells were then fixed.

Immunostaining, immunofluorescence microscopy
and ESI

Cells were prepared for immunostaining as previously de-
scribed by Ahmed et al. (2009). They were then fixed with
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2% freshly diluted paraformaldehyde (Electron Microscopy
Sciences), rinsed and permeabilized with 1% Triton X-100-
PBS. Permeabilized cells were first immunolabelled with
rabbit anti-H3K9me3 (1:500) and then with a donkey
anti-rabbit antibody (1:300, Jackson Laboratories) com-
bined with Cy3.

After immunolabelling, cells were fixed again with 1%
glutaraldehyde (Electron Microscopy Sciences) and
dehydrated gradually with 30, 50, 70, 90, and 100% ethanol.
Dehydrated cells were embedded in Quetol 651 resin
(Electron Microscopy Sciences) and sectioned using an ultra-
microtome (Leica) 70 nm as described previously (Dellaire
et al. 2004; Ahmed et al. 2009). Sections on grids were first
imaged by a fluorescence microscope (leica), and then phos-
phorus and nitrogen images were generated using a transmis-
sion electron microscope (Tecnai 20, FEI) and collected by the
digital micrograph software. Images were processed with
Photoshop 7.0 (Adobe). Nitrogen signal level in chromatin
structures was decreased to zero so the non-chromatin proteins
are more visible. The phosphorus images were coloured in
yellow, the processed nitrogen images were coloured in blue
and both images were overlaid. Cell images taken by the
transmission electron microscope were then overlaid with
the same cell’s image taken by the fluorescence microscope.
The correlative light and electron microscopic imaging ap-
proach involves many preparative, imaging and analysis steps
and thus is not a high-throughput approach. However, we
sampled as many cells and regions of interest as practically
possible while guaranteeing sufficient statistical power. Wild-
type (WT) ESC to EpiSCs differentiation experiment was car-
ried out four times, double knockout (DKO) ESC to EpiSCs
differentiation two times and triple knockout (TKO) ESC to
EpiSCs differentiation was performed three times. For WT
EpiSCs, nine sections; for DKO, EpiSCs five sections; and
for TKO EpiSCs, eight sections were examined. In total, 10
WT ESCs, 8 DKO ESCs, 6 TKO ESCs, 41 WT ESC-derived
EpiSCs, 14 DKO ESC-derived EpiSCs and 22 TKO ESC-
derived EpiSCs were imaged. Nineteen WT ESC-derived
EpiSCs and 9 TKO ESC-derived EpiSCs were labelled with
antibodies against H3K9me3 marks.

Cluster analysis

The average size of the chromatin clusters was measured to
provide a quantitative indication of the degree of compaction
observed in the electron micrographs. Average cluster sizes
were measured with ImageJ. Net phosphorus maps were
binarized and measured using the particle size measure algo-
rithm from 100 pixels to infinity. The lower cutoff of 100
prevented the inclusion of pixel noise or small RNP
granules from being counted. Pixel size was converted
to square nanometres.

DNA methylation analysis

One microgramme genomic DNA from WT, DKO and TKO
ESCs and ESC-derived EpiSCs was digested with Hpall and
Mspl restriction enzymes. The digested DNA was analysed on
1% agarose gel.

Gene expression analysis

RNA extraction, cDNA synthesis and quantitative real-time
PCR were carried out as described previously (Novo et al.
2016). The primer sequences are shown in the
Supplementary Table S1. The results were normalized using
Hmbs and displayed relative to WT ESCs.

Results

DNA methylation-deficient ESCs form EpiSC-like
colonies in vitro

We first converted wild-type ESCs to EpiSCs by removing
LIF and culturing cells in an EpiSC media for 7 days (see
the “Experimental procedures” section). After 7 days in EpiSC
media, colonies with a flattened, epithelial morphology appeared
that is characteristic of EpiSC (Fig. 1a). We then converted de
novo DNA methylation-deficient ESCs (Dnmt3a ", Dnmt3b ",
DKO) and maintenance and de novo DNA methylation-
deficient ESCs (DnmtI™"~, Dnmt3a™"~, Dnmt3b~"", TKO) to
EpiSCs (Fig. 1a). Both DNA methylation-deficient ES cell
types formed EpiSC-like colonies similar to WT ESCs.
Gene expression analyses show that after 7 days in EpiSC
media, the transcript levels of ESC markers Kif2, Nanog,
Nr5a2 and Zfp42/Rex] are downregulated and the expression
of EpiSC markers Cerl, Fgf5, Lefiv]l and T are upregulated in
the wild-type and DNA methylation-deficient ESC-derived
EpiSCs compared to wild-type ESCs (Fig. 1b). To be certain
that DNA methylation is indeed decreased in DKO and TKO
ESC-derived EpiSCs, we digested genomic DNA from WT,
DKO and TKO ESCs and ESC-derived EpiSCs with Hpall,
an enzyme sensitive to CpG methylation, and Mspl which is
insensitive to DNA methylation. As expected, Hpall cuts the
genomic DNA in the two DNA methylation-deficient ESC
and EpiSC lines but its activity is prevented by CpG methyl-
ation in the wild-type cells (Fig. 1¢). These results show that,
as expected, DNA methylation is reduced in DNA
methylation-deficient ESCs and ESC-derived EpiSCs.

Chromatin is widely dispersed in both wild-type and DNA
methylation-deficient ESCs

It has been shown that DNA methylation-deficient ESCs re-
tain ES cell morphology, self-renew and remain able to
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Fig. 1 EpiSC-like colonies appear after 7 days in EpiSC media. a ESC
and ESC-derived EpiSC colonies for WT, DKO (Dnmt3a ", Dnmt3b™"")
and TKO (Dnmt]f/ -, Dnmt3a” -, Dnmt3b” ) are displayed. b The
transcript levels of the ESC and EpiSC marker Pou5f1/Oct-4, the ESC
markers KIf2, Nanog, Nr5a2, and Zfp42/Rex] and EpiSC markers Cer/,
Fgf5, Leftyl and T were quantified in WT and DNA methylation-deficient
ESC-derived EpiSCs by qPCR. Quantitative polymerase chain reactions
were performed in triplicates; values were normalized to Hmbs and
displayed relative to WT ESC. Error bars represent standard deviation.

express the pluripotency factor Oct4 (Okano et al. 1999;
Tsumura et al. 2006). Tsumura et al. have shown by immuno-
fluorescence microscopy that the absence of DNA methyla-
tion does not impede the formation of chromocentres
(Tsumura et al. 2006). Here, we examined the chromatin or-
ganization of the DNA methylation-deficient ESCs with high
resolution by ESI. Using wild type, the double (DKO) and
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EpiSC

ESC-derived EpiSCs show upregulation of EpiSC markers and
downregulation of ESC markers. ¢ DNA digestion profiles in WT,
DKO and TKO ESCs (left panel) and ESC-derived EpiSCs (right -
panel). Lanes 1, 4 and 7 are undigested WT, DKO and TKO genomic
DNA, respectively. Lanes 2, 5 and 8 correspond to DNA digested by
Hpall in WT, DKO and TKO cells, respectively. Lanes 3, 6 and 9
correspond to DNA digested by Mspl. The minus sign denotes
undigested DNA. ‘H” and ‘M’ design DNA digested with Hpall and
Mspl, respectively

triple knockout (TKO) ESC lines, we observe that the dis-
persed chromatin fibre architecture, typical of ESCs, is
retained in the DKO and TKO ESC lines, indistinguishable
from the wild-type ESCs (Fig. 2, compare upper panels in a, b
and c). Besides the widely dispersed chromatin throughout the
nucleoplasm, little compaction occurs along the nuclear enve-
lope. The low degree of compaction is best illustrated with
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Fig. 2 DNA methylation is a
dispensable for chromatin re-
organization in ESC-derived
EpiSCs. Low-magnification
mass-sensitive ESI electron
micrograph ofa WT ESC and WT
ESC-derived EpiSC (a), DKO
ESC and DKO ESC-derived
EpiSC (b) and TKO ESC and
TKO ESC-derived EpiSC (c¢) are
shown on the lefi. For all
indicated fields, phosphorus maps
representing nucleic acids
(vellow) are merged with
phosphorus subtracted nitrogen
maps representing proteins (blue)
and displayed on the right (see the
Experimental procedures section). b
Scale bar represents 2 pm in the

low-magnitude images and

500 nm in the element maps

WT EpiSC

DKO ESC

DKO EpiSC

TKO ESC

TKO EpiSC

quantitative cluster analysis. This method measures the aver-
age size of the chromatin domains. The widely dispersed chro-
matin seen in ESCs would yield a lower average cluster size
than that obtained from compact chromatin domains observed
in EpiSCs. The cluster analysis results show the same degree
of low compaction for all three ESC lines (1717, 1703 and
1548 nm” for WT, DKO and TKO, respectively). We con-
clude that the loss of DNA methylation in the DKO and
TKO lines leads to no structural consequences under these
ESC growth conditions.

Re-organization of global chromatin in wild-type EpiSCs

Pluripotent ESCs display a chromatin architecture of widely dis-
persed 10 nm fibres. Domains of compact chromatin are not
observed, even along the nuclear envelope or in domains
enriched for heterochromatin marks such as H3K9me3
(Ahmed et al. 2010; Fussner et al. 2010; Fussner et al. 2011).
In contrast, the nuclear envelope and chromocentres represent
regions of densely packed 10-nm chromatin fibres in differenti-
ated cell types (Fussner et al. 2010; Fussner et al. 2011). We next
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examined the chromatin organization in WT ESC-derived
EpiSCs. We observed a significant change in chromatin organi-
zation after 7 days in EpiSC media, a pattern similar to that
observed in the ES epiblasts and to embryo-derived EpiSCs
(Ahmed et al. 2010). Instead of the uniformly dispersed chroma-
tin, domains of compact chromatin are observed (Fig. 2a, lower
panel). The average cluster size of the chromatin in WT ESC-
derived EpiSCs is 8702 nm?. This value is five times the one
observed in WT ESCs (1717 nm2). Hence, chromatin compac-
tion taking place during implantation in vivo can be re-
capitulated in vitro in 7 days.

DNA methylation is dispensable for global EpiSC-like
chromatin organization

ESI imaging revealed that de novo methylation-deficient
ESC-derived EpiSCs have a similar chromatin organization
as seen in wild-type ESC-derived EpiSCs. Cluster analysis
results show an average cluster size of 9421 nm? for DKO
ESC-derived EpiSCs, an increase of over 5-fold compared to
ESCs and similar to that observed with the WT ESC-derived
EpiSCs (8702 nm>, Fig. 2a, b). We conclude from this result
that de novo DNA methyltransferases Dnmt3a and Dnmt3b
are not required for chromatin re-organization during this tran-
sition. Double mutant EpiSCs still have the maintenance DNA
methyltransferase Dnmt1. Next, we examined chromatin or-
ganization in triple knockout ESC-derived EpiSCs.
Interestingly, we observed an EpiSC-like chromatin organiza-
tion in TKO EpiSCs as well with an average cluster size of
10,009 nm? (Fig. 2c), over 6-fold greater than that of the ESC
line from which they were converted. This is in line with the
values for the WT ESC-derived EpiSCs and DKO ESC-
derived EpiSCs (Fig. 2a, b). We conclude that maintenance
of DNA methylation is not a requirement for the global chro-
matin compaction that occurs with the ESC to EpiSC transi-
tion. Using a ¢ test, the statistical significance of the greater
than 5-fold increase in the cluster size distribution of the
EpiSCs compared to the corresponding ESC lines is represent-
ed by a p value of 0.0001 (Supplementary Fig. S1).

DNA methylation is required for pericentromeric
chromatin compaction

We then labelled the chromatin with H3K9me3 antibody to
study the chromatin structure of particular domains such as
chromocentres. Mouse chromocentres are clusters of
pericentromeric repetitive DNA (major satellite DNA) char-
acterized by constitutive heterochromatin (Guenatri et al.
2004; Almouzni and Probst 2011). They are enriched in
H3K27mel, H3K9me3 and H4K20me3 chromatin marks
(Peters et al. 2003; Schotta et al. 2004; Martens et al. 2005);
heterochromatin protein 1 (HP1) (Lachner et al. 2001; Maison
etal. 2002); and DNA methylation (Lehnertz et al. 2003). The
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correlation of fluorescence and ESI images allows us to focus
on these structures and study their chromatin organization. In
fibroblasts, using correlative light microscopy and ESI (LM/
ESI), chromocentres appear as very compact chromatin, gen-
erally discrete or separated from other blocks of compact chro-
matin, usually with a high degree of radial symmetry and
correspond to discrete foci of H3K9m3 (Rapkin et al. 2015).
Here, we see that in labelled WT ESC-derived EpiSCs, some
H3K9me3-enriched regions show characteristics typical of
chromocentres, whereas others, while showing the high levels
of H3K9me3, are not characterized by highly compact chro-
matin fibres. In fact, among 70 H3K9me3-enriched foci in 19
WT ESC-derived EpiSCs labelled with H3K9me3 antibody,
26 (37%) foci displayed morphological features characteristic
of chromocentres (arrows in Fig. 3a), while 44 (63%) foci did
not correlate with morphologically typical chromocentres
(arrowheads in Fig. 3a; Supplementary Fig. S2). Interestingly,
we observed that the absence of DNA methylation affects
chromocentre integrity. In the labelled TKO ESC-derived
EpiSCs, 62 H3K9me3-enriched regions were identified and
only one region showed a chromocentre-like morphology
(1.6%). The remaining 61 regions (98.4%) corresponded to
dispersed chromatin (Fig. 3b; Supplementary Fig. S2). Chi-
square test showed that the difference in terms of
chromocentre morphology between the WT and DNA
methylation-deficient ESC-derived EpiSCs was highly
significant (X2 =30.59, df = 1, p value < 0.005). We also failed
to identify radially symmetric phosphorus-rich regions chara-
cteristic of chromocentres when examining all the TKO ESC-
derived EpiSC images.

Discussion

Embryonic stem cells and epiblast stem cells are transcription-
ally and morphologically distinct and rely on different signal-
ling pathways for pluripotency maintenance (Brons et al.
2007; Tesar et al. 2007). Recent data show that these two types
of pluripotent cells are also epigenetically distinct (Jouneau
et al. 2012; Sun et al. 2012; Murtha et al. 2015). We have
previously shown that ESCs and embryo-derived EpiSCs dif-
fer in terms of global chromatin organization. Whereas chro-
matin is organized as highly dispersed 10 nm fibres in ESCs,
numerous compact chromatin domains and chromocentre
structures appear in embryo-derived EpiSCs similar to ES
epiblasts (Ahmed et al. 2010). Here, our imaging data reveals
that the chromatin re-organization associated with this early
differentiation can be re-capitulated in vitro. In fact, major
alteration of chromatin architecture similar to E5 epiblasts
and embryo-derived EpiSCs appear after 7 days in EpiSC
media. The study of H3K9me3-enriched regions in wild-
type ESC-derived EpiSCs shows that there are two types
H3K9me3-enriched foci. Although in differentiated
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Fig. 3 Chromocentre formation
is impaired in the absence of
DNA methylation. Wild-type (a)
and TKO (b) ESC-derived
EpiSCs were labelled with
H3K9me3 antibodies. Low-
magnification mass-sensitive
electron micrographs and
fluorescence images, taken by
ESI and a fluorescence
microscope, respectively, were
merged and displayed on the lefi
(see the Experimental procedures
section). Phosphorus (yellow) and
nitrogen minus phosphorus maps
(blue) of H3K9me3-enriched WT
regions were merged and shown Cell 2
on the right. Arrows and
arrowheads indicate compact and
dispersed chromocentres,
respectively. Scale bar represents
2 pm in the low-magnitude im-
ages and 500 nm in the element
maps b

TKO
Cell 2

fibroblasts, all H3K9me3-enriched sites correspond to radially
symmetrical isolated compact chromatin domains characteris-
tic of chromocentres (Rapkin et al. 2015), while in the ESC-
derived EpiSCs after 7 days in EpiSC media, only 37% of the
labelled regions showed a compact chromatin state typical of
chromocentres. The constitutive heterochromatin could be in
a metastable state between decondensed and condensed, such
that the sampling shows the two states at the instant that the
cells are fixed. Alternatively, it may be that all chromocentres
are not equivalent, perhaps depending on the chromosomes
from which they are constituted. Some resist compaction lon-
ger in development than others.

After fertilization, the paternal and the maternal genomes
undergo a wave of active and passive demethylation, respec-
tively, which results in a hypomethylated genome in the ICM
(Auclair and Weber 2012; Smith et al. 2012). Studies have
shown that although the ICM-derived ESCs cultured in serum
are hypermethylated compared to the ICM cells (Habibi et al.
2013), DNA methyltransferases are dispensable for their self-
renewal (Lei et al. 1996; Okano et al. 1999; Jackson et al.

a
WT
Cell 1

TKO
Cell 1

2004; Tsumura et al. 2006). We first asked whether the ab-
sence of DNA methylation affects the chromatin organization
in self-renewing methylation-deficient ESCs. Tsumura et al.
have previously shown by immunofluorescence analysis that
TKO ES cells maintain DAPI- and H3K9me3-enriched re-
gions similar to wild-type cells (Tsumura et al. 2006).
However, this technique does not allow the visualization of
the chromatin fibres at high resolution neither their distribu-
tion throughout the nucleus and around the nuclear envelop.
Moreover, in contrast to ESI, the use of DAPI or even a het-
erochromatin histone mark does not reveal the state of com-
paction of the chromatin itself (Even-Faitelson et al. 2016). In
this study, we compared the chromatin structure of the DKO
and TKO ESCs with WT ESCs and could not observe any
difference between these three cell lines confirming that DNA
methylation is dispensable for ESC-like chromatin
organization.

Around the time of implantation, a wave of de novo meth-
ylation occurs in vivo and the hypomethylated ICM genome
becomes hypermethylated at distinct sites (Kafti et al. 1992;
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Borgel et al. 2010; Smith et al. 2012; Auclair et al. 2014).
When ESCs are converted to EpiSCs in vitro, the same wave
of de novo methylation takes place. Although, at a global
level, DNA methylation is similar between male ESCs cul-
tured in serum and EpiSCs (Senner et al. 2012; Habibi et al.
2013), there are differentially methylated regions. EpiSCs
have more specific DNA methylated regions compared to
ESCs, and many of these EpiSC-specific regions are pro-
moters with high CpG content (Veillard et al. 2014). Veillard
etal. showed that de novo methylation at promoters appears as
carly as 3 days after changing the culture media and correlates
with the upregulation of Dnmt3b (Veillard et al. 2014). Here,
we aimed to determine whether this re-distribution of DNA
methylation plays a role in the chromatin re-organization that
occurs during ESC to EpiSC conversion. Our results show
that during ESC to EpiSC conversion, global chromatin re-
organization can take place in the total absence of DNA meth-
ylation. The formation of chromocentres, however, is affected
by DNA methylation deficiency. While numerous
chromocentre-like structures are easily identifiable in WT
ESC-derived EpiSCs, structures having the characteristic fea-
tures of chromocentres are typically not observed in DNA
methylation-deficient ESC-derived EpiSCs. In these cells,
the majority of H3K9me3 foci (98.4%) correlate with very
little chromatin compaction.

In general, DNA methylation exerts its effect in two ways.
Cytosine methylation could hamper transcription factor bind-
ing at a target gene and prevent its activation. Alternatively,
methylated CpGs could serve as docking sites for methyl
DNA-binding proteins such as methyl CpG-binding protein
2 (MeCP2). In mouse cells, MeCP2 accumulates at
chromocentres in a DNA methylation-dependent manner
(Nan et al. 1996) and promotes pericentromeric heterochro-
matin clustering during differentiation (Brero et al. 2005;
Bertulat et al. 2012). Interestingly, it has been shown that
MeCP2 is able to bring chromatin fibres in close proximity
and induce chromatin compaction (Georgel et al. 2003;
Nikitina et al. 2007a; Nikitina et al. 2007b). Furthermore,
the interaction of MeCP2 with various repressor factors such
as the H3K9 trimethylating enzyme SUV39H1, HP1 and his-
tone deacetylases re-inforce the state of chromatin repression
(for review, see Della Ragione et al. 2016). One can hypoth-
esize that in TKO ESC-derived EpiSCs, the absence of DNA
methylation leads to MeCP2 depletion and dispersion of chro-
matin fibres at H3K9me3 foci. Further experiments are re-
quired to investigate whether MeCP2 is implicated in the ob-
served absence of chromocentres.

Alternatively, changes in epigenetic marks at
pericentromeric heterochromatin could account for the disap-
pearance of morphologically characteristic chromocentres
with high H3K9me3 enrichment in TKO ESC-derived
EpiSCs. Indeed, Saksouk et al. have shown that in TKO
ESCs, the loss of DNA methylation at pericentromeric

@ Springer

heterochromatin opens the way for the recruitment of compo-
nents of facultative heterochromatin such as polycomb repres-
sive complex 2 (PRC2) and enrichment of H3K27me3 marks
at these regions (Saksouk et al. 2014). One can imagine that
part of the chromatin clusters we observe in TKO ESC-
derived EpiSCs which are not labelled with H3K9me3 corre-
sponds to clusters of major satellite marked by H3K27me3. A
study by Gilbert et al. showed that the absence of de novo
methyltransferases in mouse ESCs leads to increased cluster-
ing of major satellite DNA into large chromatin bodies
(Gilbert et al. 2007), but in this study, the authors did not
correlate H3K9me3 labelling with major satellite DNA clus-
ters to clarify whether these bodies are bona fide
chromocentres.

In summary, using ESI and correlative LM/ESI, we con-
clude that DNA methylation is required for chromocentre in-
tegrity but dispensable for global chromatin re-organization
during early stem cell differentiation.

ESCs, embryonic stem cells; EpiSCs, epiblast stem cells;
ICM, inner cell mass; ESI, electron spectroscopic imaging;
DKO, double knockout; TKO, triple knockout
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