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\ x }e recently reported that mouse
embryonic stem cells (ESCs) in
S/G, are more efficient at reprogram-
ming somatic cells than ESCs at other
stages of the cell cycle. We also provided
evidence that DNA replication is induced
in the nuclei of somatic partners upon
fusion with ESC partners, and showed
that this was critical for their conversion
toward a pluripotent state.! Here we have
used counterflow centrifugal elutria-
tion to enrich for ESCs at different cell
cycle phases, so as to examine in detail
the properties of S/G, phase cells. This
revealed that the replication and organi-
zation of DAPI-intense heterochroma-
tin in ESCs is unusual in two respects.
First, replication of heterochromatin
occurred earlier during S phase and was
associated with precocious H3S10 phos-
phorylation. Second, heterochromatin
protein 1 o (HPla), which invariably
marks DAPI-intense and H3K9me3-
enriched pericentromeric domains in
mouse somatic cells,? was not necessar-
ily associated with these H3K9me3-
enriched domains in undifferentiated
ESCs. These data, which complement
recent replication timing® and electron
spectroscopic imaging (ESI) analyses,*
suggest that heterochromatin is atypical
in ESCs. Interestingly, as these unusual
features were rapidly acquired by somatic
nuclei upon ESC fusion-mediated repro-
gramming, our results suggest that fun-
damental changes in cell cycle structure
and heterochromatin dynamics may be
important for conferring pluripotency.
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Introduction

Undifferentiated mouse ESCs have
an unusual cell cycle structure in which
the Gap phases G, and G, are truncated,
and a large proportion of cells are in DNA
synthesis (S) phase, as compared with
somatic cells.”® Similar properties are also
seen in vivo among the transient popula-
tion of pluripotent cells within the inner
cell mass” and in vitro among induced plu-
ripotent stem (iPS) cell lines derived from
fibroblasts.>® Although the significance of
this altered cell cycle structure is not really
known, recent reports have suggested that
many proteins that regulate cell cycle
stage transitions, including geminin, are
expressed aberrantly in ESCs,”'® and that
any disruption of this unusual cell cycle
profile can promote ESC differentiation."
The likely importance of this altered cell
cycle structure for maintaining pluripo-
tency is underscored by evidence that plu-
ripotent cells'? and ESCs lose this unusual
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profile upon differentiation,'*'® and, con-

versely, that somatic cells regain it when
reprogrammed.”'

We recently used a biophysical separa-
tion method to fractionate mouse ESCs
according to size and cell cycle stage.”
Using this approach, we showed that
ESCs in late S/G, are particularly effec-
tive at reprogramming somatic cells in
experimental heterokaryons formed with
lymphocytes or fibroblasts.! ESCs in late
S phase and G, were shown to induce
DNA replication in a high proportion of
somatic nuclei following cell fusion and,
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in addition, contained slightly elevated
levels of Sox2 and Oct4 proteins. As both
features might be relevant to reprogram-
ming, we examined other features of S
and G, that might contribute to pluripo-
tency and the enhanced reprogramming
of cell cycle-enriched ESCs. Using elu-
triated ESCs samples and ESC-derived
somatic heterokaryons, together with
antibodies that label distinct epigenetic
modifications, here we show that hetero-
chromatin structure and dynamics are
unusual in undifferentiated ESCs, and
that reprogrammed somatic nuclei acquire
this atypical heterochromatin after fusion

with ESCs.

Results

The ESC cell cycle is characterized by
relatively short G, and G, phases and an
unusual S phase

Pluripotent mouse ESCs contain a high
proportion of cells in S phase and have
truncated G, and G, phases, as compared
with differentiated somatic cells.® This is
evident in the histogram profiles of unsyn-
chronized El4tg2A ESCs (E14) stained
with propidium iodide (PI) to estimate
DNA content, as compared with somatic
murine B cells (Fig. 1A). Typically, undif-
ferentiated ESC lines contained between
40% and 55% of cells in S phase (43% in
this example). In contrast, relatively few
cells were detected G, (29%) as compared
with the majority (69%) of murine B cells.
Fractionation of ESCs according to cell
size and density, which is a reliable corre-
late of cell cycle stage, was accomplished
using counterflow centrifugal elutriation
(Materials and Methods), where single-
cell suspensions of at least 250 million
cells were loaded into an elutriation cham-
ber and centrifuged at constant speed.
Fractions collected at increasing flow rates
(6-17 ml/min) were examined by Pl stain-
ing and FACS analysis to estimate the cell
cycle composition. The results of a typi-
cal elutriation experiment of E14 ESCs are
shown in Figure 1B. Here, fractions 8, 12,
and 16 showed a selective enrichment of
ESCs in G, S, and G,/M, respectively.

Using a series of elutriated fractions
with gradually increasing flow rates to
span S phase, ESCs at different stages of

S phase were confirmed and ordered into
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a temporal sequence by labeling with
the thymidine analogs BrdU or EdU
(100 pM applied as a 45 min pulse, as
described in “Materials and Methods”)."?°
Cells representing early stages of S phase
in which euchromatic sites were selectively
labeled and distributed as a fine (stage 1)
or particulate (stage 2) nuclear haze were
abundant (16% and 26% of S phase cells,
respectively, Fig. 1C). Cells representing
late stages of S phase, in which constitu-
tive heterochromatin was labeled and dis-
tributed as large peripheral or central foci
(stages 4 and 5, Fig. 1C), were also evident
in these fractions. Pericentric and centro-
meric heterochromatin, which generally
replicates in the middle of S phase,? char-
acterized cells in stage 3, where BrdU foci
were distributed at the nuclear periphery
and around nucleoli. The size and inten-
sity of labeled foci generally increased as
ESCs progressed through mid S phase.
We noticed, however, an unusually
increased number of bright foci and a rela-
tively intense pattern of labeling among
cells late in stage 3 (Fig. 1C, ¢*). This pat-
tern was not seen among similar cell cycle
fractions obtained from somatic cells,
including B lymphocytes or fibroblasts,
but is characteristic of all other mouse
and human ESCs we have tested to date
(not shown). The pronounced labeling of
distributed heterochromatic sites in mid-S
phase therefore appears to be an unusual
feature of ESC replication. At present the
basis of this atypical nucleotide incorpo-
ration pattern is not known. It is possible
that it reflects increased DNA repair or
that a subset of chromatin that is late rep-
licating in differentiated cells replicates
earlier in ESCs, in agreement with previ-
ous reports.”* To determine whether this
unusual replication profile is likely to be
relevant for the pluripotent state, we asked
whether somatic cells show altered mid-S
(stage 3¢*) labeling upon reprogramming.

Somatic nuclei acquire an atypi-
cal mid S phase replication profile
after cell fusion-mediated pluripotent
reprogramming

The dominant reprogramming of
somatic nuclei following fusion with
ESCs requires DNA replication by the
somatic partner within the newly formed
heterokaryons.! Since S phase progression
in ESCs appears different from that in
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somatic cells, and since it has been reported
that the re-establishment of ESC-like S
phase by somatic cells might be a barrier to
successful reprogramming,” we examined
DNA replication by somatic nuclei in het-
erokaryons 6 to 48 h after their formation
by cell fusion. Human B cells were fused in
a 1:1 ratio with E14 ESCs, and the result-
ing heterokaryons were pulse labeled for
45 min with BrdU at 6, 24, or 48 h after
cell fusion (see “Materials and Methods”).
Reprogramming in heterokaryons is rela-
tively rare, and we have previously esti-
mated that probably no more than 10%
of the correctly formed cell bivalents go
on to stably express human pluripotency
markers such as SSEA4.2 We therefore
used confocal microscopy and BrdU pulse
labeling to examine human nuclei under-
going DNA synthesis within human B x
mouse ESC heterokaryons. Mouse nuclei
were discriminated on the basis of DAPI-
punctate labeling, and a large number of
heterokaryons (>150) containing S-phase
human nuclei were examined. We found
that among heterokaryons labeled with
BrdU 24 h post-fusion, a small but repro-
ducible number of cells showed a pattern
of BrdU incorporation in the human B
partner that resembled the unusual mid-S
stage 3 pattern observed in mouse ESCs.
In these human nuclei, intense labeling
and additional sites of BrdU incorpora-
tion were evident, as highlighted in green
in Figure 1D (human nucleus arrowed).
We noted that a similar number of hetero-
karyons displayed this pattern at around
24 h post-fusion, as had previously been
estimated to be undergoing reprograming
on the basis of human SSEA4 expression.*

H3S10Ph appears precociously dur-
ing early S phase in ESCs

These results suggested that the early
replication of heterochromatic domains in
ESCs, as well as in reprogrammed somatic
cells, might be an important aspect (or
correlate) of pluripotency. To investigate
this possibility further, we used antibod-
ies against different histone modifica-
tions to better characterize the epigenetic
landscape of ESCs during the cell cycle.
To help visualize heterochromatin, E14
cells expressing HP1a-GFP were used for
these analyses (see “Materials and Meth-
ods”). HP1a-GFP distribution in these
ESCs was indistinguishable from that of
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endogenous HPla proteins, as indicated
by co-incident staining of GFP and anti-
HPla antibody (Fig. S1A). HPla-GFP
ESCs were fractionated by counterflow
centrifugal elutriation, pulse labeled with
EdU (100 pM, 45 min) to distinguish S
phase stages, and then co-stained with
antibodies to specific histone modifica-
tions, such as phosphorylated histone H3
at Serine 10 (H3S10Ph),” before being
examined by confocal microscopy. Ini-
tial studies showed that H3S10Ph was a
prominent marker of somatic cells and
ESCs during mitosis, where it was seen
to coat condensing chromosomes prior to
cell division (Fig. 2A and B, red, fourth
panels). Interestingly, H3S10Ph was also
detected at discrete sites in early S phase in
E14 samples (Fig. 2B, second panel) and
this was selective for ESCs, since H3S10Ph
marked only later stages of S phase in
mouse B cells (Fig. 2A, third panel). This
suggested that H3S10Ph might be preco-
ciously loaded onto ESC chromatin early
in DNA synthesis phase.

To confirm and extend these results,
we carefully monitored H3S10Ph label-
ing throughout all stages of the ESC cell
cycle using the same approach. As illus-
trated in Figure 3A, H3S10Ph was pres-
ent at all but the very earliest stages of
S phase in ESCs and often highlighted
DAPI-dense heterochromatin. H3S10Ph
could be detected at replicating hetero-
chromatic sites in cells as early as stage 2
of S phase, and we estimated that approxi-
mately 5% of E14-HPla-GFP cells in
stage 3 had large amounts of H3S10Ph at
heterochromatic sites, while the remainder
showed lower levels of H3S10Ph. As cells
progressed to stage 4, replicating centro-
meric heterochromatin was heavily labeled
with H3S10Ph in E14 ES cells, as well as
in murine B cells (data not shown). Later,
intense H3S10Ph labeling was prominent
on the condensing chromosome arms in
ESCs late in G, phase, and entirely coated
chromosomes at mitosis and during telo-
phase (red, Fig. 3B, row 4), after displace-
ment of HPla. H3S10Ph signal intensity
declined during telophase, and by early G,
of the next cell cycle, only residual levels
were detected (Fig. 3B, row 5).

Changes in HP1a dynamics in ESCs

One of the surprising aspects of this
observation was that precocious loading
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Figure 1. Cell cycle profiles of E14 ESCs, murine B cells, and separation of E14 ESCs using counter-
flow centrifugal elutriation. (A) Cell cycle distribution profiles of unsynchronized populations of
E14tg2A (E14) ESCs and mouse B cells. DNA content was measured by FACS after staining with prop-
idium iodide (PI). Typical percentage estimates of G,, S, and G,/M phases of the cell cycle are shown
for each cell type. (B) Cell cycle distribution profiles of fractions of E14 ESCs enriched in G,, S, and
G, phase cells obtained by counterflow centrifugal elutriation are shown, together with represen-
tative enrichment percentages for each cell cycle stage. DNA content was measured by FACS after
staining with propidium iodide (PI). Fraction numbers reflect flow rate. (C) Confocal images show-
ing the temporal order of S-phase progression in E14 ESCs, assessed by BrdU incorporation patterns
(green). Early S phase (stage 1) is characterized by a fine diffuse labeling of multiple euchromatic
sites that increase in number and intensity by stage 2. Stage 3 (a-c*) is distinguished by foci repre-
senting replicating peri-centromeric and then centromeric heterochromatin, predominantly at the
nuclear periphery (early stage 3, a) and later also around the nucleolus (mid stage 3, b). ESCs specifi-
cally show a pronounced increase in foci at late stage 3 compared with differentiated somatic cells
(c*). Later in S phase (stage 4 and stage 5), large constitutive heterochromatic domains are evident.
The percentage of cells undergoing each stage in a typical unsynchronized population of E14 ESCs
shown below. Scale bar, 5 um. (D) Confocal image of a representative heterokaryon (human B x
mouse ESC E14) pulse-labeled with BrdU for 45 min, 24 h after cell fusion and then stained to reveal
BrdU (green) and DNA (DAPI, blue). The arrow indicates the human B partner undergoing replica-
tion resembling the atypical BrdU incorporation pattern shown in Figure 1C, c* above. Scale bars,
5 pm.
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Table 1. The percentage of cells with reduced or absent centromeric HP1a does not change significantly during cell cycle progression

Hp1a distribution in nucleus, number of cells with percentages
Elutriated cell Centromere- Reduced incorpora- No enrichment at .
. - . . No Hpla Sample size
cycle fraction enriched, bright tion at centromeres centromeres
G, 208 (89%) 23 (10%) 2 (1%) 0 (0%) 233
S 218 (90%) 20 (8%) 4 (2%) 0(0%) 242
G, 231 (88%) 25 (9%) 6 (2%) 2 (1%) 264

Similar percentages of E14 ESCs show reduced or absent HP1« at heterochromatic centromeric foci in populations of cells enriched for G, S, or G, phases
of the cell cycle by counterflow centrifugal elutriation. Cells in the G,-enriched population with condensed chromosomes were omitted from the analysis
because HP1« is ejected from condensed chromatin in both pluripotent and differentiated cell types.

of H3S10Ph at centromeric heterochro-
matin in ESCs did not appear to precipi-
tate the dissociation of HPla, at least at
the global scale offered by this analysis.
It has been proposed that HPla local-
izes to heterochromatin by binding to
the tri-methylated tails of histone H3 at
Lysine 9 (H3K9me3).?*?® It has also been
shown that Aurora B-mediated phos-
phorylation of the adjacent H3 serine
10 residues displaces HP1 binding from
mitotic heterochromatin and forms part
of a binary “methyl/phospho” switch
that is critical for proper cell division in
yeast” and mammalian cells.’*® In mam-
mals, recruitment of the AuroB/AIM-1
kinase complex to HPla sites in hetero-
chromatin is reported to occur in G, and
is important for the G,/M transition.?*
Our data revealed that H3S10Ph was
detected at DAPI-dense, HPla-marked
areas of chromatin in S phase in ESCs
(Fig. 3A, row 3, white arrows). Loading

A

Early G1

Early S-phase

Late S-phase

at heterochromatic centromeric clusters
and other, smaller foci of DAPI-intense
chromatin was observed in both murine B
cells and E14 ESCs, and a greater num-
ber of small H3S10Ph foci that did not
co-localize with DAPI-intense chromatin
were observed in ESCs compared with
B cells (not shown). We observed that
among populations of murine B cells
labeled with EdU and H3S10Ph, loading
of H3S10Ph appeared to occur only after
replication of heterochromatin (i.e., dur-
ing late S phase). However, in a subpopu-
lation (10%) of E14 ESCs, acquisition of
H3S10Ph occurred earlier in S phase and
was present at DAPI-bright heterochroma-
tin co-incident with or before DNA repli-
cation (Fig. 3A, third row, pink arrow).

Altered epigenetic landscape of het-
erochromatin in ESCs

In somatic cells, HPla is enriched
at all centromeric and pericentromeric

heterochromatin  domains throughout

Metaphase ==

P S
O sge®

Metaphase

Figure 2. H3S10Ph is loaded onto chromatin precociously in S phase in E14 ESCs. (A) Confocal
images of Murine B cells and (B) E14 ESCs showing EdU (white), H3S10Ph (red) and DAPI (blue) at
G, early S phase, late S phase, and metaphase stages of the cell cycle. H3510Ph is present during
early S phase in E14 ESCs (B, second panel, stage 2), prior to the replication of centromeric hetero-
chromatin, which occurs from stage 3 onwards. Both murine B cells and E14 ESCs contain increas-
ing amounts of H3S10Ph on chromatin in late S phase (A and B, third panels). H3S10Ph coats the
chromatids by metaphase (A and B, fourth panels). Scale bars, 2 pm.
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interphase.? Using E14-HPla-GFP or
E14 ESCs and antibodies to H3K9me3,
H3K27me3, HPla, and H3S10Ph, we
noticed that an approximately 10% of
unsynchronized ESCs showed reduced
levels of HPla in their nuclei, together
with reduced incorporation of HPla at
DAPl-intense nuclear regions. In a small
proportion of ESCs (1-3%), no enrich-
ment of HPla at centromeric clusters
was seen, and the level of HPla protein
in these cells was either low or negligible.
This subset of cells was not restricted to
G, phase, being present in G, and S phase
fractions (Table 1; exemplified in Fig. 4A
and B). Interestingly, heterochromatic foci
that lacked or showed reduced amounts
of HPla always contained high levels of
H3K9me3 (Fig. 4A, white arows).
Importantly, we excluded that ESCs
showing altered HPla were not partially
differentiated cells by co-staining with
Nanog, a marker associated with pluri-
potency’® (Fig. 4B). In addition, E14
cells stained directly with anti-HPla
showed a similar variability in binding
at H3K9me3-rich sites as observed using
HP1a-GFP (not shown). This effectively
rules out the possibility that variation in
HPla binding relates to the HP1o—GFP
construct. We also noted that different
heterochromatic foci within an individual
ESC often showed variable HPla binding
(exemplified in Fig. 4A, lower right cell)
and that cells with altered HP 1« levels did
not show any sign of chromosome conden-
sation or doubled chromosome content,
and were therefore not likely to be in G,
(when HPla dissociation from hetero-
chromatin is thought to initiate).?"%*
Other reports have suggested that
despite the appearance of DAPI-bright
in ESC nuclei,
matin may be unusually folded or

regions heterochro-
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de-compacted,*””  perhaps  explaining

the lack of HPla binding. However, we
observed that H3S10Ph correctly marked
newly replicated chromatin in S phase
ESCs despite reduced levels of HPla at
these regions (Fig. 4C, white arrows).
Staining of elutriated ESCs with anti-
bodies to euchromatin-associated histone
modifications, such as acetylated H3K9
and H4K16, did not reveal any altered
cell cycle dynamics of these markers as
compared with murine B cells, at least
at the resolution provided by confocal
microscopy (Fig. SIB). In the case of
H3K27me3, an epigenetic modification
associated with facultative heterochroma-
tin®® and bivalent chromatin® in ES cells,
we observed bright foci of H3K27me3 sig-
nal in around 20% of asynchronous ESCs
and noted that several small foci were
often associated with DAPI-dense hetero-
chromatin, which was not seen in mouse
B cells (Fig. 4D). Taken together, these
results suggest the organization composi-
tion and dynamics of heterochromatin are
atypical in ESCs as compared with their
somatic counterparts.

Discussion

Mouse ESCs have an unusual cell cycle
structure and contain a large proportion
of cells in DNA synthesis (S) phase. The
progression of S phase in mouse ESCs is
also unusual, in that a large proportion of
the genome replicates earlier in ESCs than
in somatic cells.?? This was observed here
as an increased number of foci visible in
mid-S phase following a short pulse label-
ing with thymidine analogs. In addition,
it appears that H3S10Ph loading onto
chromatin, which initiates precociously in
the first half of S phase at DAPI-intense/
heterochromatic regions in ESCs, can also
be incorporated into heterochromatin that
has yet to be replicated. In contrast, load-
ing of H3S10Ph onto heterochromatin in
somatic mouse B cells occurs later in S
phase, following its replication. It is for-
mally possible that the precocious replica-
tion of heterochromatin in ESCs, together
with the precocious loading of H3S10Ph,
could account for the altered dynamics of
HPla distribution that we report here. A
similar number of cells with equivalently
altered HPla dynamics were, however,
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observed in the elutriated G, fraction of
E14-HP1a-GFP  cells co-stained with
anti-H3S10Ph and EdU (to allow con-
taminating S phase cells to be excluded
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Figure 3. For figure legend, see page 3258.
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from the analysis), indicating that the
cause of HPla exclusion from heterochro-
matin was not always dependent on the
presence of precociously loaded H3S10Ph.

HP10-GFP

DAPI

HP10-GFP DAPI
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(row 10). Scale bars, 5 pm.

Figure 3 (See previous page). H3510Ph is loaded onto chromatin during S phase in E14-HP1a-GFP ESCs Confocal images of E14-HP1a-GFP ESCs show-
ing the changing distributions of H3S10Ph (red) and HP1a (green) during cell cycle progression. (A) EdU incorporation patterns (white) characterize the
progression of S phase (A, rows 1-5). (B) The changing distribution of H35S10Ph from G, to the following G, stage is shown (B, rows 1-5). DNA was stained
with DAPI (blue). No H3510Ph was detected during G, and very early S phase (A, first row). Small foci of H3510Ph appeared during the first half of S phase,
including stage 2 (A, second row) and early stage 3 (A, third row), prior to the replication of centromeric heterochromatin, in approximately 10% of the
S phase-enriched population of E14 ESCs. The H3S10Ph foci typically increase in size during stage 3 (A, fourth row) and spread to cover the centromeric
heterochromatin during stages 4 and 5 (A, fifth row). H3S10Ph staining increases to cover the chromosome arms as chromosomes begin to condense
during G, (B, first row), and the signal increases in intensity during late G, (B, second row). The chromosome arms are completely covered by H3510Ph at
metaphase when H3S10Ph signal intensity is maximal (B, third row). H3S10Ph intensity declines during telophase (B, fourth row) leaving few remnants
on the chromatin at the start of the next G, phase (B, fifth row). HP1a-GFP is enriched at heterochromatin during S phase and G, (A, rows 1-5, B, fifth
row) and is redistributed away from heterochromatin during late G, phase (co-incident with chromosome condensation, B, first and second rows), and
is not associated with chromatin during cell division (B, third and fourth rows). HP1a becomes concentrated at centromeric heterochromatin in early G,

Differences in the expression of cell
cycle regulators in ESCs as compared with
somatic cells have been reported. Gemi-
nin, for example, is restricted to G, in
somatic cells, yet is expressed throughout
the cell cycle in ESCs.” Here, the observed
phosphorylation of H3S10 during early S
phase in ESCs indicates that additional
cell-cycle-associated modifications may
also be differently regulated in ESCs. We
previously reported that ESCs in S phase/
G, were more efficient at reprogramming
somatic cells in heterokaryons (formed by
fusing ESCs with somatic cells), and that
the early induction of replication in the
somatic nucleus within the heterokaryon
was required for successful reprogram-
ming.! Here, we additionally show that
the somatic nucleus undergoing repro-
gramming within a heterokaryon acquires
some of the unusual characteristics of S
phase shown by ESCs, including addi-
tional sites of nucleotide incorporation
during stage 3 of S phase. This may be
important, as it has been suggested that
reversion of the progression of S phase to
a more ESC-like state may be a barrier to
reprogramming.”

It has been reported that the structure
of heterochromatin in ESCs is less com-
pact and more dynamic and accessible
than that in somatic cells.”* In El4
cells examined by confocal microscopy,
centromeric heterochromatin appeared to
be distributed in a similar way to that seen
in somatic cells (i.e., clusters are scattered
along the nuclear periphery and around
the nucleolus during interphase). The clus-
tered centromeric and peri-centromeric
heterochromatin appeared DAPI-intense
and contained high levels of H3K9Me3,
the recruiter of HP1.2 We found a signifi-
cant proportion of cells (approximately
10%) containing low levels of HPla and,
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in some cases, no enrichment of HPla at
some or all of their H3K9Me3-positive
heterochromatic foci. A similar propor-
tion of such cells were observed at each
stage of the cell cycle, in both E14 and
E14-HP1a-GFP cells, suggesting that the
lack of HP1a could not be attributed to
either its displacement in G,, nor mis-
expression of the HP1a-GFP construct.
In addition, approximately 20% of ESCs
show intense foci of H3K27Me3 associ-
ated with heterochromatin. H3K27Me3
is associated with facultative heterochro-
matin®® in somatic cells and with bivalent
chromatin® in ESCs, and appears as a fine
“haze” distributed throughout the nucleo-
plasm in mouse B cells. We observed no
differences in the apparent distributions
of most euchromatin-associated histone
modifications,”> such as H3K9Ac or
H4K16Ac, in mouse B cells and ESCs.
Taken together, these observations indi-
cate selective differences in the structure
and behavior of heterochromatin in ESCs
that are acquired by somatic cells upon
pluripotent reprogramming. Our studies
also exemplify how counterflow centrifu-
gal elutriation can be used to investigate
cell cycle biology in ESCs in a way that
doesn’t precipitate their differentiation or
death. This is of increasing importance
if we are to decipher how the epigenome
of ESCs is regulated during cell cycle
progression, and which features of the
epigenome are critical for the successful
dominant reprogramming of somatic cells

by ESCs.

Materials and Methods

Cell culture

E14Tg2A Hprt’~ mouse ESCs (E14)
and Abelson-transformed mouse B cells
were cultured as described previously.**

Cell Cycle

Construction of the E14-HP1a-GFP
cell line

HP1a-GFP cDNA was cloned into
chicken B-actin promoter-driven expres-
sion vector pCAGIPuro® and was used
to stably transfect E14 murine ES cells
using Mouse ES Cell Nucleofector® Kit
(Lonza). Puromycin (1 pg/ml) was added
in ES cell media after 24 h after transfec-
tion, and stable colonies were obtained fol-
lowing 6-7 d of selection.

Counterflow centrifugal elutriation
elutriation
was performed using JE-5.0 elutriator sys-
tem (Beckman Coulter) in combination
with MasterFlex peristaltic pump (Cole-
Parmer Instrument), as described.>"

Counterflow centrifugal

Immunofluorescence, FISH, EdU,
and BrdU detection
Immunofluorescence analysis®  was

performed using rabbit polyclonal to
H3K9me3 (1:200, Upstate Biotech-
nology 07-442), H3K27me3 (1:100,
Upstate Biotechnology 05-851), H3K9Ac
(1:100, Upstate Biotechnology 06-942),
H4K16Ac (1:100, Millipore 07-329),
Nanog (Cosmo-Bio REC RCAB0001P),
mouse H3S10Ph  (1:200, Millipore
06-570) and HPla (1:100, Chemicon
MAB3584), and secondary anti-rabbit
or anti-mouse AlexaFluor antibodies at
1:400, Molecular Probes). BrdU incor-
poration and detection was performed
in low-light conditions as described.?
Heterokaryons were grown on gelati-
nized coverslips for 1 d, pulse labeled
with 100 wM BrdU added to the media
for 45 min, and fixed with 2% parafor-
maldehyde in PBS for 20 min at room
temperature. Blocking and washing was
performed as described.” BrdU-FITC
(1:4, Becton-Dickinson 347583) was
applied for 30 min before post-fixation
with EGS, final washes, and mounting

Volume 12 Issue 20

Do not distribute.

I0Science.

©2013 Landes B



in Vector shield containing 0.5 mg/ml
DAPI (Sigma D9542). EAU (100 wM)
was incorporated as a 45 min pulse label

before cell fixation, and the Click-iT kit

(Invitrogen) was used for EdU detection

according to manufacturer’s instructions.
Coverslips were subsequently washed with
PBS, mounted in Vector Shield contain-
ing 0.5 mg/ml DAPI and were stored in
the dark at 4 °C.

HP1a-GFP
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Figure 4. Some heterochromatic foci in E14 ESCs lack HP1a while retaining the HP1« recruiting modification trimethylated H3K9. (A) Confocal image
showing a group of E14 ESCs in which anti-H3K9me3 (red) is concentrated at all centromeric heterochromatic foci (DAPI-intense, blue). Some cells lack
concentrated HP1a-GFP at some (bottom right hand cell) or all of the heterochromatic centromeric foci (arrows, merged image). The cells show no
evidence of DNA condensation, i.e., they have not reached the stage of G, when HP1a is ejected from the heterochromatin. (B) Confocal image of a
group of E14-HP1a-GFP ESCs in which HP1a-GFP (green) and Nanog (red) are shown. Heterochromatic centromeric foci appear DAPI-intense (blue). The
central cell lacks HP1a and yet contains a high level of Nanog protein (red), indicating that it has not differentiated during culture. (C) Confocal image
of E14-HP1a-GFP ESCs during S phase, showing anti-H3S10Ph (red) at replicating (EdU positive, white) heterochromatic (DAPI-intense, blue) foci lacking
concentrated HP1a-GFP (green). (D) Confocal images of E14 ESCs (top row) and mouse B cells (bottom row) stained with anti-trimethylated H3K27 (red)
and DAPI (blue). Twenty percent of unsynchronized E14 ESCs contain bright foci of trimethylated H3K27, most often associated with heterochromatin
(DAPI-intense, blue). Such foci were not observed in somatic murine B cells. Scale bars, 5 pm.
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