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Embryonic stem cells (ESCs) exhibit unique chromatin features, including a permissive transcriptional program and an open, decon-

densed chromatin state. Induced pluripotent stem cells (iPSCs), which are very similar to ESCs, hold great promise for therapy and

basic research. However, the mechanisms by which reprogramming occurs and the chromatin organization that underlies the

reprogramming process are largely unknown. Here we characterize and compare the epigenetic landscapes of partially and fully

reprogrammed iPSCs to mouse embryonic fibroblasts (MEFs) and ESCs, which serves as a standard for pluripotency. Using immuno-

fluorescence and biochemical fractionations, we analyzed the levels and distribution of a battery of histone modifications (H3ac,

H4ac, H4K5ac, H3K9ac, H3K27ac, H3K4me3, H3K36me2, H3K9me3, H3K27me3, and gH2AX), as well as HP1a and lamin A. We

find that fully reprogrammed iPSCs are epigenetically identical to ESCs, and that partially reprogrammed iPSCs are closer to

MEFs. Intriguingly, combining both time-course reprogramming experiments and data from the partially reprogrammed iPSCs,

we find that heterochromatin reorganization precedes Nanog expression and active histone marking. Together, these data delineate

the global epigenetic state of iPSCs in conjunction with their pluripotent state, and demonstrate that heterochromatin precedes

euchromatin in reorganization during reprogramming.
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Introduction

Pluripotent embryonic stem cells (ESCs) are self-renewing cells

derived from the mammalian blastocyst inner cell mass, and have

the potential to differentiate to all the cell types of the embryo

(Evans and Kaufman, 1981; Thomson et al., 1998). A method

that directly induces pluripotent stem cells from somatic cells

by the exogenous expression of central transcription factors

(Oct4, Sox2, Klf4, and c-Myc) of the pluripotency network has

been established recently (Takahashi and Yamanaka, 2006; Yu

et al., 2007), which opened novel potential paths to the use of

induced pluripotent stem cells (iPSCs) (Yamanaka, 2007;

Jaenisch and Young, 2008; Wu et al., 2009).

iPSCs were found to be very similar to ESCs, with ESC-like

colony morphology and expression of pluripotency markers

(Jaenisch and Young, 2008; Stadtfeld and Hochedlinger, 2010).

During the reprogramming process, the transcriptional network

changes gradually from the somatic to the pluripotent state

(Mikkelsen et al., 2008). Fully reprogrammed iPSCs express

endogenous pluripotent markers, form teratomas, which

contain cells of the three germ layers, and can contribute to the

formation of ‘all-iPSC mice’ by tetraploid complementation

(Zhao et al., 2009). An intermediate, stable state between

mouse embryonic fibroblasts (MEFs) and iPSCs was also ident-

ified. Such intermediates that have undergone incomplete repro-

gramming were referred to as ‘partial iPSCs’ or PiPS (Mikkelsen

et al., 2008; Plath and Lowry, 2011).

iPSCs were originally described as undistinguishable from

ESCs, but accumulating evidence demonstrates some epigenetic

changes (Hanna et al., 2010; Stadtfeld and Hochedlinger,

2010). However, of note is that the general variation among

ESC and iPSC lines seems to be in the same order as between

ESCs and iPSCs (Bock et al., 2011).

Direct reprogramming of somatic cells to iPSCs provides a

favorable system to study the epigenetic features that are prere-

quisite for pluripotency. The reprogramming process has been

shown to be accompanied by DNA hypomethylation and by

some epigenetic changes mostly on pluripotency-related or devel-

opmentally regulated gene promoters such as the typical ESC

bivalent marking of H3K4me3/H3K27me3 of lineage-specific

genes (Bernstein et al., 2006; Maherali et al., 2007; Mikkelsen

et al., 2008; Koche et al., 2011).

Nuclear morphological transformations following reprogram-

ming indicate that the changes that somatic cells must accommo-

date during the reprogramming process cannot be limited to

specific gene expression programs and chromatin marks on plur-

ipotent genes. We therefore reasoned that changes in iPSCs

are manifested in a more global way towards an ‘open’ and
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dynamic chromatin state that enables the plasticity of these cells

akin to mouse ESCs (Meshorer et al., 2006). The global chromatin

architecture in pluripotent cells has a more dispersed chromatin

conformation characterized by a paucity of compacted areas com-

pared with differentiated cells (Efroni et al., 2008; Ahmed et al.,

2010; Fussner et al., 2011; Gaspar-Maia et al., 2011). This

observation is further supported by a significant increase in

H3K9me3-positive heterochromatin foci during mouse ESC differ-

entiation (Meshorer et al., 2006). Moreover, the open chromatin

feature of pluripotent cells is not solely an outcome of the

paucity of heterochromatin but also an abundance of euchromatic

marks (pan-H3ac, pan-H4ac, H3K36me2, H3K9ac, and H3K4me3)

(Meshorer et al., 2006; Efroni et al., 2008).

Here we studied the global changes in the distribution and

levels of histone modifications during somatic cell reprogramming

to the pluripotent state in murine cells. We characterized five cell

lines: R1, ESCs; 1D4, fully reprogrammed and previously charac-

terized iPSCs (Maherali et al., 2007); Rr5, a mixed population of

fully and partially reprogrammed iPSCs; Rr2, a partially repro-

grammed iPSC line; and primary MEFs, from which the iPSC

lines were derived. To avoid confusion, we refer to ‘fully repro-

grammed’ cells as Nanog-positive throughout the paper. We

show that most of the euchromatin/active marks, including

H3ac, H3K9ac, H3K27ac, H4ac, H4K5ac, H3K4me3, and

H3K36me2, are higher in the fully pluripotent state, correlating

with Nanog expression levels. In contrast, in partial iPSCs, in

which Nanog is not yet present, euchromatin-related histone

modification levels are similar to those in MEFs. We were able

to correlate the epigenetic and the pluripotent states by means

of immunofluorescence (IF), which allows capturing data for

single cells. This is an important advantage when measuring

iPSC populations that are very often heterogeneous to some

extent. Using IF, we also show that the heterochromatin protein

HP1a and the heterochromatin-associated histone modification,

H3K9me3, both redistribute during reprogramming from distinct

foci toward a more diffused pattern. Interestingly, these

changes were also observed in the partially reprogrammed

lines. Finally, using time-course experiments, we find that hetero-

chromatin remodeling begins relatively early, by day 6 of repro-

gramming, prior to the changes observed in active histone

modification levels. This study is the first to thoroughly character-

ize global chromatin features during the transition from a differ-

entiated to a fully reprogrammed state. We show the

conversion of histone modifications from a somatic to a pluripo-

tent state, and demonstrate that changes in heterochromatin dis-

tribution precede Nanog expression, while the global open

chromatin epigenetic landscape occurs simultaneously with

Nanog expression.

Results

Generation and characterization of partially and fully

reprogrammed iPSCs

To characterize chromatin features before and after reprogram-

ming of MEFs into iPSCs, we compared primary MEFs, a mixed

population of fully and partially reprogrammed iPSCs (Rr5), par-

tially reprogrammed iPSCs (Rr2), mouse iPSCs (1D4) and ESCs

(R1). The iPSC line 1D4 is a well-characterized, fully

reprogrammed line, which can generate chimeric mice (Maherali

et al., 2007). The characterization of the iPSC state was deter-

mined by several criteria. First, the morphology of the induced

colonies was examined. Fully reprogrammed colonies (in Rr5

cells, for example) appeared compact and round, similar to

ESCs, while partially reprogrammed colonies appeared dispersed

and amorphic (Supplementary Figure S1A and B). Another mor-

phological criterion is the size of the nucleus, which significantly

shrinks during reprogramming, reaching a size similar to that of

R1 ESC nucleus. The average nuclear size of MEFs is at least

twice that of the cells that undergo reprogramming

(Supplementary Figure S1C). Along with morphological

changes, the proliferation rate of all the fully and partially repro-

grammed iPSCs increases, reaching a rate similar to that of R1

ESCs (data not shown). The most unequivocal feature which dis-

tinguishes the partially from the fully reprogrammed iPSCs is

Nanog expression. Since Nanog is not a part of the reprogram-

ming cocktail, it serves as an excellent indicator for pluripotency.

Using IF, we find that apart from R1 ESCs, only the fully repro-

grammed iPSCs (1D4 and some Rr5 cells) express Nanog

(Supplementary Figure S1C). Therefore, in each of the IF exper-

iments, we always double-stained the cells with Nanog. This

allowed us to follow the epigenetic reprogramming at a single

cell level, and to correlate the epigenetic state accurately with

the pluripotent state of the cells. Fluorescence intensity of

Nanog in MEFs was used as background level, and only signal

above this threshold was considered positive (Supplementary

Figure S1C).

We further examined the presence of pluripotent transcripts

using RT–PCR. Endogenous Oct4 was present in R1 ESCs, 1D4

iPSCs, Rr5 iPSCs but not in Rr2 partial iPSCs or MEFs

(Supplementary Figure S1D). E-Ras, a tumor-related gene that

is considered to play a role in the long-term maintenance of plur-

ipotency (Takahashi and Yamanaka, 2006), was present in all

pluripotent cells but also in the Rr2 partial iPSCs, demonstrating

their partial reprogramming (Supplementary Figure S1D).

Although the endogenous Oct4 transcript is not present in the

Rr2 partial iPSCs (Supplementary Figure S1D), IF revealed a

strong Oct4 staining, demonstrating that the exogenous Oct4

was not silenced (Supplementary Figure S1G). This, again, indi-

cates the incomplete reprogramming of the Rr2 partial iPSC

line, since complete reprogramming follows retroviral silencing

(Maherali et al., 2007; Okita et al., 2007). We also examined

the expression level of lamin A, which is a nuclear envelope

protein found in differentiated cells but not in ESCs

(Constantinescu et al., 2006). As expected, we found that lamin

A is absent from the nuclear envelope in fully reprogrammed

iPSCs and ESCs whereas in the partially reprogrammed Rr2

cells, lamin A is present (Supplementary Figure S1H). Thus,

lamin A may serve as a viable marker for complete

reprogramming.

Finally, we performed alkaline phosphatase (AP) staining and

teratoma formation assays. The Rr5 iPSCs were properly stained

with AP, and also gave rise to the three expected germ layers in

teratoma assays (Supplementary Figure S1E and F), suggesting

that at least some of the transplanted cells were fully pluripotent.

Rr2 partial iPSCs generated small tumors that are comprised of
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undifferentiated cells with no apparent differentiation (data not

shown), suggesting that they do not contain fully reprogrammed

cells.

Global and specific histone acetylation levels are increased

in a uniform manner in ESCs and fully reprogrammed iPSCs

The iPSCs are very similar, if not identical to ESCs in terms of

morphology, proliferation rate, gene expression pattern, differen-

tiation potential, and a few epigenetic marks that have been

tested to date (Jaenisch and Young, 2008; Stadtfeld and

Hochedlinger, 2010). To extend this further at a global scale,

we wished to characterize the epigenetic landscape of iPSCs by

analyzing the presence and level of 10 histone modifications,

and to compare the global epigenetic landscape of ESCs, iPSCs,

partial iPSCs and MEFs, from which the iPSCs/partial iPSCs

have been generated.

We first analyzed the global acetylation level of histone H3 by

double IF with Nanog. In all experiments, we tested R1 ESCs, 1D4

iPSCs, Rr5 iPSCs, Rr2 iPSCs, and MEFs (Figure 1A). Nanog staining

distinguishes the ‘true’ pluripotent cells (ESCs and fully repro-

grammed iPSCs) from the cells not yet completely reprogrammed

and from MEFs (Figure 1A). The partial iPSCs and the MEFs exhibit

a low Nanog fluorescent signal, which represents the background

for this antibody. DAPI staining allows visualizing the DNA

content of all cells, and to easily detect the presence of MEFs

around the ESC/iPSC colonies. For ESC and iPSC cell culture, a

feeder layer of MEFs is commonly added in order to maintain

the undifferentiated state. In our IF experiments, we used dividing

MEFs for the feeder layer. This provided us with an additional

internal control. Another important control is the use of the het-

erogeneous population of the Rr5 iPSCs, in which some of the

cells are fully reprogrammed (Nanog-positive) and some cells

are only partially reprogrammed (Nanog-negative) (Figure 1A

and B). This cell line allowed us to compare histone modification

levels within the same image field, of two cell populations that

differ in their pluripotent state, but with otherwise identical

features (i.e. morphology, size, proliferation rate, nuclear

volume).

Quantification of the fluorescence intensity for each nucleus in

its optimal confocal plane showed that the global H3 acetylation

(H3ac) level is about 2-fold higher in ESC colonies compared with

MEFs (Figure 1A and B, examples of MEFs in the same image field

as ESCs or iPSCs are indicated by asterisks). To validate the fluor-

escence intensity, we show a western blot with similar results

(Figure 1C). These observations are in agreement with previous

Figure 1 Fully reprogrammed iPSCs have a similar level of global histone acetylation as ESCs. (A) Maximum projection (3D reconstructed image) of

all the tested cell types we used in this study, immunostained for Nanog (green) and histone H3 pan-acetylated (H3ac, red), and counterstained

with DAPI (blue). MEFs used as feeder layer are indicated by asterisks. Bars ¼ 15 mm. (B) The fluorescence intensity of H3ac is represented as

boxplots for each cell type we tested. Boxes correspond to center quartiles, the bar marks the median and the whiskers indicate 1.5× of inter-

quartiles. Fluorescence intensity was measured in confocal sections (2D) where each nucleus was at its optimal focal plane and clearly

distinguishable from surrounding nuclei. The number of measured nuclei is indicated under each cell type (n). (C) Western blot for H3ac

(top panel) in MEFs and R1 ESCs, fractionated to cytoplasmic fraction (S1), nucleoplasmic (nuclear chromatin-unbound) fraction (S3) and

chromatin-bound fraction (P3). Protein staining with PonceauS (bottom panel) in the histone range of the blot was used as a loading control.
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reports (Meshorer et al., 2006; Bian et al., 2009; Krejčı́ et al.,

2009). However, a novel observation is that the fully repro-

grammed 1D4 iPSCs and the Nanog+ colonies of the Rr5 iPSCs

also contain elevated levels of H3ac, similarly to ESCs, and inter-

estingly, the partially reprogrammed cells (Nanog2 Rr5 cells and

Rr2 partial iPSCs) have lower H3ac signal, similar to MEFs

(Figure 1A). This established that only the fully reprogrammed

iPSCs share the same level of H3ac with ESCs, and that this

high level of H3ac correlates with Nanog levels in the analyzed

cells.

Similarly, we found that the level of H4ac is �2.5-fold higher in

ESCs and in fully reprogrammed iPSCs than in partially repro-

grammed iPSCs and MEFs (Supplementary Figure S2A). Because

of space consideration, in this IF figure and all the subsequent

ones, although we always analyzed all five cell lines depicted

earlier, we only present the R1 ESCs and the Rr5 iPSCs but

provide the representation of the quantified fluorescence as box-

plots for each cell type, for each histone modification tested.

Histone acetylation is generally considered to correlate with

transcriptional activity (Zhou et al., 2011), and many acetylations

on specific lysine residues are known to correlate with active chro-

matin (Creyghton et al., 2010; Rada-Iglesias et al., 2010). We thus

tested the status of several specific histone acetylation marks,

including lysine 5 on histone H4 (H4K5ac), H3K9ac and H3K27ac.

As with H3ac and H4ac, ESCs and fully reprogrammed iPSCs dis-

played higher levels of these modifications than MEFs or partially

reprogrammed iPSCs (Supplementary Figure S2B–D).

These results show that the tested modifications (H3ac, H4ac,

H4K5ac, H3K9ac, and H3K27ac) are more abundant in ESCs than

in differentiated cells; that histone acetylation patterns are glob-

ally identical in ESCs and iPSCs, and that partial reprogramming is

not sufficient to reach ESC-like histone acetylation levels.

Active methylation marks are similarly abundant in ESCs and fully

reprogrammed iPSCs

Next, we wondered whether histone methylation marks are

also equivalent in iPSCs and ESCs. Histone methylations are

associated with both active and repressive chromatin. H3K4me3

is the active binomial of the known bivalent mark (H3K4me3/

H3K27me3) in mouse and human, which was previously found

to be slightly elevated in ESCs (Efroni et al., 2008); and

Figure 2 Fully reprogrammed iPSCs and ESCs have similar levels of euchromatic histone methylations. (A–C) 3D reconstructed images of R1

ESCs and Rr5 iPSCs immunostained for Nanog (green) and the histone modification (red): H3K4me3 (A), H3K36me2 (B), and H3K27me3 (C), and

counterstained with DAPI (blue). MEFs used as feeder layer are indicated by asterisks. Bars ¼ 15 mm.
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H3K27me3 is a classic mark of repressive chromatin in many cell

types and is the repressive binomial of the bivalent mark (Azuara

et al., 2006; Bernstein et al., 2006). H3K36me2 is found to corre-

late with ‘on’ genes (Rao et al., 2005) and to be more abundant in

ESCs compared with NPCs but to a lesser extent (Efroni et al.,

2008). When we tested these modifications in our cells, we

found that the global levels of H3K4me3 and H3K36me2 are sig-

nificantly higher in ESCs and iPSCs than in MEFs or partial iPSCs

(Figure 2A and B). We also observed, somewhat surprisingly, that

the global levels of H3K27me3 are very similar in ESCs and MEFs

(Figure 2C).

Some pluripotent heterochromatin features are present

in partially reprogrammed iPSCs

HP1a is important for formation and maintenance of hetero-

chromatin (Hediger and Gasser, 2006; Zeng et al., 2010). In differ-

entiated somatic cells, HP1a is distributed in distinct nuclear foci,

and these foci are known to usually co-localize with constitutive

heterochromatic regions of the genome (Wreggett et al., 1994).

In ESCs, HP1a is distributed in fewer, larger foci with less

defined boundaries than in differentiated cells (Aoto et al.,

2006; Meshorer et al., 2006). To examine whether this unique

distribution of HP1a is also characteristic of iPSCs, we

co-immnunostained our cells with Nanog and HP1a (Figure 3A).

The number of HP1a foci per nucleus was found to be lower in

all pluripotent cell types we analyzed than in MEFs (Figure 3A

and B). Interestingly, the partial iPSC cell line Rr2 has a similar

number of HP1a foci per nucleus as pluripotent cells, but the

Nanog2 Rr5 partial iPSCs possess an intermediate number of

HP1a foci between that of pluripotent cells and the MEFs

(Figure 3B). These observations suggest that the two partial

iPSCs, Rr2 and Nanog2 Rr5 were blocked at different stable

stages during the reprogramming process. Based on HP1a organ-

ization, it is likely that the Nanog2 Rr5 cells were blocked at an

earlier stage during the process than Rr2.

An additional characteristic of HP1a staining in pluripotent cells

that we noticed is its significant staining in the nucleoplasm, in

addition to foci (Figure 3A). Since the distribution of HP1a is not

uniform, in contrast to the previous modifications that we have

assessed, we measured the nucleoplasmic signal by line profile

analyses (Figure 3C). Line profiles allow us to determine the inten-

sity and width of the foci, in addition to the nucleoplasmic back-

ground intensity (Figure 3C). The nucleoplasmic signal (in 30–60

cells analyzed) in ESCs, 1D4 iPSCs, Nanog+ Rr5 iPSCs and Rr2

partial iPSCs is 3–4-fold higher than in MEFs, but only 1.4-fold

higher in Nanog2 Rr5 iPSCs compared with MEFs. These results

argue for a decrease in the number of HP1a foci and an increase

in nucleoplasmic background signal during reprogramming, even

in cells that are only partially reprogrammed, reflecting reorganiz-

ation of heterochromatin during the reprogramming process.

To ask whether heterochromatin reorganization is a more

general phenomenon during reprogramming, we analyzed an

additional heterochromatin mark, H3K9me3. The number of

H3K9me3 foci per nucleus was previously shown to be signifi-

cantly lower in ESCs than in differentiated cells (Aoto et al.,

2006; Meshorer et al., 2006). Consistent with this and with

the HP1a foci distribution in iPSCs (Figure 3), the number of

H3K9me3 foci also dropped in cells that underwent

reprogramming compared with MEFs (Supplementary Figure

S3A and B). Our IF results also suggest that the nucleoplasmic

background of H3K9me3 staining is higher in ESCs and iPSCs

than in differentiated cells (Supplementary Figure S3A and C).

We found that the average nucleoplasmic signal (in 30–60

cells analyzed) in ESCs, 1D4 iPSCs, Nanog+ Rr5 iPSCs is

almost 2-fold higher than in MEFs, and in Rr2 partial iPSCs,

only 1.5-fold higher than in MEFs.

We next verified these findings biochemically by dividing cells

into three fractions: cytoplasm, nucleoplasm (nuclear chroma-

tin-unbound), and chromatin-bound (Mendez and Stillman,

2000). We found that in MEFs more than 90% of H3K9me3 is in

the chromatin-bound fraction and �10% in the nucleoplasmic

fraction, whereas in ESCs, the nucleoplasmic fraction of

H3K9me3 increased to more than 20% (Supplementary Figure

S3D).

On the whole, the reduction in heterochromatin foci and the

increase in the diffuse nucleoplasmic signal of HP1a and

Figure 3 HP1a rearrangements in partially and fully reprogrammed

iPSCs. (A) 3D reconstructed images of R1 ESCs, Rr5 iPSCs and Rr2

partial iPSCs immunostained for HP1a (red) and Nanog (green insets).

MEFs used as feeder layer are indicated by asterisks. Bars¼ 15 mm.

(B) Average foci number per nucleus is displayed for each cell type ana-

lyzed. Data were mean+SEM. (C) Representative line scan plots of R1

ESCs, MEFs, 1D4 iPSCs, Nanog+ Rr5 iPSCs, Nanog2 Rr5 iPSCs, and Rr2

partial iPSCs. The scanned nucleus is shown on the left and the corre-

sponding line plot on the right. Peaks represent foci and the red line indi-

cates the nucleoplasmic background intensity level.
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H3K9me3 suggest that major heterochromatin rearrangements

occur during reprogramming. Interestingly, such changes that

reflect the heterochromatin state in ESCs are also apparent

in partially reprogrammed iPSCs, in contrast to the open chro-

matin marks that we have tested that were present only in fully

reprogrammed iPSCs. These observations imply that hetero-

chromatin reorganization occurs earlier during the reprogram-

ming process than the marking of chromatin with active

modifications.

Active histone marks coincide with Nanog during reprogramming,

whereas heterochromatin rearrangements precede Nanog

expression

Our data so far concentrated on the relative changes of epige-

netic marks in established cell lines, relative to one another.

However, to clearly determine the timing of the observed

changes during the reprogramming process, time-course exper-

iments are required.

To this end, we reprogrammed primary MEFs directly on glass

bottom plates, and fixed the cells at day 0, 6, 7, 8, 9, and 12 of

the reprogramming. Cells were then subjected to

co-immunostaining for Nanog together with H3K27ac,

H3K4me3, H3K9ac, H3K9me3, or HP1a. Nanog staining began

to appear at day 7 (Figure 4A), coinciding with the active marks

tested (Figure 4A–C). Both Nanog expression and the levels of

the examined histone modifications increased simultaneously,

starting from day 7–8. At day 12, iPSC colonies were morphologi-

cally clear and Nanog expression was high, as well as the level of

H3K27ac (Figure 4A) as H3K4me3 (Figure 4B) and H3K9ac

(Figure 4C). In the case of H3K9me3 (Figure 4D and F) and

HP1a (Figure 4E and G), we found that small forming colonies

at day 6–7, which are still Nanog-negative, possessed signifi-

cantly less H3K9me3 and HP1a foci than the surrounding cells

that did not begin to reprogram. In those colonies, HP1a also dis-

played a significantly higher nucleoplasmic signal (Figure 4G). At

later time points during reprogramming, the nucleoplasmic

signals of H3K9me3 and HP1a continued to increase (Figure 4D

and E).

These time-course experiments allowed us to conclude that

heterochromatin rearrangement is the first chromatin-related

change that we can detect by light microscopy in the tested

marks during reprogramming. Heterochromatin changes can

thus be considered as an early event during reprogramming, at

the same time when the first small iPSC colonies appear, before

Nanog expression.

Figure 4 Heterochromatin rearrangements precede Nanog expression during reprogramming. (A–E) Time-course reprogramming experiments

in day 0, 6, 7, 8, 9, and 12. Cells were fixed at the indicated day and immunostained with Nanog (green, top) and the indicated chromatin mark

(red, bottom). Enlarged images of emerging iPSC colonies that do not yet express Nanog (green, with levels similar to background) are shown

in F (H3K9me3) and G (HP1a). MEFs used as feeder layer are indicated by asterisks. Bars ¼ 15 mm.
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Levels and localization of gH2AX and lamin A are similar

in ESCs and iPSCs

gH2AX is one of the most well-established hallmarks of chro-

matin linked to DNA damage (Rogakou et al., 1999). We won-

dered whether this modification, which was found to be

unexpectedly highly abundant in mouse ESCs in the absence of

measurable DNA double-strand breaks (Banath et al., 2009), is

similarly rich in iPSCs. Co-staining of gH2AX and Nanog revealed

that the fully reprogrammed iPSCs have equivalent amount of

this modification as ESCs, and that partial iPSCs exhibit similar

level as MEFs (Figure 5A). This observation suggests that high

levels of gH2AX mark are not only in ESCs but also in fully repro-

grammed iPSCs, apparently regardless of DNA damage.

Lamin A is a nuclear membrane protein expressed in differen-

tiated cells and is absent from ESCs (Constantinescu et al.,

2006). Lamin A localizes clearly at the nuclear periphery in

MEFs and in partial iPSCs, but in ESCs and in fully reprogrammed

iPSCs lamin A is not expressed and does not localize at the

nuclear periphery (Figure 5B). Thus, lamin A can be used as an

additional marker to identify fully reprogrammed iPSCs from par-

tially ones.

Finally, we calculated the ratio between the levels of the tested

histone modifications in pluripotent versus non-pluripotent cells.

This analysis showed that H3K36me2 and gH2AX have the highest

ratio among the different modifications we have tested, reaching

an almost 4-fold difference. H3K4me3 is estimated to �2-fold

higher in pluripotent cells, but H3K27me3 level was found to be

roughly the same in pluripotent and non-pluripotent cells

(Figure 6A). In addition, we calculated the correlation (R2) between

the histone modification levels and Nanog expression and

found that most of the modifications correlate with Nanog

expression (Supplementary Figure S4). H3K36me2 has the highest

significant correlation (R2¼ 0.77), and consistent with our

IF results, the correlation of H3K27me3 with Nanog was weak

(R2¼ 0.24).

Ratio analyses for H3K9me3 and HP1a showed that the nucleo-

plasmic intensity is about 2- and 3.5-fold higher (respectively) in

the pluripotent cells versus MEFs. Both marks also showed a sig-

nificant decrease in the number of foci in the pluripotent state

(Figure 6B).

To sum, we have analyzed the expression and distribution of a

battery of histone modifications, as well as HP1a and lamin A, in

ESCs, fully and partially reprogrammed iPSCs and primary MEFs.

We found that pluripotent cells are enriched with gH2AX and

active histone marks, which coincides with Nanog expression

during reprogramming, and have a significantly larger unbound

nucleoplasmic fraction of the heterochromatic HP1a and

H3K9me3. Importantly, time-course experiments demonstrated

that heterochromatin reorganization precedes Nanog expression

and active histone marking, revealing the initial step that can

be detected by light microscopy during reprogramming

(Figure 6C).

Discussion

This work delineates the dynamic global changes in histone

modifications and chromatin structure during the reprogramming

process from somatic fibroblasts to iPSCs. Previous work

analyzed some molecular changes that occur during this

process, revealing the kinetics of the decline in fibroblast gene

expression programs and retroviral activity during the first 6–9

days (respectively) of the reprogramming process, the increase

in pluripotency genes and the reversal of X-inactivation from day

10 onwards (Stadtfeld et al., 2008). More recently, a genome-wide

increase in H3K4me2 was reported during the first 3 days of repro-

gramming in pluripotency-related or developmentally regulated

gene promoters and enhancers, preceding changes in gene

expression (Koche et al., 2011). Here we add the chromatin dimen-

sion to this intriguing process and demonstrate that although

eventually chromatin becomes indistinguishable between iPSCs

and ESCs, the transition from a somatic-like chromatin structure

to an ESC-like chromatin structure occurs relatively late, at day 7

or later, but strikingly, the reorganization of heterochromatin

occurs early, prior to any detectable Nanog expression, at day 6

or earlier. We further show that partially reprogrammed iPSCs,

which have small nuclei similar to ESCs, show similar euchromatic

histone modification patterns as MEFs, supporting the notion that

Figure 5 ESCs and iPSCs have similar high levels of gH2AX and lack

lamin A expression. (A) 3D reconstructed images of R1 ESCs and Rr5

iPSCs immunostained for Nanog (green) and gH2AX (red), and coun-

terstained for DAPI (blue). (B) Confocal sections (2D) of R1 ESCs and

Rr5 iPSCs immunostained for Nanog (green) and lamin A (red), and

counterstained with DAPI (blue). MEFs used as feeder layer are indi-

cated by asterisks. Bars ¼ 15 mm.
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the transition to an ESC-like open chromatin conformation is a

relatively ‘late’ event during reprogramming.

Partial iPSCs have been used successfully to analyze different

stages of the reprogramming process (Mikkelsen et al., 2008;

Plath and Lowry, 2011). In this study by using the Rr5 cell line

which we generated, which includes both partial iPSCs and fully

reprogrammed iPSCs, we were able to correlate chromatin features

with Nanog expression levels and distinguish between

Nanog-positive and Nanog-negative cells. Remarkably, many of

the tested chromatin features segregated almost perfectly

between the two cell populations, suggesting that chromatin struc-

ture and epigenetic signature can be used to distinguish fully repro-

grammed iPSCs from cells of other various reprogramming stages.

Interestingly, the histone modifications that showed the highest

degree of correlation with the pluripotent state include

H3K36me2, H4K5ac, and H3K4me3 (Supplementary Figure S4).

H3K4me3 is strongly associated with active transcription, and

recent data have shown that H3K4me2 and H3K4me3 can also

modulate gene expression likely by tethering histone deacetylase

(HDAC) complexes to chromatin (Pinskaya et al., 2009).

H3K36me2 correlates with the ‘on’ or ‘off’ state of transcription

and is established during the initial steps of gene expression (Rao

et al., 2005). Interestingly, this modification has also been recently

connected to the recruitment of an HDAC complex (Li et al., 2009)

and to DNA repair (Fnu et al., 2011). In the case of H4K5ac, whose

high level correlates strongly with Nanog expression in ESCs and

iPSCs, almost no information is known about its function in tran-

scriptional activity. In spite of that, histone acetylation in general

was shown to be prevalent in undifferentiated ESCs (Krejčı́ et al.,

2009; Mattout and Meshorer, 2010; Gaspar-Maia et al., 2011).

Specifically, H3K9ac seems to correlate with pluripotency (Hezroni

et al., 2011), and H3K27ac was shown to differentiate between

active and poised enhancers in ESCs (Creyghton et al., 2010;

Rada-Iglesias et al., 2010). While increased histone acetylation in

ESCs may support chromatin plasticity and the hyperdynamic

binding of chromatin proteins to chromatin in the undifferentiated

state (Meshorer et al., 2006), the elevated level of phosphorylated

H2AX (gH2AX) and its relevance to pluripotency is more difficult

to explain. However, it was suggested that the abundance of

gH2AX in mouse ESCs is not a consequence of increased DNA

damage but rather a reflection of the open chromatin conformation

in these cells (Banath et al., 2009). Since human ESCs and iPSCs do

not share the same elevated levels of gH2AX foci (Banath et al.,

2009; Momcilovic et al., 2009, 2010), it would be important to

test whether this phenomenon is species-specific or whether it

reflects the differences between human and mouse ESCs.

Interestingly, the only mark that did not show any significant

global level differences is H3K27me3. In a recent study (Hawkins

et al., 2010), the authors used ChIP-seq of various histone modifi-

cations and showed an increase in the coverage of H3K27me3

when comparing human ESCs with IMR90 human fibroblasts. This

apparent discrepancy could be attributed either to species differ-

ences—mouse in our study versus human in Hawkins et al.

(2010)—or to the methodology used—our approach is a global esti-

mate that measures grossly both the nucleoplasmic and the

chromatin-bound fractions, whereas ChIP-seq measures chromatin-

bound fraction alone.

One of the intriguing observations regarding the transition from

a somatic to a pluripotent chromatin organization is the distri-

bution of heterochromatin-associated marks. HP1a and

H3K9me3 both appeared only in discrete condensed foci in

somatic cells. In pluripotent cells, the number of such foci

dropped by more than half, but importantly, HP1a and

H3K9me3 displayed a pronounced nucleoplasmic staining in plur-

ipotent cells. Using chromatin versus nucleoplasmic biochemical

fractionations, we were able to show that the nucleoplasmic

Figure 6 Summary of global epigenetic changes in iPSCs. (A) For each histone modification, the ratio of the average fluorescence intensity in

pluripotent nuclei (R1 ESCs, 1D4 iPSCs, and Nanog+ Rr5 iPSCs) versus non-pluripotent nuclei (MEFs, Nanog2 Rr5 iPSCs, and Rr2 partial iPSCs)

is shown in red versus the white, respectively. Data were mean+SEM. All tested modifications, with the exception of H3K27me3, are signifi-

cantly increased in pluripotent cells in comparison to non-pluripotent cells (.1.5-fold, P , 0.001 in all cases). (B) For the heterochromatin

marks, the ratio of the average nucleoplasmic fluorescence intensity in pluripotent cells (R1 ESCs, 1D4 iPSCs, and Nanog+ Rr5 iPSCs)

versus MEFs (white) is shown in red. Partial iPSCs were omitted for clarity. Data were mean+SEM. (C) Schematic view of the epigenetic kinetics

during reprogramming. Changes represent global, and not locus-specific, trends.
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fraction of chromatin-associated proteins and histone marks is

significantly larger in pluripotent cells, ruling out imaging-based

artifacts. We also show a higher nucleoplasmic fraction of H3ac

in ESCs versus MEFs, providing a potential explanation for the

unbound fraction of chromatin proteins observed using fluor-

escence recovery after photobleaching assays in undifferentiated

ESCs (Meshorer et al., 2006). It is also tempting to hypothesize

that specific modified histones are found more abundantly in

the chromatin-unbound fraction in pluripotent cells in order to

enable rapid incorporation into chromatin during early differen-

tiation, and therefore to regulate gene expression programs.

Intriguingly, while all euchromatin-related features (i.e. histone

acetylation, H3K4 and H3K36 methylation) appeared relatively

late during reprogramming, only when cells become

Nanog-positive, the reduction in the number of heterochromatin

foci and the appearance of nucleoplasmic ‘heterochromatin’

(i.e. HP1a and H3K9me3) occurred early, before Nanog

expression is apparent. This suggests that physical rearrange-

ment of heterochromatin precedes euchromatin-related epige-

netic modifications during reprogramming.

Taken together, we provide the first in-depth investigation of

global chromatin mark levels during reprogramming of somatic

fibroblasts to iPSCs, and show that the first discernable change

is the rearrangement of heterochromatin, which precedes Nanog

expression.

Materials and methods

Cell culture and reprogramming

R1 mouse ESCs (passages 18–22), 1D4 mouse iPSCs (Maherali

et al., 2007), and iPSCs Rr2 and Rr5 (this study) were cultured as

described in Meshorer et al. (2006). For IF, cells were plated on

round sterilized 12-mm coverslips in 24-well culture plates

(Grenier), coated with gelatin and pre-plated with primary MEFs.

The partial iPSC lines Rr2 and Rr5 were generated as previously

described (Takahashi and Yamanaka, 2006). Time-course repro-

gramming for the time-course experiments was conducted with

EF1a-STEMCCA (Sommer et al., 2009).

Image analysis

The fluorescence intensities of Nanog and of the selected histone

modifications were measured at the optimal focal plane (2D) for

each nucleus in the Z-stack using the Image processing software

ImageJ (Abramoff et al., 2004). We defined the nucleus borders

manually, and the intensity and the nucleus size were measured

in a semi-automated way. The analysis of the heterochromatin

marks HP1a and H3K9me3 also involved counting of the number

of distinct foci observed in each cell. This was also measured in a

semi-automatic manner with ImageJ software (analyze particles’

function). The intensity of the HP1a and H3K9me3 foci and more

importantly of the nucleoplasmic background was further analyzed

by 30–60 line plots for each cell type and the average of the nucleo-

plasmic background was calculated. More Materials and methods

can be found in Supplementary material.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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