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Introduction

Nuclear reprogramming resets the transcriptional state of the 
somatic genome to a configuration that is compatible with devel-
opmental pluripotency.1,2 Reprogramming of somatic cells to a 
pluripotent state, giving rise to all cell types, was first demon-
strated by somatic cell nuclear transfer (SCNT) experiments 
resulting in the production of clonally derived frogs.3 It was later 
shown that oocytes can also be employed for the cloning of mam-
mals.4,5 However, the efficiency of mammalian cloning, as mea-
sured by the production of live-birth clones, is low and it has been 
suggested that this is due to the incomplete reprogramming of 
the somatic nucleus.6

Embryonic stem cells (ESCs), like oocytes, contain repro-
gramming activity, and can be employed to reprogram somatic 
genomes through fusion.7 Developmental pluripotency has been 
demonstrated in hybrids derived from the fusion of murine ES 
and somatic cells,8-12 as well as thymocytes.7 In addition, embryo-
nal carcinoma (EC) and embryonic germ (EG) cells have also 
been shown to contain reprogramming activities in fusion 
experiments.13-15 Human fibroblasts have been successfully repro-
grammed as well upon fusion with human ESC8 or myeloid pre-
cursor cells.16 The reprogramming activity of ESCs likely resides 
within the nuclear compartment because karyoplasts, but not 
cytoplasts, derived from these cells, can bring about reprogram-
ming of somatic cells upon fusion.17 The hybrid cells can give rise 
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to a variety of cell types7,8,15 and can be continuously propagated 
under appropriate culture conditions. They maintain a stable 
tetraploid DNA content and their morphology, growth rate and 
antigen expression patterns are characteristic of ESCs.8,11

Interestingly, unlike reprogramming by transduction with the 
transcription factors Oct4, Sox2, Klf4 and c-Myc,18 reprogram-
ming by fusion was shown to be rapid and occurring without cell 
division,19 making it an extremely convenient method for studying 
the mechanisms of reprogramming and for conducting compari-
sons between different ESC lines. It is known that ESCs derived 
from different strains of mice vary considerably in their potency 
to generate germline chimeras20 and it was shown that changes 
in copy number variants of the ESC genome correlates with the 
proliferation and differentiation potentials of these lines.21

The molecular mechanism(s) and factors responsible for repro-
gramming the epigenome are largely unknown. DNA methyla-
tion and histone modifications play important roles in regulating 
gene activity via alterations of chromatin structure.22,23 Histone 
tail modifications24 include acetylated, methylated or ubiquiti-
nated lysine residues, methylated arginines and phosphorylated 
serine residues.25 These epigenetic modifications, often referred 
to as the ‘histone code’26,27 can determine the state of a cell’s 
expression pattern.

In this study we investigated the reprogramming potency of 
different lines of ESCs to reprogram MEFs, with relation to chro-
matin state. We optimized virus-mediated fusion conditions and 



www.landesbioscience.com Nucleus 301

 ORIGINAL RESEARCH RESEARCH PAPER

wisp1, but express Oct4, Nanog, Rex1 and Sox2 (Fig. S1J). Further, 
the hybrid lines formed embryoid bodies (EBs) with growth and 
differentiation properties similar to ESCs. Pooled EBs at differ-
ent time points demonstrated that the hybrids exhibit a remark-
able degree of developmental potential to form all three germ 
layers (Fig. S1K), similar to ESCs. These data suggest that via 
fusion with ESCs, the MEFs acquired ESC features, replacing 
their own.

One of the unique features of ESCs is their dynamic asso-
ciation of chromatin proteins with chromatin and their paucity 
in condensed heterochromatin foci.31,35 We therefore analyzed 
chromatin structure by light microscopy and measured the 
dynamic association of HP1-GFP with chromatin using fluo-
rescence recovery after photobleaching (FRAP). DAPI staining 
demonstrated that the chromatin structure in the fusion colonies 
appeared morphologically similar to that of ESCs with fewer, less 
pronounced, heterochromatin foci (Fig. S2A and B), as previ-
ously demonstrated,31,36 and in stark contrast to the heterochro-
matin organization in MEFs (Fig. S2C). In addition, hybrid 
cells displayed HP1-GFP dynamic similar to ESCs, whereas 
HP1-GFP recovery in MEFs was significantly slower (Fig. S2D, 
p < 0.05).31 Our observations demonstrate that the MEF/ESC 
hybrids, although tetraploid, adopt transcriptional, morpho-
logical, developmental and nuclear/chromatin characteristics of 
ESCs.

Different ESC lines have varying reprogramming capacities. 
In an effort to determine the relative potency of different ESC 
lines to reprogram MEFs, we compared fusion efficiency of four 
established ESC lines, J1, C57BL/6, R1 and E14. Fusion of MEFs 
with R1, J1 or C57BL/6 ESC lines resulted in a range of 17–41 
reprogrammed GFP-positive ESC-like colonies per 2 x 107 MEFs, 
whereas this yield dropped significantly for E14 ESCs (p < 0.05, 
Mann-Whitney U-test, p < 0.005, 2-tailed t-test; Table 1A).

Reprogramming capacity is correlated with H3K9 acety-
lation. To investigate whether the differences in ESC potency 
are correlated with chromatin structure and the epigenetic state, 
we analyzed a variety of chromatin marks. All 4 lines exhibited 
similar levels of the majority of the chromatin marks that we ana-
lyzed, including acetylated histones (H3ac, H4ac), H3K4me3, 
H3K9m3, H3K27me3, phospho-serine5 RNA polymerase 2 
(Pol2pS5) and HP1α (Fig. 1A and B). In contrast, H3K9ac was 
significantly lower in E14 compared to all other ESC lines tested 
(Fig. 1A, bottom). This prompt the idea that the low reprogram-
ming capacity of E14 ESCs might be related to the low levels of 
H3K9 acetylation observed in these cells.

HDAC inhibitors can restore pluripotency of inferior ESC 
lines. To test this, we added the HDACi trichostatin A (TSA) 
to our ESC colonies. As expected, a 4 h period of incubation of 
E14 ESCs with 5 or 25 nM TSA resulted in a dose-dependent 
increase in H3ac (Fig. 2A, top) and H3K9ac (Fig. 2A, bottom). 
Interestingly, H3K9ac displayed a more significant increase 
than H3ac (Fig. 2B). This was also true for a 14–16 h incuba-
tion of E14 cells with 5 nM of TSA (Fig. 2A–B). H3K9ac in R1 
cells reached similar levels to that of E14 cells following TSA 
treatment, but since the initial levels were significantly higher  
(Fig. 1), the observed change was markedly lower. To rule out 

compared various established ESC lines in this setting. We found 
that the reprogramming potency of the E14 ESC line was rela-
tively low compared with others, but could be raised to the level 
of R1 cells upon incubation with histone deacetylase (HDAC) 
inhibitors. Concomitantly, we found that the levels of H3K9ac 
were low in E14 cells but increased significantly after incubation 
with a low dose of HDAC inhibitors. Microarray analyses of E14 
before and after 16 hrs of low level treatment with HDAC inhibi-
tors revealed enrichment for extracellular matrix (ECM) activity 
suggesting that the ECM niche is secreted by ESCs to maintain 
pluripotency. Using chromatin immunoprecipitation (ChIP) of 
H3K9ac before and after HDAC inhibition followed by SOLiD 
sequencing (ChIP-seq), we identify the genomic regions that are 
associated with increased pluripotency. Taken together, these 
results indicate that H3K9 acetylation levels of pluripotent cells 
during the fusion events are highly correlated with the repro-
gramming efficiency of the somatic cells, and that HDAC inhibi-
tion can significantly increase the reprogramming potential by 
promoting ECM production.

Results

Baculovirus significantly enhances MEF/ESC fusion. To inves-
tigate the capacity of ESCs to reprogram somatic cells, we fused 
R1 or E14 mouse ESCs with Oct4/GFP/neoR/ROSA26-β-geo 
MEFs (henceforth, MEFs) (Fig. S1A and B). In order to increase 
the fusion efficiency we fused the cells by introducing baculovi-
rus under low pH conditions.34 ESCs stained with PKH26-red 
were plated on MEFs and transfected with baculovirus. Fusion 
efficiency (~70–85%) was measured by the number of stained 
MEFs after fusion with stained ESCs (Fig. S1C–E). ESCs were 
subjected to dual G418/HAT drug selection. After 6–8 d, GFP-
positive and drug-resistant colonies emerged, and picked at  
10–14 d (Fig. S1B, bottom left). R1 ESCs fused with MEFs 
produced ~40 hybrid colonies per 107 MEFs. Such colonies  
(Fig. S1B, bottom right) behaved similarly to ESCs. As expected, 
the hybrids stained blue with X-gal due to the β-gal inside the 
ROSA26 locus (Fig. S1F), and PCR showed that hybrids con-
tained neo, GFP and LacZ (Fig. S1G). G418 and HAT failed 
to produce colonies if MEFs and ESCs were separately subjected 
to fusion conditions. In all fusion experiments we included the 
R1 ESCs as a baseline and positive control. We next analyzed 
the chromosomal content of the hybrids. As expected, all hybrids 
were near-tetraploid (Fig. S1H and I). RT-PCR demonstrated 
that hybrids do not express MEF markers e.g., Coll1α, Igf2 and 

Table 1A. Summary of MEF/ESC fusion experiments

Comparison of MEF/ESC hybrids after fusion of MEF with different 
ESC lines

ESC line Exp. 1 Exp. 2

C57BL/6 18 19

J1 29 25

R1 41 37

E14 4 6

*Numbers of GFP hybrid colonies/20 million MEFs.
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Figure 1. For figure legend, see page 303.



www.landesbioscience.com Nucleus 303

and VPA-treated E14 ESCs. A significant increase in the number 
of H3K9ac peaks was observed following HDACi. Interestingly, 
most of the peaks were aligned to non-annotated regions, suggest-
ing a global increase in H3K9ac across the genome. However, out 
of ~24,000 promoters, over 4,000 displayed significant enrich-
ment in H3K9ac levels, suggesting that increased H3K9ac does 
not necessarily dictate a change in gene expression. Moreover, of 
the 36 genes which were significantly overexpressed following the 
16 h incubation with VPA, only eight showed increased acety-
lation levels, once again, indicating that gene expression is not 
directly related to histone acetylation, at least after 16 h. Indirect 
mechanisms likely take place during this relatively prolonged 
period. Nonetheless, some of the ECM-related genes displayed 
both elevated RNA expression and elevated H3K9 acetylation 
(Fig. 3A), as well as elevated protein levels and cytoplasmic 
translocation observed by immunofluorescence in both the E14 
and the MEF cells (Fig. S4). Additional examples of genes that 
gained H3K9 acetylation following VPA treatment (Fig. 3B) and 
intergenic regions with increased H3K9ac levels (Fig. 3C) are 
shown. These results delineate the genes and genomic regions in 
E14 cells that respond to HDACi by increasing H3K9ac. Since 
increased H3K9ac correlates with pluripotency, these regions 
may reflect the genomic regions that are involved with increased 
pluripotency.

To test this hypothesis, we knocked down in R1 cells 2 ECM-
related genes that displayed both elevated expression and elevated 
H3K9ac levels. We used Smartpools of siRNAs (Dharmacon) 
targeting Acan and Coll11a1 simultaneously. Intriguingly, we 
observed a mild but statistically significant decrease (p = 0.014) 
in OCT4 levels and a marked increase in NES (Nestin) levels  
(p < 0.01) in ~50% of the colonies 54 h following knockdown 
compared with control Smartpool siRNAs (Fig. S5A), suggest-
ing increased spontaneous differentiation. Real-time RT-PCR 
for Acan and Coll11a1 showed a 30–40% reduction in Acan and 
Coll11a1 RNA levels, likely reflecting an efficient knockdown of 
Acan and Coll11a1 in ~50% of the colonies rather than a mild 
reduction in all colonies. We further repeated these experiments 
in the presence of VPA to test whether we would be able to res-
cue the spontaneous differentiation phenotype. In the presence of 
both siRNAs and VPA, ESCs also differentiated spontaneously 
although to a lesser extent (Fig. S5B). We further repeated these 
experiments in E14 cells and found a similar response to siRNA 
treatment of spontaneous differentiation (Fig. S5C). However, 
spontaneous differentiation was largely prevented when the E14 
cells were also treated with VPA (Fig. S5D). These results imply 
that ESCs secrete their own pluripotency-promoting niche in the 
form of ECM, providing a potential explanation for the fact that 
ESCs remain largely undifferentiated when grown in compact 
colonies, whereas they exhibit spontaneous differentiation when 
grown individually or in sparse confluency.

H3K9 acetylation level correlates with Nanog expression. 
Finally, in order to examine the relationship between H3K9ac 

pleitropic effects, we further tested the levels of H3K9ac in E14 
cells by western blots following 16 h of the HDACi valproic 
acid (VPA) and sodium butyrate (NaBu) (Fig. 2C). An increase 
was observed for VPA and almost no change for NaBu. We 
thus tested the reprogramming potency of E14 versus R1 ESCs 
before and after 5 nM of TSA or 0.5 mM of VPA. Whereas in 
R1 ESCs no significant change in the reprogramming capacity 
was observed, TSA treatment in E14 cells increased formation 
of reprogrammed colonies by about 5–6-fold (p < 0.05, Mann-
Whitney U-test, p < 0.005, 2-tailed t-test; Table 1B), while  
0.5 mM of VPA resulted in an increase from 1 to 13 colonies per 
107 MEFs. In R1 ESCs, VPA increased the number of colonies 
from 10–15. These results demonstrate that increasing histone 
acetylation levels using HDACi increases the reprogramming 
capacity of less potent ESC lines.

We next tested the effects of HDACi on teratoma forma-
tion. We treated E14 ESCs with 5 nM TSA, 0.5 mM of VPA 
or DMSO for 14–16 h and injected the cells into the kidney 
capsule of SCID mice. We found that treatment of E14 ESCs 
with VPA and TSA caused an increase in the size of teratomas 
from 2.0 ± 0.9 gr to 3.2 ± 0.4 gr and 3.8 ± 0.97 respectively 
(p = 0.057 and 0.028, respectively, Mann-Whitney U-test;  
p < 0.05 when HDACi treated samples are regarded as one 
group). Histochemical studies demonstrated the presence of 
ectoderm, mesoderm and endoderm in TSA and VPA treated 
and untreated E14 ESC (Fig. 2D–G). This supports the notion 
that ESCs treated with low-level HDACi are more prone to self-
renewal than differentiation.

To examine the molecular mechanism that underlies the 
increase in pluripotency following HDACi and subsequent 
increase in H3K9ac in E14 cells, we performed Affymetrix whole 
transcriptome microarrays before and after VPA in E14 cells 
(Fig. S3A). We used the same low level (0.5 mM) VPA treat-
ment for 16 hrs and carried out the microarrays in duplicates. 
Unsupervised clustering showed that all samples appeared highly 
similar to each other (Fig. S3B), and only 36 genes overall dis-
played changes of over 1.5-fold or above (Fig. S3A, color dots). 
However, we nonetheless found a significant enrichment in the 
activation of genes associated with extracellular matrix (ECM) 
activity using GO classification (Fig. S3C). Among the upregu-
lated genes we found Acan, Col11a1, Hmcn1, Itga8, Enpp1 and 
Plat. This suggests the intriguing possibility that ESCs secrete 
their own niche in the form of ECM to support their pluripo-
tency and self-renewal. The microarray results were verified for 
several genes using qRT-PCR (Fig. S3D).

Genome-wide H3K9 acetylation profiles identifies the 
genomic regions associated with increased pluripotency. Next, 
we performed chromatin immunoprecipitation (ChIP) followed 
by deep sequencing (ChIP-seq) of H3K9ac using SOLiD tech-
nology, before and after VPA (0.5 mM, 16 h). We sequenced 
similar amounts of input DNA as control. We used the CCAT 
algorithm,33 to identify enriched H3K9ac peaks in both untreated 

Figure 1 (See opposite page). Decreased H3K9ac in E14 ESCs. (A) Immunofluorescence (IF) images of pan-acetylated H4 (H4ac), tri-methylated H3 on 
lysine 4 and 9 (H3K4me3, H3K9me3), RNA polymerase II phosphorylated on serine 5 (Pol2pS5), HP1α and H3 acetylated on lysine 9 (H3K9ac). (B) Quanti-
tative assessment of (A). Y axis depicts arbitrary fluorescent units. Values represent at least 300 cells from three independent experiments.
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Discussion

In this study, we established a method to produce hybrid cell 
lines by fusion of differentiated somatic cells (MEFs) with plu-
ripotent ESC. By incubating the cells with activated baculovirus, 
we obtained high frequency fusion events resulting in a rela-
tively high number of reprogrammed hybrids, which displayed 

and pluripotency markers, we examined 
H3K9ac and Nanog levels in R1 ESCs, 
in E14 ESCs and in fibroblasts (Fig. 
4A). Double-staining demonstrated 
that high levels of H3K9ac predicted 
high levels of Nanog in the different 
ESCs tested. When H3K9ac and Nanog 
levels were correlated in the different 
cell types, we found a direct correlation 
between H3K9ac and Nanog (Fig. 4B). 
This may have important implications 
for therapy, when iPSCs become practi-
cal and for selecting superior ES and iPS 
cell lines for multiple purposes.

To sum, using an efficient fusion 
method that we developed, we found 
that ESC pluripotency is highly cor-
related with the acetylation state of 
these cells. Specifically, we showed that 
H3K9 histone acetylation level of ESC 
is directly correlated with the cells’ 
reprogramming efficiency and pluri-
potency and that HDACi can restore 
pluripotency in lesser ESCs. Finally, 
we find that HDACi-increased pluripo-
tency occurs through increased activity 
of ECM-related genes and we identi-
fied, using microarrays and ChIP-seq 
for H3K9 the genes and genomic regions that display increased 
acetylation when reverting to a more pluripotent state. Our data 
may help identify superior ESCs and iPSCs before cumbersome 
functional tests are conducted, may help restore lost pluripotency 
using histone-targeted drugs, and finally, may pave the way for 
the development of ECM-based optimal conditions to maintain 
pluripotency and self-renewal of ESCs and iPSCs.

Figure 2. HDAC inhibitors increase acetyla-
tion and self-renewal. (A) E14 cells were 
treated with vehicle (DMSO, left) or with 
TSA for the indicated time, and histone 
acetylation levels were assayed using 
antibodies specific for pan-acetylated H3 
(H3ac, top) and H3 acetylated on lysine 
9 (H3K9ac, bottom). (B) Quantification of 
(A). (C) Western blots of H3K9ac in E14 
ESCs treated with VPA or NaBu for 16 h. 
Quantification is shown on the right. (D) 
Increased acetylation of E14 ESC increases 
teratoma size in vivo. E14 ESC were treated 
with VPA (0.5 mM) or TSA (5 nM) for 14 h 
and transplanted under the kidney capsule 
in SCID mice. Teratomas were analyzed 
three weeks following transplantation. 
(E–G) Hematoxylin-Eosin staining of repre-
sentative sections of teratomas formed by 
control E14 ESC (E), VPA-treated E14 ESC (F) 
and TSA-treated E14 ESC (G). All teratomas 
displayed evidence of endoderm, meso-
derm and ectoderm.
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overall mild, increased histone acetylation may support pervasive 
low-level transcription across the entire genome as we previously 
observed in R1 ESCs.35 Whether pervasive transcription keeps 
an open chromatin conformation or whether it is a byproduct of 
open chromatin remains to be seen,42 but it may well go hand in 
hand with increased H3K9 acetylation level as observed in germ 
cells43 and human ESCs as well.44

Taken together, our data support the idea that pluripotency 
is associated with H3K9ac levels, and that HDACi may restore 
reprogramming efficiency and stem cell potency by promoting 
ECM activity.

Materials and Methods

Ethics statement. The joint ethics committee (IACUC) of the 
Hebrew University and Hadassah Medical Center approved the 
study protocol for animal welfare. The Hebrew University is an 
AAALAC International accredited institute. All animal experi-
ments were conducted in accordance with the Hebrew University’s 
animal committee, ethical approval #IACUC:NS-09-11616-4.

Cells and cell culture. In this study, we examined the repro-
gramming potency of several established murine ESC lines, 
including R1 (A. Nagy, Toronto, Canada), J1,28 C57BL/6 and E14 
(E14Tg2a),29,30 all of which are male. E14 cells carry a mutated 
hypoxanthine/guanine phosphoribosyltransferase gene (HPRT). 
Selection medium for gain of HPRT function in hypoxanthine, 
aminopterin and thymidine (HAT) was used for the deficient 
derivative of E14 cells. ESC were grown on mitomycin-C treated, 
neomycin resistant primary embryonic fibroblasts (MEFs; 
Chemicon, Millipore Corporate), plated in plastic 60-mm tis-
sue culture dishes (Millipore) and grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco) supplemented with 15% 
fetal bovine serum (HyClone Laboratories), 2 mM L-glutamine,  
1 mM sodium pyruvate, 0.1 mM β-mercaptoethanol, 0.1 mM 
nonessential amino acids, 50 U/ml penicillin/50 μg/ml strepto-
mycin (Gibco), and 1,000 U/ml leukemia inhibitory factor (LIF, 
Chemicon) (ESM).

MEFs were derived from 13.5 day-old Oct4/GFP trans-
gene embryos (Hübner, 2003) x Rosa26; Pgk-neo (Jackson 
Laboratories) embryos (referred to as MEF-RoGoN) from which 
head, liver, heart, GI tract and limbs were removed. The remain-
ing carcasses were washed three times in 1x Dulbecco’s phosphate 
buffered saline (DPBS, Gibco), finely minced and incubated 
with 0.25% trypsin EDTA for 15 min at 37°C. Standard embry-
onic fibroblast media (EFM) consisting of Dulbecco’s modified 
Eagle’s medium (Gibco), 10% fetal bovine serum (HyClone 
Laboratories) and 50 U/ml penicillin, 50 μg/ml streptomycin 

expression and chromatin features of ESCs, as well as the capac-
ity for multilineage differentiation.

The reprogramming potency of ESCs was evaluated by the 
number of hybrid colonies that were created after fusion. We 
showed that hybrid numbers from R1 ESC were about 5–10 fold 
higher than those from E14 cells. These significant differences 
suggest that the E14 ESC line lacks a certain capability that hin-
ders its potency. Analysis of histone modifications demonstrated 
that low reprogramming potency was correlated exclusively with 
reduced H3 lysine 9 acetylation (H3K9ac) levels. Incubating E14 
cells with HDAC inhibitors significantly increased H3K9ac lev-
els, as well as their reprogramming capacity, to a level observed 
in R1 cells. Therefore the ability of ESCs to reprogram differ-
entiated cells could reflect the pluripotency state of these cells 
and H3K9ac may serve as a marker for ESC pluripotency. The 
fact that different HDAC inhibitors (HDACi) resulted in a 
similar trend suggests that increased pluripotency is related to 
the elevated acetylation levels and not due to pleiotropic effects 
of the HDACi. By transplanting E14 treated cells with TSA or 
VPA into the kidney-capsule, we were able to show that high 
acetylation levels enable induction of ESC pluripotency in-vivo. 
The sizes of teratomas growth after HDACi treatments were sig-
nificantly bigger than controls. These finding are in line with 
recent work by Huangfu et al. who showed that reprogramming 
of human fibroblasts can be increased by VPA treatment,37 and 
the finding of Ware et al. showing that TSA can support human 
ESC self-renewal.38 Supporting this notion, H3K9ac was mark-
edly reduced upon differentiation of R1 ESC into neuronal pro-
genitor cells (NPC) in a manner that was more pronounced than 
the reduction in the levels of pan-acetlyation of H3 and H4.31,35

The identification of an inferior ESC line with reduced H3K9 
acetylation levels and our ability to rescue it with HDACi, allowed 
us to study the potential molecular mechanisms that underlie 
HDACi-mediated increased pluripotency. Interestingly, by gene 
ontology (GO) classification of our microarray data before and 
after low levels of HDACi, we found enrichment for extracellular 
matrix (ECM) activity. Although novel, these data are in line 
with several previous works that demonstrated ECM support of 
self-renewal and pluripotency of ESCs.39-41 Our findings suggest 
that ESCs themselves can secrete their own ‘self-renewing niche’. 
These findings may pave the way for improved conditions for 
self-renewal and pluripotency of ESCs and iPSCs.

Interestingly, using H3K9ac ChIP-seq before and after 16 h 
of low-level VPA treatment we were able to identify the genes 
and genomic regions that responded to HDAC inhibition. We 
found a pervasive, wide-spread increase in histone acetylation 
across the entire genome. Although gene expression changes were 

Table 1B. Summary of MEF/ESC fusion experiments

Comparison of MEF/ESC hybrids formation before and after incubation with TSA

Exp. 1 Exp. 2 Exp. 3

ESC line -TSA +TSA Ratio* -TSA +TSA Ratio -TSA +TSA Ratio

R1 16 16 1 22 24 1.1 18 20 1.1

E14 4 24 6 6 21 3.5 4 19 4.75

*Ratio of ESC before and after TSA treatment. **Numbers of GFP hybrid colonies/20 million MEFs.
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(Gibco) was added and the cells 
were allowed to settle for 10–15 
min in 37°C and plated on 100 
mm dishes. The new lines of 
MEFs were passaged two to three 
times and then used for fusion 
experiments.

Fusion procedure. One day 
prior to fusion, 5 x 106 ESC were 
plated on 100 mm tissue culture 
dishes previously coated with 0.1% 
gelatin (Chemicon) in ESM with 
1 mg/ml of Nocodazole (Sigma; 
Sigma Aldrich). Sixteen hours  
later the drug was removed and 1 x 
106 MEF’s were plated. One hour 
later the medium was removed 
and the plates were washed with 
1x Hanks Balanced Salt Solution 
(Cellgro; Mediatech Inc.). 
The cells were incubated with 
2 ml of high titer Baculovirus 
(Invitrogen) for 5 min. 1x DPBS 
(pH 4.9) was added for 1 min 
prior to the addition of ESM. 
Twenty-four hours later selec-
tion medium containing G418 at 
a final concentration of 350 μg/
ml (Cellgro) and hypoxanthine-
aminopterin-thymidine (HATx1; 
Invitrogen) was supplemented. 
Fusion efficiency was determined 
by staining the ESC with fluores-
cent lipids PKH26 red (Sigma). 
The numbers of red-stained 
MEFs were recorded 10–15 min 
after fusion. For treatment with 
TSA (Biomol) and Valproic acid 
(VPA, Sigma Aldrich), ESC 
were incubated for 24 h at a final 
concentration of 5–25 nM and 
0.5 mM, respectively. C57BL/6 
MEF lines were made resistant 
to hygromycin by the introduc-
tion of the plasmid pDsRed-Hyg 
(Clontech, 632513) by electro-
poration using Nucleofector 
device (Amaxa Biosystems). 
Hybrid colonies expressing GFP 
emerged 8–12 d after fusion and 
were observed under the Leica 
DMI4000 B microscope (Leica 
Microsystems Inc.). These colo-
nies were picked, briefly trypsin-
ized with 0.25% trypsin EDTA 
(Gibco), seeded into 12 wells dish 

Figure 3. VPA increases H3K9ac across the genome. ChIP-seq for H3K9ac in E14 ESCs before (Cont, middle) 
and after (VPA, top) treatment of VPA (0.5 μM) for 16 h. Unprecipitated DNA was used as input control 
(Input, bottom). Chromosomal coordinates are shown at the bottom of each gene. Annotated genes above 
the coordinates denote left-to-right transcripts, annotation below the coordinates denote right-to-left 
transcripts. (A) H3K9ac profiles of two ECM-related overexpressed genes (Hmcn1, top; Plat, bottom) after 
VPA treatment. H3K9ac was increased around the transcription start sites of these two genes (gray boxes). 
(B) H3K9ac profiles for two genes (Atp8a1, top; Ltv1, bottom) which were among the most significantly 
enriched around the transcription start site for H3K9ac after VPA treatment. (C) H3K9ac profile for an inter-
genic region on mouse chromosome 17 which displayed a significant increase in H3K9 acetylation.
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12-550-15) and air dried to create chromosome spreads. Slides 
were stained with DAPI (DAPI-Vectashield, Vector Laboratories 
Inc.) and were examined under an epi-fluorescent microscope.

Reverse transcription-polymerase chain reaction (RT-PCR). 
Transgenic MEF lines of the Oct4/GFP/neoR/ROSA26-β-geo 
genotypes were identified by polymerase chain reaction (PCR) 
on DNA samples with the specific primers (see Table S1). 
Differentiation of ES, and hybrid cells through embryoid body 
(EB) formation was carried out following the published ATCC 
protocol. Total RNAs from ES, EBs and MEF cells was prepared 
as described in the RNeasy Mini Kit (Qiagen, Inc.). One micro-
gram total RNA from each sample was used for Oligo(dT)

20
-

primed reverse transcription (RT), carried out as described in the 
product protocol (SuperScriptTM III First-Strand Synthesis System 
for RT-polymerase chain reaction; Invitrogen Corporation). The 
PCR reactions were performed using PCR Master Mix (Roche 
Diagnostics) under the following conditions: 95°C for 5 min, 
followed by 30–35 cycles of 95°C for 30 sec, 55–60°C for 30 sec 
and 72°C for 45 sec; and 1 cycle of 72°C for 7 min. RT-PCRs for 
somatic cells and ESC markers were preformed with the specific 

on mitomycin-C treated feeders and grown in ESM. Growing 
colonies were passaged, expanded and frozen according to stan-
dard ESC culture methods.

Embryoid body (EB) formation. ES cells grown in 60 mm 
dishes were trypsinized, resuspended in ESM and plated again 
for 15–30 min, so that the majority of the feeders would attach. 
For preparation of EBs, 2 x 106 ES cells were plated onto fibro-
blast-free 90 mm low cell binding Petri dishes (Fisher scientific 
Inc., Pittsburgh, PA, www.fisherscientific.com) containing 10 ml 
of ESM in the absence of LIF (ATCC embryoid body formation 
protocol, www.atcc.org). The medium was replaced every day. 
EBs were collected after 5, 10 and 15 d for RT-PCR assays.

Karyotype analysis. Cells were arrested in metaphase by add-
ing colcemid (20 μg/ml, Gibco) in ESC medium for 2–4 h at 
37°C, 5% CO

2
. The cells were dispersed by trypsin treatment 

and collected by centrifugation. The colcemid-treated cells were 
washed in DPBS, resuspended for 6 min at room temperature in 
5 ml of 0.075 M KCl (Sigma) in water, added dropwise and fixed 
in 3:1 methanol/acetic acid. The fixed cells were dropped on 
pre-cleaned Superfrost/plus Microscopic slides (Fisher Scientific, 

Figure 4. H3K9ac predicts pluripotency. (A) R1 ESCs, E14 ESCs and MEFs were stained with DAPI (top), Nanog (green) and H3K9ac (red). The levels of 
Nanog and H3K9ac correlate well. (B) Correlation between Nanog levels (X-axis) and H3K9ac levels (Y-axis).
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mM Tris-HCl, pH 8.1, 167 mM NaCl) to a final volume of 
1.5 ml. The chromatin solution was pre-cleared with 40 μl of 
salmon sperm DNA/protein A-agarose 50% gel slurry (Upstate, 
Millipore, 16-157) for 30 min at 4°C and immunoprecipitated 
overnight at 4°C with 1 μg of H3K9ac rabbit antibody (Upstate, 
06-942). Chromatin-antibody complexes were isolated by incu-
bation with 60 μl protein A-agarose beads while rocking at 4°C 
for 2 h. The beads were harvested and sequentially washed for 
3 min on a rotating platform with 1 ml of each of the follow-
ing buffers: low salt immune complex wash buffer (0.1% SDS, 
1% Triton, 2 mM EDTA, 20 mM Tris, pH 8.1, 15 mM NaCl), 
high salt immune complex buffer (0.1% SDS, 1% Triton, 2 mM 
EDTA, 20 mM Tris, pH 8.1, 500 mM NaCl), LiCl immune 
complex buffer (0.25 M LiCl, 1% NP-40, 1% Deoxycholic 
acid, 1 mM EDTA, 10 mM Tris, pH 8.1) and twice with TE  
(10 mM Tris, 1 mM EDTA). Chromatin-antibody complexes 
were eluted from the protein A-agarose beads by the addition of 
500 μl elution buffer (1% SDS, 0.1 M NaHCO

3
). Cross-linking 

was reversed by incubation of the eluted samples for 4 h at 65°C 
under high-salt conditions. Proteins were digested using pro-
teinase K treatment for 1 h at 45°C. The DNA was extracted 
with phenol-chloroform, precipitated with ethanol and dissolved 
in TE. Preparation of sequence libraries and SOLiD sequenc-
ing were performed according to the manufacturer’s instruc-
tions and kits (Applied Biosystems) at the Genomics Center at 
the Life Sciences Institute, The Hebrew University of Jerusalem. 
Sequences were aligned to the genome using Bowtie32 and peaks 
were calculated using CCAT.33

Accession numbers. Microarray and ChIP-seq data have been 
deposited in Gene Expression Omnibus (GEO), accession num-
bers GSE23956 and GSE24211, respectively.
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primer pairs (Table S1). RT-PCRs for EBs were preformed  
with specific primers for ectoderm (Fgf5, Pax6 ), mesoderm 
(PECAM, Myh6 ), endoderm (Sox17, α-FP) and GAPDH as con-
trol (Table S1).

Antibodies and immunofluorescence. Antibodies (Millipore) 
used in this study include H4ac (06-598), H3K9ac (06-942), 
H3K4me3 (05-745), H3K27me3 (07-449), H3K9me3 (07-442), 
HP1α (05-689) and phosphoS5 of RNA Pol-II (Euromedex). For 
immunofluoresence, cells were grown on gelatinized coverslips 
and fixed with 4% paraformaldehyde for 15 min at room tem-
perature. Cells were washed X3 with PBS, permeabilized with 
0.5% Triton X-100 in PBS and washed in PBS. Coverslips were 
incubated with primary antibodies diluted 1:100–1:400 in PBS 
for 1 h at room temperature, followed by X3 washes in PBS and 
incubation with secondary antibodies diluted 1:200 in PBS. 
Detection was with anti-rabbit or anti-mouse antibodies conju-
gated to either Texas red or FITC (Jackson ImmunoResearch). 
Fluorescent images were taken with a NIKON Eclipse 
TE-2000-E inverted microscope with a 60x 1.4 NA lens. Image 
analysis and signal quantification was done using NIS-Elements 
software (Nikon).

Teratoma formation. To test teratoma formation, severe 
immune-depleted mice (SCID) were anesthetized and cut open 
narrowly above the left kidney. The left kidney was exposed, the 
kidney capsule was punctured using a blunt needle and 300,000 
cells, suspended in 100 μl of PBS, were injected into the kidney 
capsule. The cut was surgically stitched and mice were placed 
back in their original cages. Three weeks later, mice were sacri-
ficed and teratomas were surgically removed.

Microscopy and photobleaching. Photobleaching experi-
ments were carried out using a spinning disk confocal microscope 
(Yokogawa Electric Corporation, CSU22) equipped with a pho-
tobleaching (FRAPPA) module and an iXon DU-897-BV mono-
chrome EMCCD camera. A 50 mW solid-state 488 nm laser 
module at maximum power was used for photobleaching. FRAP 
and data analysis was performed as described in reference 31.

ChIP-seq. Chromatin was cross-linked with 1% formaldehyde 
(10 min, 37°C), incubated with glycine (125 mM, 10 min, room 
temp.) and washed with cold PBS. Cells were then scraped in 
cold PBS and pelleted at 700 g at 4°C (5 min). Pellet was washed 
with buffer I (0.25% Triton, 10 mM EDTA pH 8, 0.5 mM 
EGTA pH 7.5, 10 mM Hepes pH 7.5), incubated on ice (10 min), 
washed with buffer II (0.2 M NaCl, 1 mM EDTA pH 8, 0.5 mM 
EGTA pH 7.5, 10 mM Hepes pH 7.5) and incubated on ice again  
(10 min). Pellet was then resuspended in SDS lysis buffer (1% 
SDS, 10 mM EDTA pH 8, 50 mM Tris pH 8.1) at a concen-
tration of 2 x 107 cells/ml, incubated in -20°C over night and 
sheared to 400–600 bp using a Bioruptor sonicator (Diagenode). 
Each sample was sonicated for 14 min on ice. Fifty microliters 
of the lysate was saved as “input” for later normalization. Equal 
amounts of sonicated chromatin were diluted 10-fold in ChIP 
dilution buffer (0.01% SDS, 1.1% Triton, 1.2 mM EDTA, 16.7 
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