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Chromatin remodeling of embryonic stem cells by
E1A alters global histone H3 lysine 18 acetylation
and loss of pluripotency
Abstract
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Oncoviruses such as the E1A adenovirus are capable of simultaneously interfering with
several classes of chromatin-modifying proteins and are useful in studying epigenetic
regulation of gene expression. The genomic landscape of the embryonic stem cells is highly
complex, which is characterized by numerous locus-specific chromatin modifications and
controlled by more than hundred enzymes. To better understand the regulatory mechanisms
involved in maintaining stem cell identity, we introduced E1A and mutant isoforms into
mouse ESC (mESC). We found that E1A rapidly suppresses stem cell identity, leading to the
loss of stem-cell specific gene expression, silencing of stem-cell specific enhancers, and loss
of pluripotency. Analysis of mutant E1A isoforms in mESC reveal a specific requirement
for its N-terminal domain involved in sequestration of lysine acetyl transferases, P300/
CBP, but not for domains involved in pRB- or P400-family interaction. In response to
E1A, acetylation of P300 targets, H3K18 and H3K27, was globally inhibited. Furthermore,
H3K18 acetylation, which is enriched at the promoters of pluripotency-associated genes,
was rapidly eliminated from the promoters of OCT4, NANOG, SOX2 and KLF4. These
studies indicate that E1A deregulates transcriptional machinery necessary for ESC selfrenewal and pluripotency and suggests that promoter-associated H3K18ac may be involved
in maintaining stem cell identity.
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Introduction
During early mammalian development, uncommitted cells
demonstrate tremendous developmental potential.1 Isolation and
cultivation of cells from the inner cell mass of blastocysts revealed
several properties of embryonic stem cells (ESC), including
pluripotent properties and the ability to propagate indefinitely in
vitro.2,3 The self-renewing property of ESC and their ability to
generate diverse cell types has major implications for biology and has
the potential for new avenues of medical therapy.4 To investigate the
mechanisms which enable pluripotency and self-renewal, the ESC
state has been extensively probed using a variety of molecular and
biochemical approaches.2 Genome-wide analyses of the regulatory
landscape of cells in the ESC state, demonstrate stem-cell specific
gene expression profiles, conservation of gene expression between
different species and cell lines, and specific epigenetic regulatory
patterns. Combinations of stem-cell determining transcription factors,
including POU5F1, SOX2, NANOG, and KLF4, or non-coding
RNAs have been identified, which contribute to the maintenance of
pluripotency activity in vivo5‒8 or are capable of inducing pluripotent
states (iPSCs).9
Epigenetic alterations in the chromatin state also demonstrate
common patterns among stem cells.10,11 Covalent modifications of
histones such as lysine acetylation and methylation are present at
promoter sites of active and inactive genes in stem cells. Genetic
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inactivation of enzymes involved in modification of these residues
reveal critical roles for histone methylation or demethylation,
including maintenance of stem cell identity, repression of non-stem
cell genes, or permissiveness for differentiation.12‒15 ESC-specific
patterns of major histone acetylation site have also been identified.16,17
The general state of histone acetylation appears to contribute to
maintenance of the pluripotent state. Acetylation of histones alters
the local net charge and improves the accessibility of DNA to
transcriptional machinery necessary for transcription initiation and
elongation.18 At least seven H3 lysine acetylation marks, K9, K14,
K18, K23, K27, K36, and K56, have been identified and are generated
by multiple histone acetyl transferases (HAT).19‒22 Genetic ablation of
single HATs (p300, CBP, PCAF, and GCN5) have no distinct effects
on self-renewal and pluripotency which might be explained by genetic
or regulatory redundancies.23‒25
The adaptability of the mammalian cell to genetic alterations adds
to the complexity of studying the functions of specific histone marks.
Genetic inactivation of multiple HATs occurs over many cell passages
and potentially allow for compensatory mechanisms to obscure the
immediate functions of regulatory proteins. A number of viral proteins
interact with global transcriptional regulatory mechanisms and have
been used in the past to inactivate one or more regulatory pathways.
For example, the E1A adenoviral oncoprotein is capable of inhibiting
multiple HATs simultaneously and acutely.26‒29 In addition to the
efficiency and rapid inhibitory actions of E1A oncoprotein, wellcharacterized E1A mutant isoforms have been developed to further
narrow its effect on specific classes of transcriptional regulators,
including P300/CBP, retinoblastoma protein, and P400.30‒33 Here we
studied the consequences of E1A transduction on the proliferation and
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pluripotency of mouse ESC. Through the use of E1A mutant proteins,
we narrowed its effects on ESC behavior to its interaction with P300family proteins. These findings were further investigated by analysis of
P300 histone targets and revealed global down regulation of H3K18ac
and H3K27ac. Analysis of H3K18ac occupancy reveals enrichment
in ESC and depletion in response to E1A and differentiation. These
studies provide an approach to globally alter histone regulation to
study its acute effects on chromatin regulation and ESC identity.

Materials and methods
Viral vectors and purification
Adenovirus control (dl312) and 12S E1A (dl1500) were kindly
provided by Arnold J Berk (UCLA); p300 mutant R2G E1A was
received from Elizabeth Moran; pRb mutant (dl1109), p400 mutant
(dl1102) were obtained from JS Mymryk, Canada. Wild type and
mutant adenoviruses were cultured, and purified as described in
the product manual of ViraBind Adenovirus Purification Kit (Cell
Biolabs). Adenovirus titers were calculated by plaque assay as
described by Clontech, USA. For lentiviral vectors, 12S E1A was
amplified from wild type 12S E1A Adenovirus using Phusion
High Fidelity polymerase (NEB), using cloning AdE1A forward
(GTCGACGAATTCATGAGACATATTATCTGCCACGG)
and
reverse (CTCGAGGATCCTTATGGCCTGGGGCGTTT) primers,
and sequence verified. Lentivirus vector was generated by cloning
wild type 12S E1A into pSin-EF2-Sox2-Puro at EcoRI and BamHI site
(Addgene, #16577). EOS-GFP lentiviral vector was purchased from
Addgene (Addgene, #21318). Lentivirus generation was performed
as described in the SBI (System Biosciences) user manual using 293T
cells. Lentivirus purification and concentration was performed as
described previously.34

Mouse embryonic stem cell culture and differentiation
Mouse E14Tg2a.4 embryonic stem cells35 were passaged and
cultured in mouse ESC media (DMEM-Knockout media (Life
Technologies), 15% ES qualified fetal bovine serum, non-essential
amino acids, 2-mercaptoethanol, antibiotics, SNL-derived LIF). R1
embryonic stem cells36 were cultured on mitomycin C-inactivated
CF-1 mouse feeder layers in the presence of LIF. For differentiation,
LIF was withdrawn for 2days and then treated with 1µM all-trans
retinoic acid (Sigma) was used.

Cell analysis by immunostain, flow cytometry and
alkaline phosphatase staining
Immunofluorescence staining was performed on paraformaldehydefixed cells. Primary antibodies used were: E1A (1:250, sc-25,
Santa Cruz Biotechnologies), OCT3/4 (1:500, sc-0981, Santa Cruz
Biotechnologies). Secondary staining (Life Technologies) was
performed with Alexa Fluoro-labeled species-specific antibodies and
imaged on an Olympus BX51 with X-lite fluorescent lamp. For flow
cytometry, embryonic stem cells were dissociated, neutralized, fixed
and permeabilized with BD Cytofix/Cytoperm Kit (BD Biosciences)
and stained with anti-E1A for flow cytometry on Millipore Guava
easyCyte 8HT. Alkaline phosphatase staining was performed
according to manufacturer instructions (Stemgent). For cytospin
staining, cells were trypsinized, washed with PBS, diluted to 106/mL
in PBS, centrifuged on a Shandon Cytospin 4.

Histone, western and immunoprecipitation analysis
For histone analysis, 106 cells per 100µl were lysed in extraction
buffer (PBS; 0.5% Triton X 100 (v/v); 2 mM phenyl methyl sulfonyl
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fluoride (PMSF); 0.02% (w/v) NaN3); centrifuged; washed;
resuspended in 0.2N HCl; incubated overnight at 4°C; and cleared
by centrifugation. Supernatants containing histones were analyzed on
Qubit protein assay kit (Life Technologies). 0.25µg histone proteins
were loaded on 4-20% Bis-Tris gradient gel (Life Technology) and
western performed as described in Odyssey manual (LI-COR, USA).
Anti-histone acetylation antibodies include H3K18ac (Abcam,
ab1191); H3K9/14ac (CellSignal, 9677), H3K23ac (Millipore, 07355-S) and H3K27ac (CellSignal, 4353S; Abcam, ab4729), total H3
(Abcam, ab1791) according to manufacturer instructions. Blots were
stained with goat anti-mouse IgG (IRDye 800CW, Li-COR, USA) and
goat anti-rabbit IgG (IRDye 680CW, Li-COR, USA), visualized and
quantitated using an Odyssey Infrared Imager (Li-COR, USA). Levels
of specific H3 acetylation were determined by normalizing each
density value by total H3 loading control. For immunoprecipitation,
cells were collected, lysed in cell lysis buffer [50mM Tris‐HCl pH 8.0,
150mM NaCl, 1mM EDTA, 1% NP40, 10% glycerol with complete
protease inhibitor cocktail (Roche)] and cleared by centrifugation.
Dynal magnetic beads were coated with IgG, E1A (Santa Cruz
Biotechnologies, sc-25) or p300 (Santa Cruz Biotechnology, sc585X), incubated with pre-cleared whole cell extracts overnight at 4C.
Beads were washed with cell lysis buffer, boiled in 2x sample buffer,
and analyzed by Western blot using LI-COR western blotting system.

Chip-seq analysis using CEAS
For analysis of H3K18ac occupancy in embryonic stem and
differentiated cell types, CEAS software was used for gene and
genome-wide analysis.37 Datasets used for ChIP-seq of human
ESC and derived cell types include: GSM602259, GSM605304,
GSM908948, GSM956006, GSM956007, GSM818024, GSM818022,
GSM818023. To determine hESC differentiated embryoid body vs.
undifferentiated GSE23034 gene sets,38 GEO2R was used to identify
differential expressed genes.39 Top 2% and bottom 2% hESC-specific
gene expression lists (Supplemental Table S1) were used to determine
occupancy of H3K18ac in human ESC vs. derived cell types.

Quantitative real-time PCR analysis of RNA and
chromatin immunoprecipitation
RNA was extracted using Trizol reagent (Invitrogen), treated
RNase-free DNase and further concentrated using a RNA Clean &
Concentrator kit (Zymo Research). Real-time qPCR performed with
Maxima First Strand cDNA Synthesis and SYBR Green/ROX qPCR
Kits (Thermo Fisher) in triplicate on a Lightcycler 480 (Roche). A
comparative CT method was used for analysis using Gapdh or Betaactin for mouse mRNAs.40 ChIP assays on embryonic stem cells
were previously described.41 Chromatin was immunoprecipitated
with anti-H3K9/14ac (Millipore), H3K18ac (Abcam) and Dynabeads
(Invitrogen) overnight at 4°C, washed with RIPA buffer, eluted and
uncrosslinked. The remaining DNA was treated with RNase and
proteinase K, followed by purification on aminElute PCR purification
kit (Qiagen). Primer sequences are for transcript and promoter
analysis detailed in Supplemental Table S2 using Primer 3.42 For
statistical analysis, a student t-test was performed for qPCR data in
ChIP and RNA expression studies using paired biological triplicates
and P-values <0.05 were noted.

Results and discussion
To introduce E1A into embryonic stem cells, feeder-free E14
(129/Ola) mouse ES cells were transduced with the non-replicating
adenoviral small E1A 12S (Ad-E1A) and control (Ad-control) for
24hours (Figure 1). Nuclear E1A protein was readily detected in Ad-
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E1A but not in mouse ES cells transduced with Ad-control within
24hours (Figure 1A, left panel). Flow cytometry consistently revealed
more than 90% E1A-positive cells (Figure 1A, right panel). Culture
of Ad-E1A transduced ES cells revealed rapid changes in typical ES
colony morphology, including progressive transformation of E1A
positive-cells into monolayers (Figure 1B). The change in ES colony
morphology in response to E1A suggested a loss of the embryonic
stem cell state. Alkaline phosphatase (AP) activity, which is highly
expressed in undifferentiated mESCs,43 was lost in Ad-E1A transduced
mouse ES cells compared to controls (Figure 1B). To determine if
this response was exclusive to the feeder-free E14 ES line, E1A was
also introduced into R1 mouse ES cells grown on fibroblast feeders
(Supplemental Figure S1). Like the E1A-transduced E14 ES lines,
R1 ES cells rapidly lost their ovoid colony morphology and became
flat. We also noted that Ad-E1A and lentiviral E1A transduced human
ES cells rapidly underwent cytolysis consistent with the oncolytic
properties of E1A in human cells (not shown). The above observations
suggested that E1A interferes with the maintenance of the embryonic
stem cell state in mouse.

Figure 1 Loss of pluripotency in mESCs expressing E1A.
A) E1A immunostaining in mES cells transduced with control Ad and Ad
E1A (left panel) and flow cytometry indicating >90% E1A-positive mESC
post-transduction.
B) Phase-contrast and alkaline phosphatase (AP) staining of mESCs 72hrs
after control and Ad E1A.
C) RNA levels of pluripotency markers in mESCs expressing E1A relative
to control from RT-qPCR. Data represented as mean±SD. For each time
point, an asterisk denotes, which results demonstrate P<0.05 level of
statistical significance.
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To characterize the effects of E1A on ES cell identity, we first
examined changes in levels of transcription factors required for the
maintenance of the pluripotent ES cells.3,5,7 Oct3/4, Nanog, Sox2
and Klf4 were also down regulated by at least 50% within 24hours
of E1A transduction (Figure 1C). By 72hours, all four ES-associated
transcription factors were suppressed by approximately 2-7 fold
compared to Ad-control transduced ES cells. Similar responses were
observed with introduction of E1A by lentiviral vectors (Supplemental
Figure S2) and indicate that adenoviral sequences do not contribute
the ES response to E1A. The reduction of ES-associated Oct3/4 and
Sox2 suggested that E1A interferes with the transcriptional activity
of loci associated with the maintenance of the ES cell state. The
reduced expression of ES-associated transcription factors might also
be reflective of altered cell identity of E1A-transduced cells. The
GFP reporter, which is driven in part by Oct3/4 and Sox2 enhancer
elements (EOS), was introduced into E14 ES cells and was confirmed
to lose enhancer activity after differentiation of ES cells in response
to LIF withdrawal (Supplemental Figure S3). In response to Ad-E1A
and Ad-control vectors, EOS-GFP activity (Supplemental Figure S4)
was lost in 72hours in 39.7% of E1A-transduced cells compared to
82.3% in control adenoviral transduced cells (Figure 2A) (Figure 2B).
These findings support the conclusion that E1A suppresses enhancers
associated with ESC cell identity.

Figure 2 Loss of enhancer reporter activity in mESCs expressing E1A.
A) EOS-GFP reporter expression in response to Ad control vs. Ad E1A 72hrs
after transduction.
B) Flow cytometric analysis of GFP expression in mESCs-EOS reporter cell
line 72hrs after transduction with Ad control (blue) or Ad E1A (red).

Introduction of E1A in mouse ESC with a replication-defective
vector results in transient expression of E1A protein. We examined
the persistence of this mutant product over several days and found
its peak expression at day 2 and nearly undetectable levels at day 9
(Figure 3). To determine if the loss of ES identity affect differentiation
markers, gene expression analysis of several lineage markers was
performed (Figure 3B). In vitro, ES cells are capable of undergoing
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differentiation, resembling three primary germ lineages and can be
identified by the expression of neuroectodermal genes (Pax6, Notch),
mesoderm (Brachyury), endothelial (Pecam1), endoderm (Gata4,
Foxa2, Gata6).44 Unexpectedly, we found that E1A also repressed
formation of neuroectodermal and endoderm, whereas Brachyury
was induced. We found that Brachyury gene expression, an early
marker for primitive streak, was higher at all the three time points
tested. High Brachyury expression prompted us to test for additional
primitive streak markers such as Goosecoid (Gsc), Evx1 and others
(Figure 3C). After 48hours, 6 of 6 mesoderm markers were elevated
in response to E1A. These results and the loss of ESC identity
suggest that introduction of E1A promotes a mesoderm-like pattern
of differentiation.

Copyright:
©2014 Yu et al.

46

(Figure 4). Through discrete domains, E1A is capable of interacting
with multiple transcriptional regulators including lysine acetyl
transferases, e.g. E1A-binding protein P300/CREB-binding protein
(CBP), P400, and retinoblastoma family members (pRB family) and
others30‒33 (Figure 4A). Sequestration of one or more of these factors
may contribute to the altered identity of E1A-transduced mouse ES
cells. Mutant forms of E1A incapable of binding P300/CBP family,
P400, or pRB family were introduced into ES cells and expressed at
similar levels (Figure 3B). Each E1A mutant except for E1A (R2G)
triggered the loss of ES colony morphology similar to wild type E1A
(Figure 4C). Consistent with the loss of ESC morphology, expression
of stem cell determining transcription factors was also lost in wild
type, mutant P400 and mutant pRB-binding E1A virus (Figure 5A).
The morphology and expression of stem cell-associated genes were
not significantly affected by mutant P300 E1A (R2G). To confirm that
the loss of P300 binding in E1A transduced ESC cells, we verified
the expression of the E1A (R2G) protein and loss of P300 binding,
E1A (wt) and E1A (R2G)-transduced ES cells were examined by
immunoprecipitation analysis, respectively (Figure 5B). These
findings suggested that E1A-mediated loss of ES identity may occur
through proteins P300, CBP.

Figure 4 Response of mESC to wildtype and mutant E1A isoforms.
A) Schematics of E1A and E1A mutants. E1A (R2G) is unable to bind P300family proteins (mut p300); E1A (∆26-35) is unable to bind p400 (mut
p400); E1A (∆124-127) is unable to bind pRB (mut pRb).

Figure 3 E1A inhibits expression of neuro-ectoderm, endoderm lineage
genes of mESC.
A) Kinetics of E1A RNA levels normalized today 1 after Ad-E1A
transduction over 9days in LIF.
B) RT-qPCR of neuroectoderm, mesoderm and definitive endodermspecific gene expression in control (blue) - and E1A (red)-transduced
mESCs. Asterisks indicate values which demonstrate P<0.05.
C) RT-qPCR of mesoderm gene expression markers in control (blue) - and
E1A (red)-transduced mESCs. Values (mean±SD) are shown relative to
undifferentiated mESC controls (white).

To better understand the mechanism of ES identity defects in
E1A-transduced cells, we examined potential E1A protein partners

B) Flow cytometric analysis of E1A protein level in wildtype and mutant
E1A-transduced mESCs.
C) Phase-contrast image of mESC morphology in response to wildtype E1A
and mutant E1A isoforms, 72h post transduction. mESC morphology is
lost in response to all isoforms of E1A except for mut p300.

P300 and CBP are histone acetyl transferases capable of modifying
chromatin leading to the acetylation of specific residues on histone
H3 lysine 18 and lysine 27 (H3K18ac, H3K27ac). To determine the
effect of E1A on P300 targets, we analyzed global levels of histone
acetylation (Figure 6). Total histone nuclear extracts were analyzed
by quantitative Western analysis for global levels of H3K9/14ac,
H3K18ac, H3K23ac, and H3K27ac. Levels were examined 24hours
after transduction with E1A vs. control adenovirus. Relative to total
H3 protein, both H3K18ac and H3K27ac were suppressed in response
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to E1A, whereas levels of H3K9/14ac and H3K23ac wereminimally
affected. These findings are consistent with the suppression of P300/
CBP activity in mESC in response to E1A. H3K27ac is a wellcharacterized histone modification at active enhancers, and the loss
of stem cell-specific enhancer activity (Figure 2A) (Figure 2B) is
consistent with inhibition of H3K27ac. However, the significance
of reduced H3K18ac in E1A-transduced ESC was less clear. Using
available chromatin immunoprecipitation sequencing (ChIP-seq)
data from the NIH Road map Epigenome Mapping Consortium,45
we investigated the localization of H3K18Ac in ESC of human. We
initially focused on the occupancy of H3K18ac at the promoters of
stem cell determining transcription factors, OCT3/4 (POU5F1),
SOX2, NANOG and KLF4 (Figure 7A). ChIP-seq revealed extensive
association of H3K18ac to proximal promoter regions of these four
genes. H3K18ac occupancy has also been recently examined in human
lung fibroblasts (IMR90). In comparison to H1 ESC, differentiated
IMR90 fibroblasts failed to demonstrate significant occupancy of
H3K18ac at 3 of the 4 loci. Enrichment of H3K18ac at the KLF4
locus was prominent in both H1 ESC and IMR90. To determine if
enrichment of H3K18ac was a feature of other stem-cell associated
loci, a global analysis of ESC-specific vs. differentiation-specific
loci. Loci which are expressed in the top 2% (n=386) of H1 ESC
genes showed significant enrichment of H3K18ac over all loci and
over genes expressed in the bottom 2% of H1 ESC (n=364) relative
to differentiated H1 ESC (Figure 7B). We examined the same set of
loci in H1-derived mesendoderm (ME), neural ectoderm (NE) and
mesenchymal cells and found decreasing enrichment at these loci in
progressively more differentiated cell types (Figure 7B) (Figure 7C).
Thus, enrichment of H3K18ac at stem-cell specific promoters occurs
in ESC and mesendoderm but appears to change in response to neural
and mesenchymal differentiation.

Figure 5 Loss of pluripotency requires E1A to bind p300/CBP.
A) RT-qPCR of pluripotency markers after transduction with wildtype vs.
E1A mutant isoforms. Values are shown relative to undifferentiated
mESC control. Statistical significance of gene expression differences
between E1A and mutant isoforms was evaluated and denoted with
an asterisk for values with P<0.05 (t-test).
B) Western blot and immuno precipitation of mESC after transduction
with wild type E1A vs. mut P300 (R2G). Lysates were immuno
precipitated with IgG, E1A or P300 and immunoblotted with P300
or E1A. In the upper panel, immuno precipitation of P300 is detected
with E1A but not in E1A (R2G) transduced mESC.
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Figure 6 Global levels of histone H3 acetylation 24hours after E1A
transduction.
A) Western analysis of site-specific H3 acetylation 24hrs after transduction
with control Ad or E1A Ad. Infrared fluorescent images demonstrate
H3K9/14ac, H3K18ac, H3K23ac, and H3K27ac (green) and total H3
(red).
B) Differences in levels of site-specific H3 acetylation E1A-transduced
mESC were compared to control transduced mESC and plotted as a
percentage of control levels. Shown values represent the mean±SD of
3 samples. Student t-tests were applied to test statistical significance of
H3K18ac and H3K27ac vs. H3K9/14ac changes.

To determine the effect of E1A on promoter associated H3K18ac,
we performed ChIP-qPCR on mESC 24hours after E1A transduction
(Figure 8). We found that following transduction, association of
H3K18ac with promoters of Pou5f1, Sox2, Nanog and Klf4, were
rapidly loss (1.5-3.0x fold loss). We also examined the effect of E1A
on H3K9/14ac which is known to occupy promoters of active genes.
ChIP-qPCR of H3K9/14ac also revealed loss at 24hrs at the above
promoters. The loss of H3K18ac from the promoters of repressed stem
cell genes may or may not be a direct response to P300 inhibition.
Similarly, H3K9/14ac is not considered to be a direct target of P300/
CBP, but its dissociation from stem cell promoters in response to
E1A is consistent with the loss of activity of these affected genes.
H3K18ac plays a prominent role in cell proliferation. In particular,
hypoacetylation of H3K18 is associated with re-entry into the cell cycle
in growth arrested cells. We therefore examined the effects of E1A on
mESC proliferation (Figure 9). Cell cycle analysis of mESC 72hours
after transduction with control or E1A adenovirus revealed similar
patterns of proliferation (Figure 9A) (Figure 9B) and similar doubling
times of 19.82 and 20.97 hrs, respectively (Figure 9C). Consistent
with the lack of significant cell growth changes, apoptotic changes,
i.e. sub-G1 DNA content, showed small but insignificant increases in
response to E1A (Figure 9B). The majority of transcriptional changes
in cell cycle regulators also showed no significant response to E1A
in mESC, with the exception of increased Cdkn2a (P16INK4A) and
Ccne2 (CycE2) expression. Overall, these findings indicate that E1A
has no significant acute effects on cell proliferation and that cell
identity defects caused by E1A are independent of major changes in
cell proliferation and survival.
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Figure 7 H3K18ac occupancy in human ESCs and derived germ layers.
A) ChIP-seq occupancy for H3K18ac over POU5F1, SOX2, KLF4 and NANOG.
B) Distribution of ChIP-seq signal near TSS comparing global analysis of ESC-specific (top 2% H1 ESC vs. H1 EB) and differentiation specific genes
(bottom 2%).
C) Box-plot for differences in H3K18ac ChIP-seq density in hESCs and derived germ layers comparing ESC genes. We found decreasing enrichment of
the ESC related genes in progressively more differentiated cell types. P-values (<2.2e-16), calculated using two-tailed t-test. ChIP-seq data based on
Xie et al. (2013).

Figure 8 Loss of H3K18 and H3K9/14 acetylation at stem-cell specific promoters 24hrs after E1A.
A) ChIP-qPCR H3K18ac of stem cell-specific promoters (Pou5f1, Sox2, Klf4 and Nanog) after E1A.
B) ChIP-qPCR H3K9/14ac of stem cell-specific promoters 24hrs after E1A. Shown are the means±SD of technical replicates. Data is representative of
three experiments. Asterisks denote P-values <0.05.
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ESC identity, we found no evidence that transcription was globally
suppressed. The lack of apparent involvement of pRB in the E1Ainduced effects is consistent with previous work on pRB where absence
of three RB members (RB, p107, p130) did not affect mESC growth
and self-renewal.52 P400 has been implicated in ESC maintenance53
and in E1A-induced transformation.54 In our studies, E1A-induced
effects on ESC identity did not appear to require its interaction
with P400. The outcomes of our studies may reflect differences in
methodology of RNA i-mediated knockdown (where global loss of
P400 may occur) vs. E1A-mediated sequestration of P400, where the
latter may reflect a more limited subset of P400 protein. Nevertheless,
we conclude that the E1A-induced effects on ESC identity are not
related to its ability to interact with P400.

Figure 9 Cell cycle and proliferation of mESCs in response to E1A.
A)

Cell cycle profile of mESC 72hrs after control and E1A adenoviral
transduction.

B)

Quantification of cell cycle profiles of Ad Control vs. Ad E1A show
similar cell cycle patterns.

C)

Growth curves of mESCs from 0 to 3days after treatment with Ad
control and Ad E1A.

D)

RT-qPCR of cell cycle-related genes in mESCs expressing E1A relative
to control. Data are represented as mean±SD. P-values (<0.05) are
denoted over each time point and gene by asterisk.

Conclusion
The complex epigenetic landscape of the embryonic stem cell is
an ideal model to study mechanisms of cell identity. E1A has been
used to study transcriptional regulation of cell differentiation in
several systems, but not to study the mechanisms of pluripotency.46‒48
Our studies examine the effects of E1A on the pluripotency program
using embryonic stem cells. We find that E1A oncoprotein rapidly
suppresses ESC-specific gene expression and pluripotency. The
effects of E1A on ESC identity are dependent on a single N-terminal
domain, which is involved in inhibition of P300 and related proteins.
Furthermore, in response to E1A, P300 targets, H3K27 and H3K18,
show global reduction in acetylation. We identified localization
of H3K18ac to stem cell-specific promoters in ESC and found that
H3K18 acetylation was lost at these promoters in response to E1A.
These findings suggest that E1A suppresses ESC identity by inhibiting
P300/CBP and their targets to suppress stem cell identity.
E1A is capable of interacting with multiple epigenetic regulators
including P300/CBP,49 GCN5,50 pRB and P400 complexes. We
found that E1A effects on ESC identity were dependent on one site,
its N-terminal domain while mutations at other sites, involved in
sequestration of pRB and P400, were not required. The N-terminal
domain of E1A inhibits P300 and CBP activity but also potentially
affects TATA-binding protein (TBP) and proteasome S8.51 While we
cannot rule out the possibility that interference with TBP or S8 affect

Histone acetylation of H3 lysine 18 (H3K18Ac) has been
recognized for its role in the regulation of cell proliferation. Regulators
of H3K18Ac including P300/CBP, and deacetylase, SIRT7, play
a major role in cell cycle regulation and cancer. Consistent with
this role, growth-arrested cells are characterized by high levels of
H3K18Ac and, upon global depletion by the E1A oncogene, growtharrested cells are capable of re-entering the cell cycle. Ferrari found
that the binding of E1A to p300/CBP leads to new H3K18ac marks at
the promoters of cell cycle genes and accompanied by transcriptional
activation. These results are consistent with our findings of H3K18ac
occupancy on active promoters of stem cell-specific genes. In the
mESC, we did not see a major effect of E1A on cell proliferation.
The lack of an effect of E1A on mESC proliferation may reflect the
already highly proliferative state of the embryonic stem cell. This
unique property of the mESC and the lack of an effect of E1A on ESC
proliferation allow us to study the direct role of E1A on interference
with the transcriptional machinery during pluripotency independent
of cell cycle alterations.
We found that E1A repressed expression of lineage-specific genes
even in its undifferentiated state. A number of developmentally
regulated genes are open or poised for activation in the ESC state.
The consequence of reduced transcription of these genes prior to
differentiation is not yet known. Interestingly, while lineage markers
of neuroectoderm and endoderm were suppressed, we found evidence
for increased expression of primitive streak-specific genes. These
findings demonstrate that transcription is not globally suppressed
by E1A and that epigenetic differences in lineage determination
may be present. These differences may reflect differences in how
histone modifications are used in lineage specification. Interestingly,
mesoderm-like induction observed in E1A-transduced mESC has also
been observed in at least one other study, where down regulation of
ASH2L, a histone H3K4 methyl transferase, also results in increased
mesoderm lineage expression.55 However, because our study does
not specifically address whether E1A affects mono-, di-, tri and
tetra-acetylation of histone H3 and other target proteins, including
transcription factors,56 further investigations using mass spectrometry
are needed to shed light on how E1A affects other modifications of
histone H3 and global acetylation of target proteins in ESC.

Supplemental methods
ChIP-qPCR
The embryonic stem cells were crosslinked for 15min at room
temperature in cross-linking buffer (0. 1M NaCl; 1mM EDTA;
0.5mM EGTA; 50mM HEPES pH 8.0 in distilled water with fresh
11% Formaldehyde), neutralized with glycine, washed and then
homogenized. Cells were lysed in lysis buffer (50mM HEPES pH 7.
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5, 140mM NaCl, 1mM EDTA, 10% Glycerol, 0. 5% NP40, 0. 25 %
Triton X-100, protease inhibitors) on ice for 10min, then centrifuged
at 3500 rpm for 10min at 4°C. The pellet was resuspened in protein
extraction buffer (200mM NaCl; 1mM EDTA; 0. 5mM EGTA; 10mM
Tris, pH 8.0 with protease inhibitor in distilled water) and rocked at
room temperature for 10min, then centrifuged at 3500 rpm for 10min
at 4°C. The pellet was resuspended 1ml of chromatin extraction
buffer (10mM Tris-HCl, pH 8.0 100mM NaCl; 1mM EDTA; 0.5 mM
EGTA 0.1% sodium deoxycholate; 0.5% N-lauroylsarcosine with
protease inhibitor in distilled water) and sonicated in a Bioruptor
(Diagenode). Modified histones were immunoprecipitated with
anti-H3K9/14ac (CellSignal, 9677) and H3K18ac (Abcam, ab1191)
antibodies. Dynabead (Invitrogen) was washed with 5mg/ml BSA
in PBS and incubated with antibodies overnight at 4°C. 50μg of
chromatin was incubated with antibody-bound Dynabead overnight
at 4°C. The immunoprecipitated material was washed five times with
RIPA buffer (50mM HEPES, pH 8.0; 1mM EDTA; 1% NP-40; 0.7 %
Na-Deoxycholate; 0.5M LiCl with protease inhibitor in water), then
eluted using 10mM Tris, pH 8.0; 1mM EDTA; 1% SDS in distilled
water and decrosslinked at 65°C overnight. The DNA was treated
with 10mg/ml RNase and 20mg/ml proteinase K at 55°C for 2h then,
eluted usingminElute PCR purification kit (Qiagen) and quantitated
by real-time PCR.

Acknowledgements
We thank E Moran, JS Mymryk for generously contributing
reagents. This work was made possible by the California Institute
for Regenerative Medicine (CIRM) RN2-00908 and Skin Cancer
Foundation Joseph A. Stirrup Memorial Award to B.D.Y. The content
is solely the responsibility of the authors and does not represent the
official views of the California Institute for Regenerative Medicine or
other supporters.

Confllict of interest
Author declares that there is no conflict of interest.

References
1. Power MA, Tam PP. Onset of gastrulation, morphogenesis and
somitogenesis in mouse embryos displaying compensatory growth. Anat
Embryol (Berl). 1993;187(5):493‒504.
2. Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells
from mouse embryos. Nature. 1981;292(5819):154‒156.
3. Martin GR. Isolation of a pluripotent cell line from early mouse embryos
cultured in medium conditioned by teratocarcinoma stem cells. Proc Natl
Acad Sci U S A. 1981;78(12):7634‒7638.
4. Murry CE, Keller G. Differentiation of embryonic stem cells to clinically
relevant populations: lessons from embryonic development. Cell.
2008;132(4):661‒680.
5. Niwa H, Miyazaki J, Smith AG. Quantitative expression of Oct-3/4
defines differentiation, dedifferentiation or self-renewal of ES cells. Nat
Genet. 2000;24(4):372‒376.
6. Chambers I, Colby D, Robertson M, et al. Functional expression cloning
of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell.
2003;113(5):643‒655.
7. Mitsui K, Tokuzawa Y, Itoh H, et al. The homeoprotein Nanog is required
for maintenance of pluripotency in mouse epiblast and ES cells. Cell.
2003;113(5):631‒642.
8. Masui S, Nakatake Y, Toyooka Y, et al. Pluripotency governed by Sox2
via regulation of Oct3/4 expression in mouse embryonic stem cells. Nat
Cell Biol. 2007;9(6):625‒635.

Copyright:
©2014 Yu et al.

50

9. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126(4):663‒676.
10. Azuara V, Perry P, Sauer S, et al. Chromatin signatures of pluripotent cell
lines. Nat Cell Biol. 2006;8(5):532‒538.
11. Guenther MG, Levine SS, Boyer LA, et al. A chromatin landmark
and transcription initiation at most promoters in human cells. Cell.
2007;130(1):77‒88.
12. Dodge JE, Kang YK, Beppu H, et al. Histone H3-K9 methyltransferase
ESET is essential for early development. Mol Cell Biol.
2004;24(6):2478‒2486.
13. Kidder BL, Palmer S, Knott JG. SWI/SNF-Brg1 regulates self-renewal
and occupies core pluripotency-related genes in embryonic stem cells.
Stem Cells. 2009;27(2):317‒328.
14. Ang YS, Tsai SY, Lee DF, et al. Wdr5 mediates self-renewal and
reprogramming via the embryonic stem cell core transcriptional network.
Cell. 2011;145(2):183‒197.
15. Shen X, Liu Y, Hsu YJ, et al. EZH1 mediates methylation on histone H3
lysine 27 and complements EZH2 in maintaining stem cell identity and
executing pluripotency. Mol Cell. 2008;32(4):491‒502.
16. McCool KW, Xu X, Singer DB, et al. The role of histone acetylation in
regulating early gene expression patterns during early embryonic stem
cell differentiation. J Biol Chem. 2007;282(9):6696‒6706.
17. Hezroni H, Sailaja BS, Meshorer E. Pluripotency-related, valproic
acid (VPA)-induced genome-wide histone H3 lysine 9 (H3K9)
acetylation patterns in embryonic stem cells. J Biol Chem.
2011;286(41):35977‒35988.
18. Grunstein M. Histone acetylation in chromatin structure and transcription.
Nature. 1997;389(6649):349‒352.
19. Bhaumik SR, Smith E, Shilatifard A. Covalent modifications of histones
during development and disease pathogenesis. Nat Struct Mol Biol.
2007;14(11):1008‒1016.
20. Morris SA, Rao B, Garcia BA, et al. Identification of histone H3 lysine
36 acetylation as a highly conserved histone modification. J Biol Chem.
2007;282(10):7632‒7640.
21. Das C, Lucia MS, Hansen KC, et al. CBP/p300-mediated acetylation of
histone H3 on lysine 56. Nature. 2009;459(7243):113‒117.
22. Tie F, Banerjee R, Stratton CA, et al. CBP-mediated acetylation of histone
H3 lysine 27 antagonizes Drosophila Polycomb silencing. Development.
2009;136(18):3131‒3141.
23. Yao TP, Oh SP, Fuchs M, et al. Gene dosage-dependent embryonic
development and proliferation defects in mice lacking the transcriptional
integrator p300. Cell. 1998;93(3):361‒372.
24. Zhong X, Jin Y. Critical roles of co activator p300 in mouse embryonic
stem cell differentiation and Nanog expression. J Biol Chem.
2009;284(14):9168‒9175.
25. Lin W, Srajer G, Evrard YA, et al. Developmental potential of
Gcn5(-/-) embryonic stem cells in vivo and in vitro. Dev Dyn.
2007;236(6):1547‒1557.
26. Stein RW, Corrigan M, Yaciuk P, et al. Analysis of E1A-mediated growth
regulation functions: binding of the 300-kilodalton cellular product
correlates with E1A enhancer repression function and DNA synthesisinducing activity. J Virol. 1990;64(9):4421‒4427.
27. Arany Z, Newsome D, Oldread E, et al. A family of transcriptional adaptor
proteins targeted by the E1A oncoprotein. Nature. 1995;374(6517):81‒84.
28. Yang XJ, Ogryzko VV, Nishikawa J, et al. A p300/CBP-associated
factor that competes with the adenoviral oncoprotein E1A. Nature.
1996;382(6589):319‒324.

Citation: Kumar S, Ricker C,Yu BD. Chromatin remodeling of embryonic stem cells by E1A alters global histone H3 lysine 18 acetylation and loss of
pluripotency. J Investig Genomics. 2014;1(2):43‒51. DOI: 10.15406/jig.2014.01.00009

Chromatin remodeling of embryonic stem cells by E1A alters global histone H3 lysine 18 acetylation and
loss of pluripotency

Copyright:
©2014 Yu et al.

51

29. Lang SE, Hearing P. The adenovirus E1A oncoprotein recruits the
cellular TRRAP/GCN5 histone acetyltransferase complex. Oncogene.
2003;22(18):2836‒2841.

44. Soprano DR, Teets BW, Soprano KJ. Role of retinoic acid in the
differentiation of embryonal carcinoma and embryonic stem cells. Vitam
Horm. 2007;75:69‒95.

30. Stein RW, Corrigan M, Yaciuk P, et al. Analysis of E1A-mediated growth
regulation functions: binding of the 300-kilodalton cellular product
correlates with E1A enhancer repression function and DNA synthesisinducing activity. J Virol. 1990;64(9):4421‒4427.

45. Chadwick LH. The NIH roadmap epigenomics program data resource.
Epigenomics. 2012;4(3):317‒324.

31. Arany Z, Newsome D, Oldread E, et al. A family of transcriptional adaptor
proteins targeted by the E1A oncoprotein. Nature. 1995;374(6517):81‒84.
32. Bandara LR, La Thangue NB. Adenovirus E1a prevents the retinoblastoma
gene product from complexing with a cellular transcription factor.
Nature. 1991;351(6326):494‒497.

46. Webster KA, Muscat GE, Kedes L. Adenovirus E1A products suppress
myogenic differentiation and inhibit transcription from muscle-specific
promoters. Nature. 1988;332(6164):553‒557.
47. Kato Y, Shi Y, He X. Neuralization of the Xenopus embryo by
inhibition of p300/ CREB-binding protein function. J Neurosci.
1999;19(21):9364‒9373.

33. Berk AJ. Recent lessons in gene expression, cell cycle control, and cell
biology from adenovirus. Oncogene. 2005;24(52):7673‒7685.

48. Cao J, Arulanandam R, Vultur A, et al. Adenovirus-5 E1A suppresses
differentiation of 3T3 L1 preadipocytes at lower levels than required for
induction of apoptosis. Mol Carcinog. 2005;43(1):38‒50.

34. Kutner RH, Zha ng XY, Reiser J. Production, concentration and
titration of pseudotyped HIV-1-based lentiviral vectors. Nat Protoc.
2009;4(4):495-505.

49. Loewenstein PM, Wu SY, Chiang CM, et al. The adenovirus E1A
N-terminal repression domain represses transcription from a chromatin
template in vitro. Virology. 2012;428(1):70‒75.

35. Kuhn R, Rajewsky K, Muller W. Generation and analysis of interleukin-4
deficient mice. Science. 1991;254(5032):707‒710.

50. Lang SE, Hearing P. The adenovirus E1A oncoprotein recruits the
cellular TRRAP/GCN5 histone acetyltransferase complex. Oncogene.
2003;22(18):2836‒2841.

36. Nagy A, Rossant J, Nagy R, et al. Derivation of completely cell culturederived mice from early-passage embryonic stem cells. Proc Natl Acad
Sci U S A. 1993;90(18):8424‒8428.
37. Shin H, Liu T, Manrai AK, et al. CEAS: cis-regulatory element annotation
system. Bioinformatics. 2009;25(19):2605‒2606.
38. Ohi Y, Qin H, Hong C, et al. Incomplete DNA methylation underlies a
transcriptional memory of somatic cells in human iPS cells. Nat Cell
Biol. 2011;13(5):541‒549.
39. Barrett T, Wilhite SE, Ledoux P, et al. NCBI GEO: archive for functional
genomics data sets--update. Nucleic Acids Res. 2013;41(Database
Issue):D991‒D995.
40. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the
comparative C(T) method. Nat Protoc. 2008;3(6):1101‒1108.
41. Nelson JD, Denisenko O, Bomsztyk K. Protocol for the fast chromatin
immunoprecipitation (ChIP) method. Nat Protoc. 2006;1(1):179‒185.
42. Rozen S, Skaletsky H. Primer3 on the WWW for general users and for
biologist programmers. Methods Mol Biol. 2000;132:365‒386.
43. Martin GR, Evans MJ. Differentiation of clonal lines of teratocarcinoma
cells: formation of embryoid bodies in vitro. Proc Natl Acad Sci U S A.
1975;72(4):1441‒1445.

51. Rasti M, Grand RJ, Mymryk JS, et al. Recruitment of CBP/p300, TATAbinding protein, and S8 to distinct regions at the N terminus of adenovirus
E1A. J Virol. 2005;79(9):5594‒5605.
52. Dannenberg JH, van Rossum A, Schuijff L, et al. Ablation of
the retinoblastoma gene family deregulates G(1) control causing
immortalization and increased cell turnover under growth-restricting
conditions. Genes Dev. 2000;14(23):3051‒3064.
53. Fazzio TG, Huff JT, Panning B. An RNAi screen of chromatin proteins
identifies Tip60-p400 as a regulator of embryonic stem cell identity. Cell.
2008;134(1):162‒174.
54. Fuchs M, Gerber J, Drapkin R, et al. The p400 complex is an essential
E1A transformation target. Cell. 2001;106(3):297‒307.
55. Wan M, Liang J, Xiong Y, et al. The trithorax group protein Ash2l is
essential for pluripotency and maintaining open chromatin in embryonic
stem cells. J Biol Chem. 2013;288(7):5039‒5048.
56. Evans PM, Zhang W, Chen X, et al. Kruppel-like factor 4 is acetylated
by p300 and regulates gene transcription via modulation of histone
acetylation. J Biol Chem. 2007;282(47):33994‒34002.

Citation: Kumar S, Ricker C,Yu BD. Chromatin remodeling of embryonic stem cells by E1A alters global histone H3 lysine 18 acetylation and loss of
pluripotency. J Investig Genomics. 2014;1(2):43‒51. DOI: 10.15406/jig.2014.01.00009

