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ABSTRACT OF THE DISSERTATION

Dynamics of Host Cell Transcriptome in DNA Tumor Virus Infection

by

Yu-Chyuan T Su
Doctor of Philosophy in Oral Biology

University of California, Los Angeles, 2014

Professor Siavash Kurdistani, Co-Chair

Professor Wenyuan Shi Co-Chair

Adenovirus ela expression in contact-inhibited cells forces G1 to S phase
transition in preparation to create suitable cellular environment for viral replication. To
determine genomic regions targeted by ela to bind and manipulate chromatin
landscape of host cells, ChIP-seq of ela was performed in ela-expressing primary
fibroblast cells at 6 and 24 hours post infection. Critical regions in the genome are
occupied by ela proteins since early in infection including active enhancers, gene body
of growth inhibition genes, and cell cycle gene promoters. Binding of ela at active
enhancers results in drastic reduction of H3K18ac and H3K27ac histone modifications.
Through co-localization with massive levels of P300/CBP, activators of TGF-beta

pathway are strongly repressed with high density of ela binding throughout gene
i



promoter and gene body to prevent G1 arrest. Finally, promoters of cell cycle genes
bound by Rb in contact-inhibited cells are targeted by ela at both 6 and 24 hours post
infection to relieve Rb repression of E2F-regulated cell cycle genes. Overall, highly-
expressed cell-type-specific genes are repressed by ela binding and genes promoting
S phase entry are stimulated by ela. Surprisingly, ela binding sites at both 6 and 24
hours PI are also early replication origin found in growing normal fibroblast cells.
Furthermore, ela represses host cell replication as 95% of newly synthesized DNA in
ela expressing cells originated from viral genome. By binding to host cell chromatin,

ela creates S phase environment in host cell to stimulate viral replication.
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CHAPTER 1

Introduction:
Host cell reprogramming toward S phase entry
by

Adenovirus ela



Tumorigenic Adenovirus

Human adenovirus type 12 was found capable of inducing tumor formation in
Hamsters (Huebner, Rowe et al. 1962). Additionally, the adenoviral protein ela was
shown to collaborate with G12V HRAS oncogene and transform primary rat embryonic
fibroblast cells (Land, Parada et al. 1983; Ruley 1983; Ruley 1990). The co-expression
of Adenovirus type 5 early region genes E1A and E1B were also able to transform Baby
rat kidney (BRK) cells (van den Elsen, de Pater et al. 1982; Branton, Bayley et al. 1985)
By observing dynamic changes in molecular processes leading to cellular
transformation in normal human cells, adenovirus ela stands as a very useful tool in
enhancing our understanding of tumorigenesis with its capacity to cooperate with either
viral or host cell proteins to accomplish cellular transformation and immortalization.
Adenovirus ela

Adenovirus early region 1A expresses two alternatively spliced mRNAs 12S and
13S which encodes two highly related proteins of 289 and 243 amino acids. Large and
small ela differs by small ela lacking the CR3 (conserved region 3) region (Figure 1-1)
(Berk 2005). Expression of adenovirus small ela alone is sufficient in forcing stationary
contact-inhibited fibroblastic cells into S phase of the cell (Howe, Mymryk et al. 1990;
Ghosh and Harter 2003). This oncogenic event is driven by small ela through its
interaction with multiple key cellular proteins in the infected host cell including Rb family
of pocket proteins (Nevins 2001; Burkhart and Sage 2008; Choi, Kim et al. 2014),
P300/CBP(Gayther, Batley et al. 2000; Berk 2005), and P400 (Dick 2007; Macher-
Goeppinger, Bermejo et al. 2013).

Rb Family of Pocket Proteins



Rb is the first tumor suppressor being isolated through study of cancerous retina
tissue, Retinoblastoma (Murphree and Benedict 1984). The primary function of Rb is to
regulate cell cycle progression from G1 to S phase by binding to the transactivation
domain of E2F transcription factors through its pocket domain and inhibit induction of
E2F target genes (Goodrich, Wang et al. 1991). E2F transcription factors promote
expression of genes required for S phase entry. Therefore, Rb is regarded as the
primary protein guarding the G1 to S cell cycle checkpoint. In addition to Rb, RBL1
(p107) and RBL2 (p130) both contain homology in the pocket domain with Rb protein.
The pocket domain mediates interaction with members of the E2F family of transcription
factors. In normal cell cycle progression from G1 to S phase, Rb family proteins are
phosphorylated sequentially by CDK4/6 and CDK2 (Rubin, Gall et al. 2005).
Phosphorylated Rb family proteins are then disassociated from E2F binding and relieve
repression on E2F activation (Figure 1-2). Activation of E2F transcription factors lead to
transcription of cell cycle genes required for S phase entry.

LXCXE Motif

Forcing contact-inhibited primary cells into S phase entry can be accomplished
by expressing small ela in contact-inhibited primary cells. The LXCXE peptide motif
located in the CR2 region of small ela protein enables high affinity binding between ela
and Rb. The LXCXE motif is shared among multiple viral oncoproteins including HPV
E7 and SV40 large T antigen (Dahiya, Gavin et al. 2000; Liu and Marmorstein 2007).
The LXCXE motif is important in oncogenesis induced by DNA tumor viruses as viral
oncoproteins use LXCXE motif to bind Rb family of proteins and disable regulation of

cell cycle progression. Small ela with LXCXE motif is one of the DNA tumor viral



protein equipped of such function. Through interaction with Rb family of proteins, small
ela can bind and remove Rb family of proteins from E2F transcription factors and
induce expression of cell cycle genes. The ability to bind Rb is essential for viral
replication since small ela with mutations at CR2 regions are incapable of binding to Rb
family of proteins, therefore are unable to displace Rb from Rb-bound E2F promoters to
force contact-inhibited normal cells into S phase (Figure 1-3).

The LXCXE motif can also be found in a number of cellular proteins including
histone deacetylases HDAC1, HDAC2 (Dahiya, Gavin et al. 2000). Histone proteins
H2A, H2B, H3, H4 forms nucleosomes which are protein octamers that allows genomic
DNA to wrap around and organize the DNA- bound nucleosomes into chromatin
structure. Chromatin can be further rearranged into higher order structures through
interaction with linker histones, histone chaperones, and histone modifying enzymes.
By removing acetyl group from lysine residues of N-terminus histone tails, HDAC
proteins remodel chromatin structure into closed and more condensed conformation
which prevents access and binding of transcriptional activator (Kurdistani and Grunstein
2003). Rb interacts with HDAC1 and HDAC2 through binding to the LXCXE maotif.
Histone deactylase activity of HDAC1 and HDAC2 was shown to be important in Rb
mediated repression of transcription (Dahiya, Gavin et al. 2000). Recent studying using
microscopy and DNA array in CHO cells (Ferrari, Gou et al. 2014) showed that complex
formed between P300, ela, and RB (P300-ela-Rb) is able to condense chromatin and
the inhibitor of histone deacetylase activity prevented chromatin condensation which
revealed that repression mediated by Rb-ela-P300 required active histone deacetylase

activity.



P300/CBP

P300 and CBP are structurally-similar transcription co-activators. P300 was
discovered through its binding to adenovirus ela (Eckner, Ewen et al. 1994).
P300/CBP participates in regulation of transcription through its function as a histone
acetyltransferase (HAT). By adding acetyl groups to N-terminus tails of histone H3,
P300/CBP remodels and relaxes the chromatin structure which permits more binding of
activator proteins leading to transcription activation. In MEF cells, Jin Q et al. showed
that P300/CBP is the main histone acetyl transferase enzyme responsible for the
acetylation of lysine at position 18 (H3K18) and 27 (H3K27) on histone (Jin, Yu et al.
2011). Abundance of H3K18ac and H3K27ac near the transcription start site is
associated with open chromatin and active transcription. In addition to its co-activator
function at transcriptional start site, P300/CBP also plays essential roles in process of
cell differentiation through its requirement for the maintenance of active enhancers.
Role of P300/CBP at enhancers

Enhancers are short stretches of genomic DNA regions which permit binding of
activators to induce gene transcription through long range interaction with gene
promoters. The interaction can be either intra-chromosomal or inter-chromosomal.
Enhancer regions can be defined epigenetically by regions in the genome bound by
nucleosomes with presence of histone modification H3K4Me1 and simultaneously lack
H3K4Me3 (Heintzman, Hon et al. 2009; Creyghton, Cheng et al. 2010). Enhancer
regions can be in either active or poised state. Enhancers in poised state are
characterized with binding of nucleosomes with H3K27Me3 and H3K4Me1l histone

modifications. Additionally, poised enhancers are incapable of influencing expression of



target genes. Active enhancer regions are open and relaxed regions of chromosome
characterized by its sensitivity to DNAse | enzyme digestion which only digests highly
accessible regions of the chromatin (Gevry, Hardy et al. 2009). In these highly
accessible regions, activator proteins are allowed to bind and interact with mediator
complex to promote activation of transcription on. By acetylating H3K18ac and
H3K27ac on nucleosomes at enhancer regions, EP300 maintains the accessibility of the
enhancer region. Therefore, genes neighboring enhancers bound by nucleosomes with
highly acetylated H3K18ac or H3K27ac are associated with higher levels of gene
expression (Creyghton, Cheng et al. 2010; Zentner, Tesar et al. 2011).
Interaction between P300/CBP and ela

In ela expressing IMR90 cells, ela causes global deacetylation of H3K18ac
(Horwitz, Zhang et al. 2008) and H3K27ac (Ferrari, Gou et al. 2014) by binding to TAZ2
domain of P300/CBP. Regions with high level of H3K18ac and H3K27ac are locate
within important functional regions in the genome such as enhancers and gene
promoters, ela induced histone deacetylation in these regions resulted in reduction of
gene transcription (Ferrari, Su et al. 2012). Furthermore, complex formed by ela and
P300/CBP interaction was found to mediate strong gene repression and interaction
between ela and P300/CBP at TAZ2 domain is essential in maintaining such repressive
complex (Ferrari, Gou et al. 2014). Mutants of ela unable to bind to TAZ2 domains
were less effective in exerting strong gene repression (Ferrari, Gou et al. 2014).
Remodeling of epigenetic landscape at gene promoters by ela

High-throughput DNA microarray technology in combination with chromatin

immune-precipitation (ChIP-on-chip) permitted monitoring of ela binding and epigenetic



changes at wide range of genomic regions. Focusing on genomic regions 5 kb
upstream of transcription start site (TSS) to 2 kb downstream of TSS, the study in
Ferrari et al. 2007 unveiled the dynamic binding pattern of small ela on promoter
regions of infected IMR90 cells. Small ela induced relocation of Rb and EP300/CBP to
antiviral response genes and resulted in reduction of antiviral gene expression. Most
importantly, epigenetic changes through gaining of H3K18ac at promoter of cell cycle
genes after ela removes Rb from E2F regulated genes was revealed. By gaining
activating histone modification, H3K18ac, transcription of cell cycle genes became
highly activated (Ferrari, Pellegrini et al. 2008). Recent advances in DNA sequencing
technology such as ChIP-sequencing (ChlP-seq) and RNA-sequencing (RNAseq)
enabled genome-wide studies to have unprecedented resolution and coverage.
ChlIP-sequencing and RNA-seq

Chromatin immunoprecipitaiton inconjunction with cDNA microarray (ChIP on
chip) allowed detailed genome-wide studies in species with small genomes. However,
ChIP-on-chip is not a cost-effective solution for high resolution mapping of protein-DNA
interactions for species with large genomes such as human and mouse. Enabled by
recent advances in high-throughput sequencing, genome-wide mapping of protein-DNA
interaction at unparalleled resolution is now possible using ChlP-seq technology. Briefly,
cells are treated with crosslinking agent to fix protein-DNA complexes. After cell lysis
and shearing of genomic DNA into smaller pieces through sonication, antibody targeting
protein of interest is used to immune-precipitate (IP) protein-DNA complex of interest.
Also an aliquot of the sonicated sample was used as input sample to control for

background level of DNA enrichment. The crosslinking between protein and DNA is



then reversed and DNA species in region of interest is isolated. Adapter required for
sequencing process is attached to purified DNA through ligation reactions to make high-
throughput DNA sequencing library. Sequencing libraries are then amplified with PCR
reactions and purified for subsequent sequencing reaction. Each sequencing reaction
currently generates around 200 million reads. The generated data was then aligned to
human genome using aligner software. Reads that map to multiple locations in the
genome are usually discarded to ensure unique identification of genomic location. To
determine genomic regions bound by protein of interest, enrichment of protein binding
region is determined through comparing reads obtained from input and IP samples
using statistical software.

For RNA-sequencing, total RNA is isolated from cells and ribosomal RNAs are
isolated and discarded from total RNA. The total RNAs free of ribosomal RNAs are
then fragmented through chemical cleavage. The fragmented RNA are then reverse
transcribed into cDNA and tagged with sequencing adapters to make DNA sequencing
libraries. Sequencing libraries are then amplified with PCR reactions and purified for
subsequent sequencing reaction. Data generated from sequencing machines are then
aligned to genome with software that permits gap alignment to accommodate spliced
RNAs.

Genome-wide study of ela biology using ChIP-seq and RNA-seq methods

ChIP-on-chip method revealed the gain of H3K18ac histone modification on cell
cycles active by H3K18ac and decrease in H3K18ac at gene promoters being
repressed by ela binding (Ferrari, Pellegrini et al. 2008). Since promoter region

accounts for small percentage of the genome, global loss of H3K18ac in infected cells



remained partially explained using ChiP-on-chip method. Study in dl1500 infected
IMR9O cells by Ferrari et al. 2012 (Ferrari, Su et al. 2012) performed ChIP-seq on
H3K18ac and Rb family of proteins (Rb, p107, p130) and mRNA-seq was used to
measure global changes in gene expression. The study found that majority of genomic
regions enriched with H3K18ac histone modifications are located within enhancer.
Additionally, ela expression greatly reduced H3K18ac levels in enhancer regions to
decrease expression of its neighboring genes composed of mostly fibroblast-specific
genes. Reduction of cell-type specific gene expression implied de-differentiation and
loss of cell-specific function (Frisch and Mymryk 2002). ChiP-seq of Rb family members
precisely defined binding positions of Rb, p107, and p130 on gene promoters and
promoters of cell cycle genes bound by Rb was found to gain H3K18ac at 24 hours after
infection.

Through ChiP-seq and RNAseq method, recent study on ela mediated gene
repression through formation of P300-ela-Rb complex in infected cells revealed a
cluster of TGF-f activator genes being bound by the repressive complex throughout the
promoter and gene body (Ferrari, Gou et al. 2014). Mutants of ela incapacitated with
ability to bind to either P300 or Rb were generated. Global expression profiles of cells
infected with different ela mutants were measured using RNA-seq and different gene
clusters requiring different interactions between ela and host proteins were generated
as P300 binding mutant of ela was unable to effectively repress TGF-§ activator genes.
ChiP-seq of H3K27ac revealed differential regulation of H3K18ac and H3K27ac in
infected cells. Even though P300/CBP is responsible for acetylation of both H3K18ac

and H3K27ac, while both modifications decreased dramatically in infected cells,



differential regulation of H3K18ac and H3K27ac levels were observed in infected cells.
H3K27ac was abundant at most promoters in mock infected cells including cell cycle
genes. At 24 hours Pl, H3K27ac decreased greatly at most gene promoters except for
cell cycle genes. In contrast, H3K18ac levels are low in most promoters especially at
cell cycle genes, but promoter of cell cycle genes gained H3K18ac at 24 hours PI.
ChIP-seq and RNA-seq methods enabled detailed observations on dynamic changes
incurred by ela in cellular chromatin environment of host cells.
Rb and DNA replication

ChIP-seq study of Rb binding in growing and senescent IMR90 cells identified
unigue role of Rb in binding and repressing replication genes in senescent condition
induced by elevated levels of ras (Chicas, Wang et al. 2010). In the study, DNA
replication was detected cells with RNAi knockdown of Rb but not p107 or p130 protein.
DNA replication requires assembling of pre-Replication Complex (pre-RC). Pre-
replication complex is composed of Orc (1-6), CDC6, CDT1, and MCM (2-7) proteins
and the complex is bound at replication origins (Mechali 2010). Pre-RC components
were expressed and found on chromatin only in Rb-knockdown senescent cells. This
study suggests Rb binding in senescent cells regulates expression of genes required in
DNA replication. Study by Mendoza-Maldonado et al. (Mendoza-Maldonado, Paolinelli
et al. 2010) showed a more direct relationship between Rb and pre-RC, as direct
binding between hypo-phosphorylated Rb and Orcl was observed and E2F1 competes
binding to Rb with Orc1 at replication origins.

Myc and ela
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Another protein recently found to bind at replication origin is Myc (Dominguez-
Sola, Ying et al. 2007). Elevated level of Myc protein was found to cause increased
activity at replication origins. However, Myc levels are usually low in normal cells but
are elevated in cancer cells. Interestingly, ela was found to stabilize Myc through
binding with P400 (Tworkowski, Chakraborty et al. 2008). P400 was originally isolated
through binding with ela as P400 binding mutant of ela was unable to mediate cell
transformation (Fuchs, Gerber et al. 2001) However, transformation defect of ela P400
mutant was able to be overcame by over-expressing Myc suggesting Myc regulates the
downstream effectors of ela-P400 interactions. While ela was shown to interact with
Myc through P400, the relationship between ela and Myc interaction on chromatin
remains unclear.
P400 and ela
Interaction between P400 and N-terminus of ela is required for ela induced cell
transformation. A part of SWI/SNF (SWItch/Sucrose NonFermentable) chromatin
remodeling family of proteins, P400 functions by exchange histone variant H2A.Z into
nucleosomes to activate transcription (Gevry, Hardy et al. 2009) or facilitate DNA repair
(Xu, Ayrapetov et al. 2012). Additionally, function of P400 is essential in keeping stem
identity as P400 was shown to repressing developmental genes in stem cells (Fazzio,
Huff et al. 2008). With multitude of functional roles being discovered for P400, the
molecular changes exerted by interaction between P400 and ela on host cell chromatin

to induce oncogenic transformation is still unclear.
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Figure 1-1 Schematic structure of small ela and its interactions with cellular
proteins required for S phase entry. Compare to large E1A, splicing isoform, small
Ela lacks Conserved Region 3 (CR3). Small ela binds to P300/CBP through its N
terminus and CR1 region. Binding to RB family of proteins (RB, p107, p130) requires

CR2 region and parts of CR1 region. Figure from (Ferrari, Berk et al. 2009)
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Rb in normal S phase gets phosphorylated by CDKs and relieve from binding to E2F.
Rb in ela expressing cells are bound and sequestered by ela to induce activation of

E2F genes. Figure from (Frisch and Mymryk 2002)
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Figure 1-3 LXCXE motif in Rb pocket family of proteins

In repressive state, Rb interacts with histone deacetylases such as HDAC1 and HDAC2
and binds at cell cycle gene promoters to repress transcription. In viral infected cells,
Rb is seized by viral oncoproteins such as ela to allow host cell entry into S phase.

Figure from (Dick 2007)
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Figure 1-4 Process of ChlP-Sequencing

Proteins-DNA complexes are crosslinked and sonicated to smaller pieces. Protein-
DNA complex of interest is isolated by immunoprecipitation using target-specific
antibody. DNA from protein-bound region is purified and tagged with sequencing
adapters to make DNA sequencing library for high-throughput sequencing. Figure from

(Kidder, Hu et al. 2011)
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Figure 1-5 Process of RNA-Sequencing

RNA species free of ribosomal RNA (mMRNA or total RNA) are fragmented and
converted into cDNA. Sequencing adapters are ligated cDNA fragments to make
sequencing libraries. After amplification and purification, sequencing libraries are sent

for high-throughput sequencing. Figure from (Wang, Gerstein et al. 2009)
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Chapter 2

Adenovirus small ela
employs the lysine acetylases
p300/CBP and tumor suppressor Rb
to repress select host genes and

promote productive virus infection

This chapter was originally published in Cell Host and Microbe, 2014
Nov;16:663-676 with supplemental material. Mutants of ela that are unable to bind to
Rb or P300 was generated and mRNAseq was performed in contact-inhibited IMR90
cells infected with various ela mutants. Through comparing differential gene
expression between IMR90 cells infected with different ela mutants, gene clusters
requiring ela-p300 or ela-Rb interaction for modulation of gene expression was
revealed. Furthermore, by mapping genome-wide distribution of Rb, P300, H3K27ac,
H3K4Mel using ChlP-seq method, host cell gene repression requiring simultaneous
binding of ela to both Rb and p300 was revealed. The p300-ela-Rb complex was
shown acetylate Rb and condense DNA-arrays in microscopy through HDAC activity.
This study revealed that simultaneous interaction between Rb, ela, and P300 is

required for strong repression of host cell gene transcription.
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SUMMARY

Oncogenic transformation by adenovirus small ela
depends on simultaneous interactions with the host
lysine acetylases p300/CBP and the tumor suppres-
sor RB. How these interactions influence cellular
gene expression remains unclear. We find that
ela displaces RBs from E2F transcription factors
and promotes p300 acetylation of RB1 K873/K874
to lock it into a repressing conformation that inter-
acts with repressive chromatin-modifying enzymes.
These repressing p300-e1a-RB1 complexes specif-
ically interact with host genes that have unusually
high p300 association within the gene body. The
TGFB-, TNF-, and interleukin-signaling pathway
components are enriched among such p300-tar-
geted genes. The p300-e1a-RB1 complex con-
denses chromatin in a manner dependent on HDAC
activity, p300 lysine acetylase activity, the p300 bro-
modomain, and RB K873/K874 and e1a K239 acety-
lation to repress host genes that would otherwise
inhibit productive virus infection. Thus, adenovirus
employs ela to repress host genes that interfere
with viral replication.

INTRODUCTION

Adenovirus (Ad) E1A is a classic DNA virus oncogene (Weinberg,
2013). When expressed alone, small E1A (hereafter called “e1a”)
(Figure 1A) causes Gq-arrested cells to enter S phase (Ghosh and
Harter, 20083). In cooperation with Ad E1B (Branton et al., 1985)
or G12V HRAS (Ruley, 1983), e1a stably transforms rodent cells.
Two interactions with host cell proteins are essential for ela-
induced cell transformation in cooperation with G12V HRAS:
an interaction with RB family proteins (RB1, RBL1 [p107], and

RBL2 [p130], hereafter referred to as “RBs”) and an interaction
with the closely related nuclear lysine acetylases (KATs) p300
and CBP (Pelka et al., 2008). (Hereafter we refer to both p300
and CBP simply as “P300.").

E2F transcription factors regulate genes required to enter
S phase (Dick and Rubin, 2013). In Gy, Gy end-differentiated
(Chong et al., 2009), and senescent cells (Chicas et al., 2010),
RB proteins bind to E2F activation domains (ADs) (Lee et al.,
2002; Xiao et al., 2003) repressing E2F-regulated genes by
both masking the AD and by inducing repressive chromatin
structure through interactions with chromatin-modifying en-
zymes (Dick and Rubin, 2013). In cycling cells, RBs are phos-
phorylated by cyclin D-CDK4/6 and cyclin E/A-CDK2, causing
them to change conformation and dissociate from E2Fs and
repressing chromatin-modifying complexes (Dick and Rubin,
2013), derepressing hundreds of genes required to enter S
phase. e1a derepresses these same genes by directly displacing
unphosphorylated RBs from E2Fs (Bagchi et al., 1990; Fattaey
et al., 1993; |keda and Nevins, 1993), which explains why the
ela-RB interaction promotes entry into S phase. In contrast,
the explanation for why ela must bind P300 to transform cells
is less clear.

Interestingly, an e1a mutant defective for binding RBs and a
second ela mutant defective for binding P300 do not comple-
ment for transformation, suggesting that a single e1a molecule
must interact with both P300 and RBs to transform cells (Wang
et al., 1995). Although there is negative cooperativity in the
binding of both RB1 and a CBP TAZ2 domain to the same ela
molecule (Ferreon et al., 2013), such trimeric complexes form
in vivo (Wang et al., 1995) and in vitro (Ferreon et al., 2013). In
such complexes, ela promotes acetylation of RB1 K873/K874
by P300, inhibiting binding of cyclin-CDKs to RB1 and hence
RB1 phosphorylation during the cell cycle (Chan et al., 2001).
P300 also acetylates ela K239, inhibiting binding of importin-
a3 to a NLS at the e1a C terminus (Madison et al., 2002).

How do the e1a-RB, e1a-P300 interactions and RB-e1a-P300
complexes influence cellular gene expression? To address these
questions, we constructed Ad vectors for wild-type (WT)elaand
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mutants completely defective for interactions with the RBs or
P300. We performed RNA sequencing (RNA-seq) when in-
fected cells were entering S phase. Mechanisms underlying
the observed changes in expression were explored by chromatin
immunoprecipitation sequencing (ChIP-seq) of RNA polymerase
Il (pol2), p300, RB1, and posttranslationally modified histones.
We found that RB1 is enriched at E2F sites of genes activated
by the e1a-RB interaction, much more than p130 or p107. This
may help to explain why RB7, and not RBL7 or RBL2, is a tumor
suppressor. Further, the results suggest why the e1a-P300 inter-
action is required for transformation. Importantly, ela did not
completely inhibit histone acetylation by P300. Instead, ela
regulated P300 HAT activity differently at different promoters
and enhancers. We discovered an unexpected mechanism of
ela repression by targeting hypophosphorylated RB1 and
p300 to the gene bodies of repressed genes. Fluorescently
tagged proteins allowed direct visualization of e1a-driven chro-
matin condensation by a p300-e1a-RB1 complex, dependent
on p300 KAT activity, the p300 bromodomain, and acetylation
of RB1 and el1a. Our data suggest that e1a exploits the RBs dis-
placed from E2Fs, locked into a repressing conformation by
P300 acetylation, to repress host cell genes in pathways that
would otherwise inhibit viral replication. Further, our data may
explain why primate Ads express small e1a as well as large E1A.

RESULTS

Mutants Defective for Binding Either RBs or P300

Smalleiabinds RBs through two interactions: one with the N-ter-
minal ~10 aa of conserved region 1 (CR1) and one through the
LXCXE region of CR2 (Lee et al., 1998; Liu and Marmorstein,
2007) (Figure 1B, blue). To completely eliminate e1a binding to
RBs, we deleted CR2 (e1a aa 112-128) and mutated L43, L46,
and Y47 to A, mutations that individually reduce the affinity of
ela CR1 for the RB1-pocket domain by 10-fold or more (Liu
and Marmorstein, 2007). To eliminate the e1a-P300 TAZ2 (CH3)
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plex (Ferreon et al., 2009): R2G, E59A,

V62A, F66A, and E68A. These mutations
eliminate several e1a-TAZ2 electrostatic and hydrophobic inter-
actions and mutate the N-terminal region that binds to the other
side of TAZ2 relative to ela residues 53-83 in CR1 (Figure 1B).
We call the mutants e1aRB-binding minus (e1aRBb ) and ela
P300-binding minus (e1aP300b ) because they fail to coimmu-
noprecipitate RBs or p300/CBP, respectively, from extracts of
transfected Hela cells or infected IMR90 cells but bind the alter-
native interacting protein comparably to WT e1a (Figure 1C; Fig-
ures 1A-S1G available online). These mutants were incorporated
into Ad5-vectors in the dI1500 background with a deletion of the
unique E1A 13S mRNA splice site (Montell et al., 1984). Since
large E1A is primarily responsible for activating other viral pro-
moters (Montell et al., 1984; Winberg and Shenk, 1984), these
vectors express only very low levels of the other viral early regions
compared to WT Ad5. The vector expressing WT eladrove con-
tact-inhibited primary IMR90 fibroblasts into S phase ~20 hr
postinfection (p.i.) (Figures S1H and S1l).

ela-Regulated Cellular mRNA Expression
Contact-inhibited IMRO0 cells arrested in G4 were mock infected;
infected with dI312, an Ad5 mutant with a deletion of E1A (Jones
and Shenk, 1979), with the Ad vectors expressing WT or mutant
ela; or coinfected with the elaRBb and e1aP300b vec-
tors. elaRBb accumulated to lower level than ela WT or
e1aP300b whenthe vectors were infected at the same muiltiplic-
ity of infection (MOI). Consequently, the e1aRBb vector was
used at 4-fold higher MOI to achieve nearly equal levels of WT
and mutant ela’s (Figure S1J). RNA-seq was performed with
two biological replicates at 24 hr p.i. (Table S1). Genes with a dif-
ference in expression between mock- and WT ela vector-in-
fected cells of 2-fold or more and p < 0.01 for WT ela between
the two experiments are shown in Figure 1D and Table S2. Genes
were clustered according to whether the change in expression
required the ela-RB, e1a-P300, both, or neither interaction.
Expression of a representative gene and boxplots of expression
levels for each cluster are shown in Figures S1K and S1L.
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The el1a-RB interaction controlled expression of the largest
cluster of activated genes (Figure 1D,ac1). The ac1 gene ontology
is overwhelmingly enriched for S phase genes (Figure 2A; Table
$3), amply confirming the generalization that most genes required
for S phase are regulated by E2F activators repressed in G; and
Gy by RB-proteins. Detailed studies of the time course of changes
in host gene expression following infection with WT Ad2 and
closely related Ad5 have been performed in G1-arested IMR90
cells and primary human foreskin fibroblasts using microarrays
(Miller et al., 2007; Zhao et al., 2003), as well as RNA-seq at 12
and 24 hr p.i. (Zhao et al., 2012). The most highly induced genes
had gene ontologies of DNA replication and cell cycle. These au-
thors suggested this was due to E1A displacement of RBs from
E2Fs. Our data show that this is indeed the case. Figure S2A com-
pares genes regulated by WT Ad2 at 24 hr p.i to our data with the
WT ela vector. While there was considerable overlap in genes
induced/repressed by the WT e1avector compared to Ad2, larger
numbers of genes were induced/repressed by Ad2. This is prob-
ably because of expression of all viral genes in Ad2-infected cells
by 24 hr p.i. Also, we used very stringent criteria for classifying
genes as induced/repressed (p < 0.01 in duplicate experiments)
to maximize the opportunity of detecting similar trends in histone
modifications and pol2, p300, and RB1 association among genes
in the individual clusters.

ChlIP-seq for pol2 (Figure 2B) showed that at ac1 promoters
in mock-infected, Gi-arrested cells there were on average small
peaks of pol2 at ~+50 to +100 and ~—100 to —200, presumably
due to pol2 that initiated transcription in the sense and antisense
directions and then paused (Core et al., 2008; Seila et al., 2008).
In dlI1500-infected cells expressing ela, there was a large
increase in the pol2 peak for sense strand transcription, but
not for antisense transcription. This ela-induced increase in
sense-oriented pol2 near the TSS strongly suggests that aci
mRNAs increase because of increased transcription.

We anticipated that ac1 genes would have a peak of E2Fs near
the TSS. Consequently we analyzed available ChIP-seq data for
E2Fs 1 and 4 from HelLa cells (Bernstein et al., 2012), because we
expected that genes required for S phase would be activated by
E2Fs similarly in different human cell types. For example, similar
genes are activated in RB1-deficient fibroblasts and pituitary and
thyroid tumor cells (Black et al., 20083). Indeed, peaks of E2F1
and E2F4 were observed well above the average for all genes
at ac1 promoters (Figure 2C) and not at genes in the other
ela-activated (Figure S2B) or repressed clusters (data not
shown). Analysis of our ChIP-seq data for all three RBs in ar-
rested IMR90 cells (Ferrari etal., 2012) showed peaks atac1 pro-
moters coincident with the E2F peaks (Figures 2C, 2D, and S3).
Comparing the significance of peak heights relative to all ChIP
data across the genome showed that RB1 association with
acl promoters was significantly greater than for RBL2 (p130)
or RBL1 (p107). Although each of the RB-family members was
immunoprecipitated with a different specific antibody, the
average ChlP-seq p value across all promoters was similar for
each RB (Figure S2C). The much larger signal for RB1 at ac1
genes suggests that RB1 is the predominant RB family member
at ac1 promoters. Examples include CCNE2 (cyclin E), the crit-
ical regulator of S phase entry, MCM2, and MCM3 (Figure 2E).
ela expression following infection with dI1500 decreased the
average signal for RB1 at ac1 promoters more than 2-fold

compared to cells infected with the E1A mutant (Figures 2E
and 2F), demonstrating that e1a displaces RB1 from E2Fs in vivo,
as it does in vitro.

The average peak of p300 at ac1 TSSs doubled in response to
ela (Figures 2G and S83). H3K18 and H3K27 are acetylated pri-
marily by P300 (Horwitz et al., 2008; Jin etal., 2011). Surprisingly,
although ac1 genes were repressed by RBs in the G;-arrested
cells, H3K27 was acetylated to a significant extent at ac1 pro-
moters (Figure 2H, 3A, and S3). The average H3K27ac down-
stream peak at ac1 promoters was slightly reduced by el1a, while
the upstream peak fell considerably (Figure 2H). This differs from
the profile in asynchronous IMR90 cells with ~50% of cells in S
phase, where the upstream H3K27ac peak was higher (Hawkins
et al., 2010) (Figure S28). In contrast to acl genes, ela
decreased H3K27ac at most other promoters (Figures S2K,
S2L, and S4C), including promoters of the other ela-activated
clusters (Figure S4B), intergenic regions, and introns, resulting
in extensive global H3K27 deacetylation (Figures 3B-3E), even
though there was little change in the sharp peaks of p300 asso-
ciation in intergenic regions (e.g., Figure S5).

H3K18 is the other histone tail lysine acetylated primarily by
P300. In contrast to H3K27, H3K18ac was low at ac1 promoters
in Gq-arrested mock-infected cells and increased greatly in
response to ela, primarily in the downstream direction (Figures
21, 3A, and S8). Again, this was in contrast to asynchronous
IMR90 cells where the upstream H3K18ac peak was higher (Fig-
ure S2T). Consequently, acetylation of the two histone tail sub-
strates for P300, H3K18 and H3K27, was regulated differently
by ela at the activated promoters, whereas both H3K18ac
and H3K27ac decreased dramatically at repressed promoters,
intergenic regions, and introns (Figures 3B-3E, S2M, S2N, S4,
and S5).

Like H3K27, H3K9 was acetylated at ac1 promoters in the G4-
arrested mock-infected cells (Figure 2J). H3K9ac did not change
significantly when the ac1 promoters were derepressed by ela
displacement of RB1. In contrast to H3K27ac and H3K18ac,
ela did not appreciably alter H3K9 at promoters of the other
activated gene clusters (Figure S4A) or most intergenic regions
(Figures 3B, 3C, and S4D). Similarly, H3K4me1 changes were
modest in response to ela (Figures 2K, S3, and S5).

RNA from ac4 genes increased 2-fold or more in response to
WT el1a and both of the e1a mutants (Figures 1D and S1L). These
genes may be regulated by e1a interactions with other host pro-
teins besides RBs or P300 (Pelka et al., 2008). In this regard, it is
interesting that while E2F binding motifs were highly enriched in
acl promoters, as expected, other TF binding motifs were en-
riched in other clusters (Table S4). While E2Fs do not appear
to be the major activators for clusters ac2-ac4, they may
contribute to activation of some genes in these clusters, ac-
counting for the small reduction in RNA in cells expressing
e1aRBb compared to WT ela (Figure 1D, ac4), the small peaks
of E2F association at the TSS in the average E2F profiles (Fig-
ure S2B), and the detection of E2F sites with less significant p
values at ac3 and ac4 promoters (Table S4).

ela Regulation of mRNA Stability

In contrast to ac1 and ac4 genes, ela did not greatly in-
crease pol2 or modify chromatin at ac2 and ac3 genes (Figures
4A-4E), even though their RNAs increased by >2. This suggests
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Figure 2. Gene Ontology and ChIP-Seq Data for ac1 Genes
(A) Gene ontology determined by GREAT.

(B-D and F—K) Plots of average —log+q poissonP or tag density relative to TSS for the indicated proteins for ac1 genes in mock and dl1500-infected cells.
(E) Genome browser maps of ChIP-seq data (seq tags) for RBs for three ac1 genes.

that the increased RNA results from posttranscriptional regula-
tion. Indeed, the stability of mRNA from CXCL7 in ac2 and
CXCL2 in ac3 encoding small cytokines increased dramatically
in cells expressing ela, as indicated by Actinomycin D chase
experiments (Figures 4F and 4G). CXCL1 was assigned to
ac2 because elaRBb induced it slightly more than 2-fold,
but its activation by WT ela and the ela mutants was very
similar to that of CXCL2, CXCL3, and /L8, another CXCL cyto-
kine in cluster ac3 (Figure S2E). Remarkably, induction of these
cytokines was not observed after infection with the e1aRBb or
e1aP300b vectors or by coinfection of the two vectors (Fig-
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ures 1D, right, and S2E). As discussed above, this implies
that induction of these cytokines requires RB and P300 binding
to the same ela molecule.

ela-Mediated Repression

ela significantly repressed slightly more host genes than it acti-
vated (Figure 1D). The largest cluster of repressed genes (rc1)
required the e1a-P300 interaction for repression. rc1 genes are
enriched for secreted glycoproteins comprising the extracellular
matrix and were expressed at higher level than any of the other
ela-regulated clusters (Table S3; Figure S1L). Since production
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Figure 3. ChIP-Seq forac1 Genes and Global
H3K27 Hypoacetylation in Response to ela
{A) Gene browser plots of H3K18ac, H3K27ac,
H3K9ac, and pol2.

(B) Venn diagrams of total significant peaks of
H3K27ac in mock- and dl1500-infected cells and,
for comparison, for H3K18ac and H3K9ac (Ferrari

H3K9ac
Norm. counts

H3K27ac
Norm. counts

I H3K18ac

dusoo“’:]_L_ et L _.1_.._._.__ N jL..

mock
1
di1500 z:]

[P EREEN——

[ e——

DHFR

) et

MCM2

- D

CCNE2

mock 758 100%
di1500

4535

peaks of H3K18ac

Peaks at genomic
features (fraction)

mock

mock

di1500

7588

2652

Peaks at genomic
features (fraction)

peaks of H3K27ac
mock

H3K9.

mock dl1500

11168

12824 17788

peaks of H3K9ac

Peaks at genomic
features (fraction)

H3K27ac

DAPI H3K18ac

of extracellular matrix is a major function of fibroblasts, repres-
sion of these genes contributes to the dedifferentiation of cells
induced by e1a (Pelka et al., 2008). This repression of abundantly
expressed cellular genes may make more of the host cell RNA
and protein synthesis capacity available for expression of viral
genes. ela decreased pol2 at the TSS and throughout the tran-
scribed regions of rc1, rc3, and rc4 genes and at the TSS of rc2
genes (Figure 5A). Consequently, ela repression is largely the
result of decreased transcription. p300 association with the
repressed promoters was either unchanged or increased (Fig-
ure 5B), although H3K18ac and H3K27ac, as well as H3K9ac,
were reduced by ela expression (Figure S4A-S4C).

The pol2 ChiP-seq data revealed that the number of genes
classified as repressed by WT e1a on the basis of the RNA-seq
data is probably an underestimate of the number of transcription-
ally repressed genes. For example, for the most abundantly ex-
pressed gene in IMR90 cells, COL1AT7, pol2 association with

14 kDa
14 kDa
14 kDa
14 kDa

MCM3

H3K27ac

etal., 2012).
{C) Fraction of significant peaks shown in (B)1 at
TSSs (3 kb from TSSs), intergenic regions (>3 kb
upstream of TSSs and >3 kb downstream of polyA
sites), and introns in mock- and dl1500-infected
cells.

(D) Immunostaining of H3K27ac and H3K18ac in
cells infected at MOI = 0.5.

(E) Westem blots of total cell H3K27ac, H3K18ac,
and total H3.
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the TSS and transcribed region in di1500-
infected cells fell to less than half the level
in mock-infected cells, whereas COL1AT
RNA fell less than 2-fold (Figure S6A).
This is probably because COLTAT mRNA
is relatively stable, and consequently, the
fall in COLTA7T RNA occurs more slowly
following inhibition of transcription than
for less stable mRNAs. To better estimate
the number of repressed and activated
genes, we summed the pol2 ChiP-seq
signal from the annotated TSS to the TTS
from mock- and dI1500-infected cells. Of
24,507 annotated human genes, 3,944
(16%) had a drop in total pol2 ChIP-seq
signal across the gene to <0.5 the mock-
infected level. A total of 1,874 (7.6%) had
an increase in total pol2.
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al1500
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Intergenic
Introns
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H3
e1a Control of Genes Induced in
Response to Ad Infection

RNA-seq of cells infected with the E1A
deletion mutant dI312 revealed cellular
genes induced or repressed by Ad infec-
tion in the absence of e1a (Figure 5C; Table S5). e1a prevented
induction/repression of the majority, but not all, of these
genes. The ela-regulated genes were clustered according to
whether e1aP300b~ or e1aRBb ™~ also activated or repressed
expression >2-fold. Of the genes whose induction was in-
hibited by ela dependent on the e1a-P300 interaction (ka1),
CDKN1A encoding the p21°'® inhibitor of cyclin-CDKs was
the most abundantly expressed. kal genes also include
SESN2, an mTOR inhibitor (Figures S6B and S6C).

Most of the cellular genes repressed by infection with the E1A
mutant are in cluster kr1 (Figure 5C). e1a prevents repression of
these genes via the e1a-RB interaction. The gene ontology of kr1
genes is overwhelmingly related to the cell cycle (p = 1.4 x
1073%. These genes probably are repressed by infection with
the E1A mutant, because a DNA damage response is activated
by the termini of the viral DNA in the absence of E1B and E4 func-
tions (Weitzman and Ornelles, 2005).

H3K27ac
H3

22



Cell Host & Microbe
E1A Gene Control through p300/CBP and RBs

e A 12 e B
3 2
) 1
@ o
€= =
2 2
a g a o
o o
[~} o
67+ aca dns00pow | & @ {remannee
TRl B Cl & s maeee D
Ca Ca |
8 ¥
3 2
0 0 ; R
-3 -2 1 0 1 2 3 -1 0 1 2 3 4
kb from TSS Upstream (1 kb), 3 kb of Meta-gene, Downstream (1 kb)
E F
029  CXCL1 (ac2) 0.29 CXCL2 (ac3)
mocl:.l g 0 z . 0 - A
a bt S ANMD s i i
a1500 N g 02 02
Q.04+ Y.04
mock i } g } 0
L RSP P B % ao.s- @ mock ‘,;‘:-0.6' & mock
daiso 508+ W E1AD S .081 WELAA
’"mkll 3 104 A elawt 104 Xelawt u
a - -
1500 = 1.2 1.2 3
ST = ra— 14 ———y— s - e
1 " - 0 2 0 2 4
hActD hActD

Figure 4. ela-Induction of CXCLT and 2 by mRNA Stabilization

(A-D) Average pol2 ChIP-seq signal from mock- (blue) and dl1500-infected (gold) ac2 ([A] and [B]) and ac3 ([C] and [D]) genes.

(E) Gene browser plots of CXCL1/2.

(F and G) Plots of RNA concentration {log2(c/co)) versus time of exposure to actinomycin Din cells infected with the E1AA mutant, the WT ela vector, and mock-

infected cells.

High p300 and RB1 throughout the Transcribed Region
of Repressed Genes

Repression of the largest cluster of ela-repressed genes (rc1)
required the e1a-P300 interaction (Figure 1D) and was associ-
ated with hypoacetylation of H3K18 and H3K27 at their pro-
moters and associated intronic and intergenic regions (Figures
3B, 3C, S4B, S4C, and S5). These results suggest that ela in-
hibits P300 HAT activity at repressed promoters and intergenic
regions. But since not all genes are repressed, what distin-
guishes repressed genes?

In analyzing p300 association with the ela-repressed genes,
we noted that the average p300-association within their tran-
scribed regions was higher than for a group of genes expressed
at similar level but whose expression was not altered by el1a (Fig-
ure 6A). This surprising association of p300 throughout the tran-
scribed region of repressed genes, in contrast to the sharp peaks
of p300 in most other regions of the genome (e.g., Figure S5),
was particularly striking for 76 genes in TRAIL, TNF, TGFB, and
interleukin-signaling pathways that might otherwise inhibit fibro-
blast cell cycling and viral replication (Figures 6B and 6E; Table
S6). ela induced greater p300 association with these genes at
the promoter and a few kb upstream, and even more so
throughout the transcribed region (Figure 6B). RB1 also was
observed at the promoter and spread throughout the bodies of
these genes, and also increased in response to ela (Figure 6C).
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At the same time, e1a substantially diminished pol2 association
with these genes (Figure 6D). Examples of repressed genes in
this group include THBS1 and CTGF, important activators of
TGFB signaling (Figure 6F). The e1aP300b and e1laRBb mu-
tants failed to cause the increase in RB1 association (Fig-
ure S6B). These results indicate that e1a represses genes that
have high P300 association within the gene body before infection
and that for genes such as THBS1, CTGF, CYR61, KLF6, and
KLF10 (Table S6) in the TGF signaling pathway, repression is
associated with increased p300 and RB1 throughout the tran-
scribed region.

This high level of p300 and RB1 association with the tran-
scribed region was most obvious for the 76 genes in Table S6.
However, repression of all the genes in the large rc1 cluster
was significantly greater in cells infected with the e1a WT vector
than in cells coinfected with the e1aP300b and e1aRBb vec-
tors (Figure 6G), even though the level of e1a proteins was similar
in both groups of cells (Figure S1J). This result suggests that,
while repression of rc1 genes required primarily the e1a-P300
TAZ2 domain interaction, the e1a-RB interaction contributed to
the full extent of repression by WT ela. Genes in cluster rc3
required ela interaction with both P300 and RBs for >2-fold
repression (Figures 1D and S1L), including proapoptotic /FIT1
and IFIT2, repressed much less by e1aP300b plus e1aRBb
than by WT ela (Figures S6D and S6E).
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Chromatin Condensation by a P300-e1a-RB Complex,
Dependent on P300 Acetylation of RB1 and e1a

Earlier, using ChIP-chip, we observed that cross-linking of total
histone H3 increased in response to ela at promoter regions
of repressed genes with increased p300 and RB1/p130 associ-
ation (Ferrari et al., 2008). We therefore asked whether ela
causes chromatin condensation, accounting for the increased
H3 cross-linking. To assay chromatin condensation, we used a
microscopic method that allowed direct observation of chro-
matin condensation by HP1 (Verschure et al., 2005). The method
utilizes CHO cells (RRE.1) engineered to contain ~10* lac oper-
ators amplified over a region of ~1 Mb (facO array) in one chro-
mosome. When Lacl-mCherry with an N-terminal SV40 NLS
(NLM) was expressed in these cells, the lacO array was visual-
ized by confocal fluorescence microscopy spread through
~5%-10% of the nuclear volume (Figure 7A). When ela fused
to NLS-Lacl-mCherry (e1a-NLM) was expressed, the lacO array
condensed into a much smaller volume in the confocal slice with
the largest area of red fluorescence (Figure 7A). Array areas
measured in ~100 cells had a mean value in cells expressing
ela-NLM ~1/2 that of the area in cells expressing NLM, the dif-
ference being highly significant (p < 0.0001) (Figure 7D). Howev-
er, no difference was observed when e1aRBb or e1aP300b
mutants were fused to NLM, when elaRBb -NLM and
e1aP300b -NLM were coexpressed, or when ela was not fused
to Lacl (Figures 7D and S7TA-S7C). Thus, WT ela binding to

Figure 5. e1a Repression and Inhibition of
Activation and Repression Induced by an
E1AA Mutant

(A) Plots of average pol2 ChIP-seq signal relative
to TSS and Meta-gene plots from TSS to TTS for
ela-repressed clusters.

(B) Average p300 ChIP-seq —logqo poisson P for
ela-repressed clusters.

(C) Heat map of genes activated (yellow) or
repressed (blue) by E1AA-infection, clustered by
whether the e1a-P300 (kal), e1a-RB (ka2), both
(ka3), or neither (kad) interactions were required to
inhibit induction 2-fold; whether induction was not
inhibited by ela (ka5); whether the ela interaction
with RB (kr1), P300 (kr2), or both (kr3) were
required to inhibit repression by E1AA; or whether
repression was not blocked by ela (kr4). See also
Table S5.

AE1A/mock
wt/mock
P300b /mock
RBb’/mock

.

the /lacO array caused ~4-fold conden-
sation in volume, dependent on simul-
taneous ela interactions with both
P300 and RBs. Further, no condensation
was observed when ela with eight ala-
nines substituted into the el1a p400 bind-
ing region from 25-36 (Fuchs et al.,
2001) (e1aP400b ) was fused to NLM
(Figure S7D).

We found that HDAC activity also was
required for chromatin condensation,
as treatment of transfected cells with
the HDAC inhibitor trichostatin A for
4 hr before fixation reversed ela-NLM
condensation (Figure 7E). Interestingly, a large E1A-NLM fusion
failed to condense the lacO array (Figure S7D). This may be
because E1A CR3 (Figure 1A) associates with several HATs
contributing to CR3-dependent activation (Ablack et al., 2012;
Pelka et al., 2009a, 2009b). This may reverse histone hypoacety-
lation required for e1a-induced condensation.

E1A induces P300 acetylation of RB1 at K873 and K874 near
the RB1 C terminus by targeting p300 KAT activity to these
lysines in a p300-E1A-RB1 complex (Chan et al., 2001). Acetyla-
tion at these sites in RB1 inhibits RB1 phosphorylation by cyclin-
CDKs, inhibiting progression into S phase. Consistent with this,
we observed coelution of p300, ela, and RB1 by gel filtration
of nuclear extract from ela-expressing 293 cells, but not from
Hela cells lacking el1a (Figure 7B). Also, in IMR90 cells stimu-
lated to enter S phase by infection with dI1500, RB1 phosphory-
lation at several cyclin-CDK target sites was inhibited, despite
induction of cyclin E (Figure S1K) and high CDK2 kinase activity
in extracts of the same cells (Figure 7C). To determine if p300
KAT activity required to acetylate these RB1 sites is required
for chromatin condensation, we overexpressed a p300 AT2
mutant having greatly attenuated KAT activity (Kraus et al.,
1999). This prevented condensation by ela-NLM but did not
alter the size of the larger array observed with NLM alone (Fig-
ure 7F). Interestingly, p300 with a bromodomain deletion also
interfered with e1a-induced chromatin condensation (Figure 7F).
In addition, expression of RB1 with arginine substitutions at
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Figure 6. Repressed Genes with p300 and RB1 throughout the Gene Body
(A) Average p300 ChiP-seq signal for rc1 genes from mock-infected cells in Meta-gene plots (red), the control group (blue), and the average of all annotated genes

(black).

{B-D) Average ChlP-seq data for 76 genes (Table S6) that had high p300 ChlIP-seq signal in the gene body in mock-infected cells. Meta-Gene plots of ChIP-seq

data for p300 (B), RB1 (C), and pol2 (D).

{E) GREAT gene ontology probabilities categorized as pathways for this cluster of 76 genes.
{F) Examples of Gene Browser plots of ChlP-seq data from mock- and dI1500-infected cells for THBS1 and CTGF.
{G) Boxplots of log, fold repression of rc1 genes from cells infected with the WT e1a vector (red) or coinfected with the e1aRBb ™ and e1aP300b ™~ vectors (green).

See also Table S6.

In these and subsequent box plots, the horizontal dark line is the median of the distribution; the box includes 50% of the data; the whiskers include 75% of the
data. The p value for the significance of the difference between two distributions indicated by brackets was calculated using one-way ANOVA and a Tukey’s HSD

post hoc comparison.
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Figure 7. ela-Induced Chromatin Condensation

(A) Confocal micrographs of mCherry fluorescence in RRE.1 cells transfected with vectors for NLS-Lacl-mCherry (NLM) and e1a-NLS-Lacl-mCherry (e1a-NLM).
(B) Westem blots of Superose 6 column fractions of 293 or HelLa nuclear extract.

(C) Top panel: autoradiogram of gel for CDK2 kinase activity. Lower panels: immunoblots for the indicated phospho-RB1 sites. Lanes from left to right were from
mock-infected cells, cells that were split 1 to 3 into fresh media with 20% FBS 24 hr earlier, and cells infected with the E1AA mutant or dI1500.

(D-G) Boxplots of mCherry-fluorescent areas in the confocal slice with the largest area.

(H) Model for e1a regulation of host cell gene activation and repression through interactions with RBs and P300. See Discussion and Figure S7.
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K873/874 also inhibited condensation, but not expression of
RB1 K873Q/K874Q, chemical mimics of acetylated lysines
(Figure 7G).

P300 acetylates ela at K239 (Zhang et al., 2000; Madison
et al., 2002). e1a K239R also prevented condensation, as well
as greatly reducing colocalization of YFP-P300 with e1a-NLM
at the array, while mutant K239Q did not (Figures S7TE-S7G).
e1a K239 acetylation was reported to inhibit binding of corepres-
sors CtBP1/2 to the e1a C terminus (Zhang et al., 2000), although
contradictory results have been reported (Madison et al., 2002).
In either case, CtBP binding is not required for condensation,
since mutation of the ela PXDLS consensus CtBP binding site
(233-237) to ALAAA did not inhibit array condensation (Fig-
ure 7D). We conclude that chromatin condensation by a complex
of P300/p400-e1a-RB1 requires acetylation of RB1 K873/K874
and e1a K239 by p300 and the p300 bromodomain.

DISCUSSION

This analysis of host cell gene expression inresponse to Ad small
ela and ela mutants reveal how the ela interactions with
RBs and the TAZ2 (CH3) domain of p300/CBP (P300) regulate
host cell gene expression. For the most part, the two interactions
regulate genes independently. Genes in the largest group of
activated genes, ac1 (Figure 1D), are activated by the e1a-RB
interactions independently of e1a-P300 interactions. The ela-
P300 TAZ2 domain interaction is responsible for most ela
host cell gene repression (Figure 1D, rc1). In addition, ela activa-
tion and repression of a smaller number of host genes re-
quires ela interactions with both RBs and P300. Many of these
are not properly regulated by a combination of e1aRBb and
e1aP300b , suggesting that e1aregulation of this class of genes
requires formation of a trimeric P300-e1a-RB complex (Wang
et al., 1995). Also, our mutants may possibly affect one of the
many other ela-host protein interactions reported (Pelka et al.,
2008).

ela interactions with RB1 and CBP are examples of binding-
induced folding of an intrinsically unstructured polypeptide (Fer-
reon et al., 2009, 20183). Nonetheless, there is great complexity in
the spatially and chemically complementary interactions at the
e1a-RB and ela-TAZ2 interfaces. Because of the specificity of
these interactions, it is likely that genes activated by WT ela
but not by e1aRBb (ac1 genes, Table S2) comprise the cellular
genes regulated principally by E2F-RB complexes in Gi-arrested
primary IMR90 cells. RB1 is the primary RB-family member bind-
ing to E2Fs at promoters of these genes. This helps to explain
why RB1 is a tumor suppressor, and not p130 or p107. Further,
Chicas et al. (2010) found that induction of senescence is more
dependent on RB1 than p130 or p107, likely contributing to its
unique function as a tumor suppressor.

ela Regulates Histone Acetylation by P300 Differently
at Different Loci

elawas reported to inhibit the histone acetylase (HAT) activity of
P300 invitro (Chakravarti et al., 1999). But this is due to compet-
itive inhibition by el1a, which is also a substrate, as opposed to
allosteric regulation (Madison et al., 2002). Our results indicate
that inthe cell, e1aregulation of P300 is subtler than simply inhib-
iting their HAT activities indiscriminately. H3K18 and H3K27 are
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acetylated principally by P300 in vivo (Horwitz et al., 2008; Jin
et al., 2011). At ac1 promoters, ela induced hyperacetylation
of H3K18, while acetylation of H3K27 was unexpectedly high
at ac1 promoters in the G+-arrested cells and remained almost
unchanged (Figures 2H and 2J). At ac2, ac8, and ac4 promoters,
ela increased H3K18ac but decreased H3K27ac (Figures S4B
and S4C). Finally, ela caused extensive H3K18 and H3K27
hypoacetylation at most other sites in the genome, including
intergenic regions and introns that contain enhancers and at
ela-repressed promoters (Figures 3B, 3D, S5B, and S5C). In
ela-expressing cells, the total number of significant peaks of
H3K27ac across the genome fell to only ~17% the level in unin-
fected cells. H3K18ac also fell in intergenic and intronic regions
(Ferrari et al., 2012). How e1a might inhibit P300 HAT activity at
some locations, but activate it at others, is presently unclear. We
note that although H3K27ac is a mark of active enhancers
(Creyghton et al., 2010), RNA- and pol2 ChlP-seq data indicate
that for the majority of genes transcription was reduced <2-
fold by this extensive reduction in H3K27ac in intergenic and
intronic regions where enhancers reside.

Promoter H3K18ac Is Linked to Transcriptional
Activation

It is remarkable that transcription of e1a-regulated genes corre-
lated best with H3K18ac at promoters and not with H3K9ac,
H3K27ac, or H3K4me1 (Figure S4). Surprisingly, promoter prox-
imal nucleosomes of E2F-RB-regulated genes (cluster ac1) were
highly acetylated on H3K9 and H3K27 in the contact-inhibited
cells where these promoters are repressed by RB1. These pro-
moters may be in a chromatin structure that is poised for activa-
tion in primary fibroblasts, since these genes must be activated
rapidly during one of the most important fibroblast functions—
wound healing—which requires prompt fibroblast replication.
What mechanism would couple final H3K18ac to transcription?
TRIM33, a coactivator of SMAD TFs, has a PHD-bromodomain
cassette that binds H3K18ac through its bromodomain and a
neighboring H3K9me3 through its PHD domain, displacing HP1
toderepress TGFp target genes (Xietal., 2011). H3K9 is trimethy-
lated at RB-repressed Cdc6 and CcnA promoters before ela
activation in serum-depleted NIH 3T3 cells (Ghosh and Harter,
2003; Sha et al., 2010), so TRIM33 may bind H3K18ac in these
cells. Further studies will be required to identify what interacts
with H3K18ac at ela-activated ac1 promoters in IMR90 cells.

Activation of Small CXCL Cytokine Genes by mRNA
Stabilization

ela increased CXCL7 and 2 mRNAs by stabilizing them (Fig-
ure 4). Induction of these genes as well as /L8 and CXCL3 re-
quires the el1a interactions with both RBs and P300 (Figure 1D).
All of these homologous cytokines bind and activate the same
GPCR, CXCR2 (Rosenkilde and Schwartz, 2004). Stabilization
of these mRNAs is a response activated by ela rather than
a cellular response to viral infection because they were not
induced by infection with an E1A deletion or the vectors for
e1aP300b or e1aRBb . It seems surprising that adenovirus
would evolve a mechanism to activate expression of these
proinflammatory cytokines. However, these cytokines stimulate
expression of viral receptors and consequently increase infec-
tion of neighboring cells (Liitschg et al., 2011).
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ela probably stabilizes the CXCL cytokine mRNAs indirectly
by inducing genes for proteins that stabilize mRNAs with AU-
rich 3" UTRs and repressing genes for proteins that cause degra-
dation of such mRNAs. In this regard, it is interesting that ela
induced an isoform of ELAVL2 (NM_001171197) nearly 10-fold
and repressed ZFP36L1 more than 2-fold, since ELAV-family
proteins stabilize mRNAs with AU-rich elements and ZFP36-
family proteins destabilize them (Mukherjee et al., 2014; Ratten-
bacher and Bohjanen, 2012). The requirement for e1a binding to
both RBs and P300 may be for complete repression of genes
that destabilize these mRNAs.

ela Inhibition of Cellular Responses to Viral Infection
may Explain Why the e1a-P300 Interaction and a P300-
e1a-RB Complex Are Required for Transformation
Previously, it was not clear why e1a must interact with P300 to
transform primary cells. Results from cells infected with the
E1AA mutant provide potential answers. Genes whose induction
by E1AA is inhibited by WT ela, dependent on the e1a-P300
interaction, include CDKN7A and stress-induced SESN2, an
mTOR inhibitor (Budanov and Karin, 2008) (Figures S6B and
S6C). Genes whose induction by E1AA is inhibited dependent
on simultaneous interactions between ela and both P300 and
RBs include IFIT1 and IFIT2, interferon-induced proapoptotic
proteins (Reich, 2013) (Figures S6D and S6E). ela’s ability to
inhibit induction of these genes following the stress associated
with transfection likely contributes to the requirement for these
simultaneous interactions for transformation.

A Complex of p300-e1a-RB1 Condenses Chromatin

Perhaps the most unanticipated results in these studies came
from searching for a mechanism that accounts for e1a-repres-
sion of some, but not all, genes. The largest class of repressed
genes requires the e1a-P300 interaction for repression (rc1, Fig-
ures 1D and S1L). This might suggest that e1a targets genes for
repression that have P300 associated with their control regions.
However, this includes virtually all expressed genes (Visel et al.,
2009). We noted that ela-repressed genes have a higher
average p300 association within their transcribed regions, the
“gene body,” compared to genes expressed at a comparable
level that were unchanged in their expression by e1a (Figure 6A).
A high level of p300 spread throughout the gene body in unin-
fected cells was observed in gene browser views of 76 genes
(Table S6) enriched for genes of the TRAIL; TGFB; TNF; and
IL1, IL3, and IL5 signaling pathways (Figures 6B and 6E). p300
association with the bodies of these genes increased to high
levels in response to e1a. Repression of the TGFB and TNF path-
ways by Ad2 and Ad5 infection was noted earlier (Zhao et al.,
2012 and references therein). Remarkably, many of the same
genes showed similar association of p300 with the gene body
when they were induced in serum-starved T98G glioblastoma
cells (Ramos et al., 2010) (Figure S6G). However, this was asso-
ciated with strong activation in T98G cells, whereas these same
genes were repressed by ela in IMR90 cells. This is probably
because elaalso induced RB1 association, H3 hypoacetylation,
and reduced pol2 within these gene bodies (Figures 6B, 6D, 6F,
and S4A-S4C). Based onthese data, we suggest that one mech-
anism to target e1a-repression is for e1a to associate with P300
in genes that have a high level of P300 throughout the gene body,

coupled with e1a cobinding to hypophosphorylated, repressing
RB proteins associated with repressing chromatin modifying en-
zymes. The association of P300 and RB1 with these gene bodies
in uninfected IMR90 and T98G cells, and the increase in p300
and RB1 in response to serum in uninfected T98G cells (Figures
6B, 6C, 6F, and S6G), suggest that similar mechanisms regulate
these genes in uninfected cells. Ad may exploit this cellular
mechanism to target hypo-phosphorylated RBs to these genes,
which inhibit cell cycling and promote apoptosis and cytokine
secretion, repressing them.

While this high level of p300 and RB1 in gene bodies was
observed clearly at only 76 genes, including three IncRNAs of
unknown function (Table S6), we note that repression of the
large rc1 cluster was significantly greater for WT ela than for
e1aP300b plus e1laRBb expressed at similar level (Figure 6G).
This suggests that, although the e1a-P300 interaction is primarily
responsible for ela repression of rc1 genes, assembly of P300-
e1a-RB complexes contributes to their maximal repression by
WT ela. The stronger repression of rc1 and rc4 genes by
elaRBb compared to WT ela (Figure 1D) may have resulted
from the higher level of this mutant in these experiments (Fig-
ure S1J) or because the absence of negative cooperativity in
the cobinding of RB and P300 (Ferreon et al., 2013) results in
binding of the elaRBb mutant to a larger fraction of total cellular
P300.

To explore the mechanism of el1a repression further, we em-
ployed a microscopic, cell biological method for directly visual-
izing chromatin condensation (Figure 7A). When WT ela was
bound to a large, extended array of lacO sites in RRE.1 CHO cells
(Verschure et al., 2005) by expression of an ela-NLS-Lacl-
mCherry fusion (e1a-NLM), the volume occupied by the lacO
array condensed to ~1/4 the volume visualized with NLM alone
(Figures 7A and 7D). Moreover, this ability to condense chro-
matin required interaction of both P300 and RBs with the same
elamolecule, as well as the ela interaction with p400, HDAC ac-
tivity, the KAT activity of P300, the P300 bromo domain, and
P300 acetylated lysines in RB1 and e1a. RB1 remained hypo-
phoshorylated even when CDK2-cyclin E activity was induced,
presumably because ela-induced P300 acetylation of RB1
K873/K874 inhibits RB1 phosphorylation by cyclin-CDKs (Chan
et al.,, 2001). This is expected to maintain RB1 (and probably
the other RBs) in a repressing conformation that interacts with
repressing chromatin-modifying enzymes (Dick and Rubin,
2013). We propose that this causes chromatin associated with
P300/p400-e1a-RB to become hypoacetylated and condensed,
repressing transcription. In this way Ad appears to exploit RB
repression complexes released from E2Fs by ela by targeting
them to genes that would otherwise inhibit viral replication (Fig-
ure 7H). P400 is a SWI/SNF chromatin remodeler. SWI/SNF
complexes also function in other examples of repression (Mar-
tens and Winston, 2003). The requirement of the e1a p400 bind-
ing region (aa 25-36) (Fuchs et al., 2001) for direct visualization of
ela-mediated chromatin condensation (Figure S7D) is consis-
tent with the model that remodelers can “close” chromatin as
well as “open” it.

Importantly, large E1A did not induce chromatin condensation
(Figure S7D), revealing an activity of small e1a that is not shared
with large E1A, despite the presence of all of the small ela
sequence in the larger protein. This may provide an explanation
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for why all primate Ads express both proteins via alternative RNA
splicing and why a mutant virus that cannot express small ela
because of a point mutation in the 128 mRNA &' splice site rep-
licates as well as wild-type virus in cycling primary cells, but not
in G-arrested cells (Spindler et al., 1985).

The finding that the p300 bromo domain is required for ela-
mediated chromatin condensation is interesting in light of the
required p300 acetylation of e1a and RB1. It is unlikely that the
p300 bromo domain is required for binding to acetylated his-
tones, since the repressed genes become extensively hypoace-
tylated (Figure 6F). P300 bromo domains might bind e1a K239ac
and/or RB1 K873ac/K874ac to form of a lattice of multiple P300-
ela-RB complexes through such interactions in addition to
those diagrammed in Figure 1B (Figure 7H). Such a network of
interactions might help to explain how p300 and RB1 virtually
“coat” the genes in Table S6. It might also explain why YFP-
P300 showed reduced association with e1a-K239R at the /acO
array in RRE cells (Figures S7F and S7G). Further studies will
be required to test these ideas.

EXPERIMENTAL PROCEDURES

Cell Culture

IMR-90 primary human fetal lung fibroblasts (ATCC Number: CCL-186) were
obtained from the ATTC and Sigma-Aldrich. They were grown at 37°C in Dul-
becco’s modified Eagle’s medium plus 10% FBS, penicillin, and streptomycin
in a 5% CO, incubator until they reached confluence. Cells were then incu-
bated 2 days more and were either mock infected or infected with the indicated
Ad5-based vectors.

RNA-Seq

Low-passage IMR-90 cells were mock-infected or infected with Ad5 E1A-E1B-
substituted, E3-deleted vectors expressing WT Ad2 small E1A proteins from
the dl1520 deletion removing the 13S E1A mRNA 5’ splice site (Montell
et al., 1984) as described in the text, 2 days after reaching confluence. RNA
was isclated 24 hr p.i. using QIAGEN RNeasy Plus Mini Kit. Eluted RNA was
treated with Ambion DNase Treatment and Removal reagent and then Ambion
TRIzol reagent, precipitated with isopropanol, and dissolved in sterile water.
RNA concentration was measured with a Qubit flucrometer. One microgram
of RNA was copied into DNA and PCR amplified with bar-coded primers for
separate samples to prepare sequencing libraries using the lllumina TruSeq
RNA Sample Preparation procedure. Libraries were sequenced using the lllu-
mina Hlseg-2000 to obtain 50-base-long reads. Sequences were aligned to
the hg19 human genome sequence using TopHat v2. Fpkm (fragments per
kb per million mapped reads) for each annotated hg19 RefSeq transcript
was determined using Cuffdiff v2 from Cufflinks RNA-Seq analysis tools at
http://cufflinks.cbcb.umd.edu.

ChIP-Seq

Preparation of cross-linked chromatin free of RNA, sonication, and immuno-
precipitation was as described in (Ferrari et al, 2012). ChIP of RB1 was
done using formaldehyde and DSG cross-linking as described (Chicas et al.,
2010). Sequencing libraries were constructed from 1 ng of immunoprecipi-
tated and input DNA using the NuGen Ovation Ultralow DR Multiplex System
1-8 kit. Analysis of sequence data was as described in Ferrari et al. (2012),
except that the genome was tiled into 50 bp windows.

Confocal Microscopy of Transfected RRE.1 Cells

RRE.1.1 cells (Verschure et al., 2005) were plated on fibronectin-coated glass
bottom 35 mm dishes (MatTek Corporation) and transfected with 2 pg expres-
sion vector for e1a or e1a mutant-NLS-Lacl-mCherry, or cotransfected with
2 pg WT ela-NLS-Lacl-mCherry and 2 pg YFP-p300 or YFP-P300 mutant,
or YFP-RB1, or YFP mutant RB1 in the pCDNA expression vector using the
CMV |E enhancer/promoter with Lipofectamine 2000 (Invitrogen). After 24 hr
cells were fixed in 1.6% formaldehyde, washed in 1x PBS, mounted onto
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slides, and imaged for colocalization of mCherry and YFP using a Leica TCS
SP2 AOBS single-photon confocal microscope using a 63x1.4-numerical-
aperture oil immersion objective. Micrographs were analyzed with ImageJ
software to subtract all background that was not at least 25% of maximum
fluorescence and subjected to particle analysis in ImageJ to identify foci of
fluorescence and measure their areas in um?. The bromodomain deletion in
YFP-P300 BDA included p300 amino acids 1,071-1,241. p values for differ-
ences between the distributions of data shown in boxplots was calculated us-
ing Kaleidograph to perform one way ANOVA with a Tukey's HSD post hoc
comparison. The “pd00b " mutant fused to SV40 NLS-lac [-mCherry (NLM)
used in Figure S7D has ela mutations E25A, E26A, V27A, L28A, D30A,
L32A, P35A, and S36A. The “CtBPb " mutant fused to NLM used in Figure 7D
has e1a mutations P233A, D235A, L236A, and S237A.
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Fig. S1 related to Fig 1D: Mutant e1a binding to RBs and p300/CBP,
induction of cellular DNA synthesis, and regulation of cellular mRNAs in
contact-inhibited IMR90 cells. (A) Contact-inhibited IMR9O0 cells were infected
with AdS expression vectors (5, derived from the y5-vector (Hardy et al., 1997)
by deletion of the CMV-IE promoter/enhancer so that the indicated e1a mutants
were expressed from the Ad5 E1A promoter and enhancer). 24 h p.i. extracts
were prepared and immunoprecipitated with anti-e1a mAb M73 (Harlow et al.,
1985), and the IP was western blotted with anti-RB1 mAb 4H1 (Cell Signaling).
(B) Inputs for IP-western in (A). Infection with dI312 and the vectors for wt e1a
and e1aRBb had little effect on the level of RB1, while e1aP300b  caused an ~2-
4-fold decrease. (C) same as (A) but western with anti-p300 rabbit polyclonal
antibody. * here and below indicates a non-specific band. (D) Inputs for IP-
western in (C). Infection with dI312 and vectors for wt and mutant e1a's caused a
modest increase in total cellular p300 compared to mock-infected, arrested cells.
(E) Same as (A) but western with anti-CBP. (F) Inputs for IP-western in E.
Expression of wt and mutant e1a's caused an ~2-fold increase in total cellular
CBP. (G) Inputs and IP-westerns for p130, p107 and e1a wt and mutants.
Extracts were prepared from Hela cells 24 h p.i. with the indicated vectors. The
same IPs and inputs were resolved on three gels. One was blotted with anti-p130
(top), one with anti-e1a mAb M73 (middle), and one with anti-p107 (bottom).
Control IPs were with non-immune mouse IgG. Wt e1a and e1aRBb™ increased
p130 ~2 fold, but not e1aP300b". Wt e1a induced p107 in the Gq-arrested cells,
while e1aP300b” and e1aRBb" did so to a lesser extent. A lower level of p130
and p107 were |IPed from cells infected with the e1aP300b" vector compared to
the wt e1a vector, presumably because of the lower level of e1aP300b
compared to wt e1a in this experiment. (H) Contact-inhibited IMR90 cells were
infected with the wt e1a Ad vector, mock-infected, or split 1:3 into fresh medium
with 10% FBS in duplicate. At 22 h p.i. cells were labeled with *H-thymidine for 2
h, and total TCA-precipitable cpm were measured. (I) Contact-inhibited IMR90
cells were infected with the wt e1a vector, or the E1A-E1B deletion mutant di434
(Klessig et al., 1982), or complementing3 293 cells were infected with the Ad
vector Y5, and cells were labeled with “H-thymidine from 22-24 h p.i. DNA was
isolated and subjected to CsClI gradient equilibrium buoyant density
centrifugation in parallel gradients. Fractions were collected from the bottom,
subjected to TCA-precipitation, and precipitated cpm counted. The arrows
marked V and C show the position of Ad vector DNA labeled in 293 cells (green),
and of IMR90 cellular DNA from cells infected with the wt e1a vector (red), or
dl434 (blue). These results show the higher level of cellular DNA synthesis in
cells expressing wt e1a compared to the control di434, and that the cpm shown
in (H) lanes wt e1a had the density of cellular DNA. (J) Western blot of extracts
from contact-inhibited IMR90 24 h p.i. with the indicated vectors, or co-infected
with the e1aP300b” and e1aRBb" vectors. These extracts were from duplicate
plates infected and harvested at the same time as plates used for isolation of
RNA for one of the two replicate RNA-seq experiments. Wt e1a has a faster
mobility in an SDS gel than the mutants, perhaps because wt e1a is acetylated
by P300 on K239 (Madison et al., 2002; Zhang et al., 2000) resulting in a higher
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net negative charge. (K) fpkm of RNA from the indicated genes following
infection with (from left to right) mock, the E1AA mutant dI312 (Jones and Shenk,
1979), e1a wt vector, e1aP300b" vector, e1aRBb" vector, and co-infection with
the e1aP300b™ and e1aRBb™ vectors. One representative of each Fig 1D cluster
is shown. (L) Boxplots of the distribution of fpkm for all the genes in each Fig 1D
cluster following infection as in (K). The line in the box is the median; the box
contains 50% of the data; the whiskers include 75% of the data.
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Fig S2 related to Fig 1D: ChIP-seq and expression data. (A) Comparison of
data reported here with the results of Zhao et al. (2012) for expression of IMR90
genes at 24 h p.i. with wild-type Ad2. Bam files from Zhao et al. (2012) were
analyzed by Cufflinks to determine fpkm for the most abundant transcript for
each gene. Fpkms from 24 h p.i. with wt Ad2 were divided by fpkm from mock-
infected cells. Genes were excluded that did not have an fpkm >0.1 for the most
abundant transcript from mock-infected cells (for activated genes) or from e1a wt
vector-infected cells (for repressed genes). Genes with 24 h Ad2 fpkm/mock
fpkm >2 (induced) and <0.5 (repressed) were compared with our data for RNA
isolated 24 h p.i. with the wt e1a vector in duplicate experiments. Venn diagrams
show the overlap of activated and repressed genes in the two data sets. There
are more activated and repressed genes in the data from Zhao et al., probably
because large E1A as well as all other adenovirus genes, early and late, were
expressed in cells infected with wt Ad2, whereas only small e1a and very low
levels of the other early regions were expressed in cells infected with the wt e1a
vector. Also, because we required a factor of two different from wild-type in
replicate experiments and p < 0.01 for fpkm from wt e1a vector-infected cells
comparing the two biological replicates, we may have eliminated more false
positives. (B) Average seq tags for E2F1 and E2F4 at TSSs of ac2 (top), ac3
(middle), and ac4 (bottom) genes. The plots were prepared using data from the
P. Farnham laboratory at University of Southern California reported in (Bernstein
etal., 2012): HeLa E2F1 (wgEncodeEH000699) and E2F4 (wgEncode
EHO00689) at http://www.ncbi.nlm.nih.gov/geo/ (C) Average -log poissonP
relative to the TSS for all annotated TSSs for RB1, RBL1 (p107), and RBL2
(p130) from Ferrari et al. (2012): GSE32340. (D) Average -log poissonP for pol2
at ac4 genes relative to their alligned TSSs in mock- and dI1500-infected cells.
(E) Expression levels in fpkm for /L8, CXCL1, CXCL2, and CXCL3 at 24 h p.i.
with the indicated Ad vector. (G) Average pol2 =3 kb from the TSS for all genes
from mock (black) and wt e1a-vector infected cells (red). (H) Metagene plots of
pol2 from mock (black) and wt e1a-vector infected cells (red). (I, J) same for
p300. (K, L) same for H3K27ac. (M, N) same for H3K18ac. (O, P) same for
H3K9ac. (Q, R) same for H3K4me1. (S) Average H3K27ac —log poissonP values
for ac1 genes from mock- (Arrested) and dI1500-infected cells compared to the
same calculated from ChIP-seq data for asynchronous IMRQO cells reported by
the Bing Ren laboratory, University of California, San Diego as reported in
(Hawkins et al., 2010) (GSM469965_UCSD.IMR90.H3K27ac.LL230.wig). (T)
Same as (S) for H3K18ac, (GSM469965_UCSD.IMR90.H3K18ac.LL230.wig).
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Fig S3 related to Figs. 1-3: Gene browser plots of RNA- and ChlIP-seq data for

CCNE?2 (cyclin E) and neighboring gene INTS8.
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Fig S6 related to Figs 1D and 6: RNA-seq, ChIP-seq and expression data. (A) pol2
ChlP-seq and RNA-seq data plotted on the genome browser map of the COL7A7 gene.
(B-E) Expression of genes induced by infection with an E1AA mutant (dI312 (Jones and
Shenk, 1979)) whose induction is prevented by wt e1a and their expression in cells
infected with vectors for the indicated e1a mutants. (F) RB1 ChIP-seq —log poissonP
plotted on a gene browser view of THBS1 following infection with Ad vectors for the
indicated e1a mutants. (G) Gene browser graphs of DNase | hypersensitive sites in
cycling IMR9O cells (DHS) (GSM1008586 from Duke University), mock-infected contact-
inhibited IMR90 p300, dI1500-infected IMR90 p300, p300 in serum starved T98G
glioblastoma cells (T98G TO p300), p300 in T98G cells treated for 30 min with 20% FBS
(TG98 T30 p300), CBP in serum starved T98G cells (T98G TO CBP), and CBP in T98G
cells treated with 20% FBS for 30 min (T98G T30 CBP) at the THBS1, CYR61, and
CTGF genes. ChIP-seq data for p300 and CBP in T98G cells from (Ramos et al., 2010)
NCBI GEO GSE21026.
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Fig S7 related to Fig 7: lacO array areas in RRE.1 cells transfected with
expression vectors for the indicated fusion proteins. (A) Examples of confocal
micrographs of e1a wt and mutants fused to NLS-Lacl-mChery (NLM) and YFP-RB
expressed in transfected RRE.1 cells. (B) Boxplots as in Fig 7. Brackets indicate a
statistically significant difference (p value indicated) between the distribution of areas
from NLM and the indicated e1a wt (e1a) or mutant fused to NLM. (C) Boxplots of array
areas in RRE.1 cells transfected with the NLM vector or the NLM vector plus a vector
for wt e1a fused at its C-terminus to YFP. An e1a-YFP fusion was used in order to
visualize cells expressing both fusion proteins. (D,E) As in (B) for fusions to the
indicated e1a mutants. For comparison, data from Fig. 7A for NLM and e1a-NLM was
plotted together with data for e1a p400b-NLM and large E1A-NLM. (F) Co-localization
of YFP-P300 with NLM or the indicated e1a mutants fused to NLM at the /acO array in
RRE.1 cells. (G) Confocal micrographs of RRE.1 cells transfected with expression
vectors for the indicated proteins. K239R and K239Q refer to the respective e1a
mutants.
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Table S3 related to Fig 1D: DAVID Gene Ontology of e1a-regulated clusters

P-value

ac1l DNA metabolic process 8.2 E-51
DNA replication 26 E-44
Cell cycle 1.1 E-27

ac2 noterm <E-3

ac3 small chemokine, CXC 14 E-4

ac4 Glucose/ribitol dehydrogenase 29 E-4
Short-chain dehydrogenase/reductase SDR 4.3 E-4

rc1  glycosylation site:N-linked (GIcNAc...) 1.7 E-11
regulation of cell proliferation 21 E-10
regulation of cell migration 26 E-8
wound healing 82 E-7
cell-matrix adhesion 59 E-6

rc2 noterm <E-3

rc3  noterm <E-3

rc4  regulation of cell proliferation 26 E-6
anchoring junction 41 E-6
cell migration 48 E-5
cytoskeleton 6.5 E-5
regulation of transcription 6.0 E-4
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Table S6 related to Fig 6: Genes with high P300 throughout the
gene body in mock-infected IMR90O cells

ACTB
ACTG1
ADAMTS1
ADAMTSL4
ADM
AMOTL2
ATF3
AX747619
BBC3
BHLHE40
BTBD19
CCDC85B
CD44
CEBPB
CITED2
CTGF
CYR61
DLX2
DUSP1
EGR1
ERRFI1

F3
DLGAP1
FOS

FOSB
FOSL1
FTL
GADD45A
GADD45B
HCFC1R1
HES1
HIST2H2AB
HIST2H2AC
HIST2H2BE
ID3

IER2

IL6
IRF2BP2
JUN

JUNB
KDM6B
KLF10
KLF6
KLHL21
LINC01011
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LMNA
MAFF
MAFK
MALAT1
MAP2K3
MCL1
MT2A
MYH9
NEAT1
NFKBIA
NR4A1
NR4A3
PFN1
PHLDA1
PLAU
PLK3
S100A6
SLC2A1
SMAD3
SQSTM1
STC2
TGFB2
TGIF1
THBS1
TIMP3
TIPARP
TNFRSF12A
TPM1
TRIB1
VIM
ZFP36
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Detailed Experimental Procedures

Cell culture: IMR-90 primary human fetal lung fibroblasts (ATCC® Number:
CCL-186 ™) were obtained from the ATTC and Sigma-Aldrich. They were grown
at 37°C in DMEM plus 10% FBS, penicillin and streptomycin in a 5% CO,
incubator until they reached confluence. Cells were then incubated two days and

were either mock-infected or infected with the indicated Ad5-based vectors.

Ad vectors: Vectors were similar to the W5 vector that uses in vivo Cre-mediated
site specific recombination to substitute the E1A and most of the E1B region,
leaving the IX gene intact (Hardy et al., 1997). However, the vectors used (called
w5*) have the CMV IE promoter/enhancer deleted. The sequence is wt Ad5 from
1 to 555, including the wt Ad5 E1A enhancer and TSS, followed by CGAAGCT,
followed by dI1500 sequence (Montell et al., 1984) from 540 to 1574 in the Ad2
sequence containing the Ad2 E1A AUG at 559, the 128 mRNA 5' splice site at
973, a 9 bp deletion encompassing the 13S &' splice site at 1111, the 3' splice
site for E1A mRNAs at 1225, and the E1A UAA termination codon at 1540. Ad2
1574 is followed by the SV40 late poly A region (SV40 nt 2643-2557), followed
by a loxP site, followed by dI309 sequence (Jones and Shenk, 1979) from the Bgl
Il site at 3327 to the right end of the dI309 genome. Complete sequences of the
vectors are available upon request to AJB. The "p400b-" mutant fused to SV40
NLS-lac I-mCherry (NLM) used in Fig S9 D has e1a mutations E25A, E26A,
V27A, L28A, D30A, L32A, P35A, and S36A. The "CtBPb-" mutant fused to NLM

used in Fig. 7D has e1a mutations P233A, D235A, L236A, and S237A.
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Infections: For RNA-seq experiments the moi was 40 for wt e1a and e1aP300b
vectors, 160 for the e1aRBb vector, and an moi of 10 each for e1aP300b™ and
el1aRBb™ vectors for co-infections. These multiplicities of infection yielded
approximately equal amounts of wt and mutant e1a proteins as judged by
western blotting with mAb M73 (Fig S1 J). For ChIP-seq experiments, cells were
infected at an moi of 200 with dI1500 (Montell et al., 1984) or the W5* vectors, or
mock-infected in parallel and incubated for 24 h at 37°C when formaldehyde was
added to the media to final concentration 1% and plates were further incubated

at 37° for 10 min before preparation of cross-linked chromatin.

RNA-seq: RNA was isolated from infected and mock-infected cells at 24 h p.i.
using Qiagen RNeasy Plus Mini Kit. The eluted RNA was then treated with
Ambion DNase Treatment and Removal reagent and then treated with Ambion
TRIzol reagent and finally precipitated with isopropanol and dissolved in sterile
water. RNA concentration was measured using a Qubit fluorometer. 1 ug RNA
was then copied into DNA and PCR-amplified with bar-coded primers for
separate samples to prepare sequencing libraries using the Illlumina TruSeq RNA
Sample Preparation procedure. Libraries were sequenced using the lllumina
Hlseg-2000 to obtain 50-base-long reads. Sequences were aligned to the hg19
human genome sequence using TopHat v2. Fpkm (fragments per kilobase per
million mapped reads) for each annotated hg19 RefSeq transcript was
determined using Cuffdiff v2 from Cufflinks RNA-Seq analysis tools at

http://cufflinks.cbcb.umd.edu .
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ChlP-seq: Preparation of cross-linked chromatin free of RNA, sonication, and
immunoprecipitation was as described in (Ferrari et al., 2012). ChlIP of RB1 was
done using formaldehyde and DSG cross-linking as described (Chicas et al.,
2010). Sequencing libraries were constructed from 1 ng of immunoprecipitated
and input DNA using the NuGen Ovation Ultralow DR Multiplex System 1-8 kit.
Analysis of sequence data was as described in Ferrari et al. (2012), except that
the genome was tiled into 50 bp windows. Average ChIP-seq signals of the 50 bp
windows 3kb upstream and downstream of annotated TSSs and Meta-Gene
plots of average ChIP-seq signals across gene bodies were calculated using the
CEAS: cis-regulatory annotation system (Shin et al., 2009). P-values for the
significance of ChlP-seq counts compared to input DNA were calculated as

described (Pellegrini and Ferrari, 2012).

Antibodies: H3K18ac (814) prepared and validated as described (Ferrari et al.,
2012); H3K27ac, a gift from Michael Grunstein; H3K9ac (Upstate 07-352);
H3K4me1 (Abcam ab8895); pol2 N20 (Santa Cruz sc-899x); RB1 (4H1 mAb)
(Cell Signaling 9309L); p107 C18 (Santa Cruz sc-318); p130 C20 (Santa Cruz
sc-317); p300 N15 (Santa Cruz sc-584); CBP (Santa Cruz sc-369); anti-E1A

mAb M73 (Harlow et al., 1985).

External data sources: ChlP-seq wig files and original data for H3K18ac and
H3K9ac in mock- and dl1500-infected two day confluent IMROO0 cells 24 h p.i.
and for RB1, RBL1 (p107), and RBL2 (p130) in mock-infected two day confluent
IMR90 cells were from Ferrari et al. (2012) and can be downloaded from NCBI

GEO accession number GSE32340 at http://www.ncbi.nim.nih.gov/geo/. ChIP-
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seq E2F1 and E2F4 wig files from cycling HelLa cells were downloaded from
NCBI GEO accession numbers GSM935365 and GSM935366, respectively, from
the laboratory of Peggy Farnham, University of Southern California (Bernstein et
al., 2012). ChlP-seq data for H3K18ac and H3K27ac from asynchronous IMR90
cells were from the Bing Ren laboratory, University of California, San Diego as
reported in Hawkins et al. (2010) downloaded from NCBI GEO accession
numbers (GSM469965) and (GSM469965), respectively. Bam files from Zhao et
al. (2012) were provided by H. Zhou and Professor Ulf Pettersson, University of
Uppsala. Wig files of DNase | hypersensitive sites in IMR90 were downloaded
from NCBI GEO accession number GSM1008586 from the Duke Genome
Center. Wig files for p300 and CBP from serum starved T98G glioblastoma cells
and T98 cells treated with fetal calf serum and phorbol ester for 30 min were
downloaded from Supplemental Material of (Ramos et al., 2010), and can also be

downloaded from NCBI GEO accession number GSE21026.

Confocal microscopy of transfected RRE.1 cells (Verschure et al., 2005)
was performed as described earlier for AO3 cells (Balamotis et al., 2009). The
bromodomain deletion in YFP-P300 BDA included P300 amino acids 1071—
1241. P-values for differences between the distributions of data shown in
boxplots was calculated using Kaleidograph® to perform one way ANOVA and a

Tukey's HSD post-hoc comparison.

Gene Ontologies (Fig. 2A) and GREAT Pathways Commons (Fig. 6F) were

determined using GREAT at http://bejerano.stanford.edu/great/public/html/

(McLean et al., 2010). Gene Ontologies shown in Table S2 were determined
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using DAVID Bioinformatics Resources 6.7 at

http://david.abcc.nciferf.gov/home.jsp (Huang da et al., 2009a, b).

Transcription factor motifs were searched using a window of = 1 kb from the
TSS of the e1a-regulated cluster genes in Fig 2D and Table S5 using Cistrome
(Liu et al., 2011) and MEME-ChIP (Machanick and Bailey, 2011). Log10 p-values
were taken from Cistrome for TF sites found only by Cistrome or from Cistrome
when TF sites were found by both Cistrome and MEME-ChIP, or calculated from

E-values given as N e-" by MEME-ChIP.
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Chapter 3

A unique epigenetic signature
Is associated with active DNA replication loci

in human embryonic stem cells

This chapter was originally published in Epigenetics, 2014 Feb;9(2):257-67. with
supplemental material. This study performed BrdUseq by labeling actively replicating
DNA with BrdU followed by high throughput sequencing in both H1 human embryonic
stem (ES) cells and IMR90 human primary lung fibroblast cells. By comparing
epigenetic histone modification patterns with BrdUseq results, BrdU peaks common
between all cell lines were found to associate with H3K18ac, H3K56ac, and H4K20mel
histone marks in human ES cells. However, the same histone modifications did not
correlate with BrdU peaks in normal fibroblasts or cancer cell lines. Furthermore, by
knocking down EP300 and CBP in human ES cells, the number of BrdU incorporating
peaks decreased drastically suggesting that epigenetic signature found in ES cells

might be required for normal replication in ES cells.
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The cellular epigenetic landscape changes as pluripotent stem cells differentiate to somatic cells or when differenti-
ated cells transform to a cancerous state. These epigenetic changes are commeonly correlated with differences in gene
expression. Whether active DNA replication is also associated with distinct chromatin environments in these develop-
mentally and phenotypically diverse cell types has not been known. Here, we used BrdU-seq to map active DNA replica-
tion loci in human embryonic stem cells (hESCs), normal primary fibroblasts and a cancer cell line, and correlated these
maps to the epigenome. In all cell lines, the majerity of BrdU peaks were enriched in euchromatin and at DNA repetitive
elements, especially at microsatellite repeats, and coincided with previously determined replication origins. The most
prominent BrdU peaks were shared between all cells but a sizable fraction of the peaks were specific to each cell type
and associated with cell type-specific genes. Surprisingly, the BrdU peaks that were common to all cell lines were associ-
ated with H3K18ac, H3K56ac, and H4K20mel histene marks enly in hESCs but not in normal fibreblasts er cancer cells.
Depletion of the histone acetyltransferases for H3K18 and H3K56 dramatically decreased the number and intensity of
BrdU peaks in hESCs. Our data reveal a unique epigenetic signature that distinguishes active replication loci in hESCs
from normal somatic or malignant cells.

Introduction proposed that replication origins may also be associated with

specific epigenetic states.® Early activated origins tend to local-

Pacterns of histone modifications and DNA methylation
create cpigenctic signatures on chromatin that are associated
with and may regulate many molecular activities including gene
expression and DNA replication. DNA replication initiates at
specific regions of the genome known as replication origins.’?
In §. cerevisiae, replication origins have sequence specificity but
additional genetic or chromatin features are required to define
functional origins.? In multicellular organisms, however, no clear
sequence specificity is found for replication origins but certain
genetic elements, such as CpG islands and G-quadruplex DNA

motifs, are preferentially associated with origins® It has been

*Correspondence to; Siavash K Kurdistani; Email skurdistani@mednet.ucla.edu

ize in actively transcribed, hyperacetylated chromatin regions
while late activated origins are found mainly in heterochroma-
tin with hypo-acetylated histones. In mammalian cells, histone
acetyltransferase (HAT) HBO1 mediates H4 acetylation of his-
tones surrounding origins in a cell cycle-dependent manner and
promotes loading of MCM complex onto chromatin.” Histone
H3 lysine 56 acetylation (H3K56ac) also plays roles in DNA
replication in both yeast and multicellular organisms. In yeast,
H3K56ac is catalyzed by Rtt109, which has genetic interactions
with multiple replication machinery proteins including ORC2,
CDC45, PCNA, and DNA polymerase o.*" [n Drosophila and
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Table 1. Summary of BrdU peaks and blocks

Cells Total peaks FDR Pei;lﬂkist:\;lesrlg::\lr])‘ing :’::::tT:gl:)::c:: Total blocks Coverage (Mbp) Peaks in blocks
H1 5086 2.04% 3417 (67.18%) 3850 (75.7%) 296 321 (10.38%) 3062 (60.2%)
IMR90O 5743 2.54% 4774 (83.13%) 4063 (70.759%) 282 358 (11.56%) 4204 (74.779%)
Sa0s-2 6272 287% N/A 5250 (83.71%) 265 373 (12.03%) 4533 (72.27%)
NS, nascent strand
Results

human cells, H3K56ac may promote the packaging of newly
synthesized DNA into chromatin in DNA repair and replica-
tion."" In yeast, the Rpd3 histone deacetylase delays replication
origin firing by deacetylating histones around replication ori-
gins. Targeting of H3K18ac and H2Bac to a late activated ori-
gin promotes loading ofreplication factor CDC45 and leads to
its earlier activation, while deletion of RPD3 promotes H3K18
and H4 acetylation and activation or increased firing efficiency
at origins.” In humans, H4K20me2/3 recruic ORC to chroma-
tin through direct binding with ORC1 and ORCA.'*"* Certain
histone modifications also correlate with replication timing and
ORC binding in Drosophila.”

In human cells, the genome-wide relationship between his-
tone modiﬁcations and DNA replicatioﬂ has been lCSS undéf‘
Stood. It has bcen uncléaf Whéthf:f the DNA replication Proﬁle
and the associated histone modifications are comparable in
cells that are phenotypically different. In this study, we gener-
ated DNA replication profile in asynchronously growing H1
hESCs, normal human fetal IMR90 lung fibroblasts and Saos-2
osteosarcoma cells by 5-bromo-2'-deoxyuridine (BrdU) DNA
immunoprecipitation followed by massively-parallel sequenc-
ing (BrdU-seq)." We found that the BrdU peaks overlap sig-
Hiﬁcantly With rcplication Origiﬂs that have high activity as
defined by nascent strand (NS) DNA sequencing,” indicating
that BrdU pealks represent active DNA replication loci includ-
ing a subset of active origins. The distributions of BrdU peaks
in all 3 cell types were by and large similar, with majority of
the peaks enriched in DNA repetitive elements within introns
and intergenic regions in carly replicating regions. But a con-
siderable number of replication loci were unique to cach cell
type and aSSOCiath With Céﬂ typc-specific génes, IH hESCS
the histone marks H3K18ac, H3K56ac, and H4K20mel were
preferentially present at regions that had highest levels of BrdU
incorporation, were highly conserved in vertebrates and were
also sites of replication in differentiated cells. While BrdU was
still incorporated in the same regions in fibroblasts and cancer
cells, the histone modifications were absent. Finally, knock-
down (KD) of EP300 and CREBBP HATs in hESCs led to
a global decrease in H3K18 and H3K56 acetylation and in
Humbfﬁf and intensity Of deU PeakS, indicating a role fof these
HATSs and their acetylated substrates in DNA replication in
hESCs. The association of specific histone marks with active
DNA replication loci in hESCs reveals an epigenetic signature
that uniquely distinguishes pluripotent DNA replication from
that of differentiated or cancerous cells.
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Global BrdU incorporation pattern delineates active replica-
don loci in human cells and overlaps with a subsct of known
replication origins

To determine whether the chromatin environment associ-
ated with DNA replication changes during cellular differentia-
tion, we first mapped the locations of BrdU incorporation across
the human genome by BrdU-seq in control and EP300 and
CREBBP KD H1 hESCs as well as normal human lung fibro-
blast IMR90 cells and osteosarcoma Saos-2 cancer cells which
have a high degree of aneuploidy. To enable a direct comparison
of BrdU incorporation and epigenetic modifications that were

1719 wWE PCIfOfmCd

generated from asynchronously growing cells,
BrdU-seq also in asynchronous cell populations. We verified
the specificity of the anti-BrdU antibody by flow cytometry and
BrdU dot blot and its utility in immunoprecipitation by showing
that significant amounts of DNA were immunoprecipitated from
cells in S phase but not in G1 phase of the cell cycle (Figs. SIA
and B). [nput and immunoprecipitated DNA from cach experi-
ment was sequenced, and the obtained reads were aligned
uniquely to the human genome (hgl9) allowing for up to two
mismatches {Table $1). We applied a stringent computational
criterion to define BrdU enriched regions with high confidence.
We divided the human genome into 100 bp windows and cal-
culated a P value for Poisson distribution of enriched immuno-
precipitated DNA relative to input for each window. Significant
peaks were defined as those windows with a P value < 10 and
with 2 neighboring windows at the same significance. Based on
these criteria, we identified 5086, 5743, and 6272 high confi-
dent BrdU peaks in hESCs, IMR90 and Saos-2 cells respectively
(Table 1) with false discovery rates (FDR) < 3%. A less restrictive
Pvalue < 107 identified approximately twice as many peaks for
each cell line with similar distributions but the FDR was >5%
(Table S2). We therefore performed subsequent analyses with the
peaks defined at P value < 104

While NS DNA analysis is the method of choice for iden-
tification of replication origins,” the BrdU peaks identified in
our study showed high concordance with published NS DNA
distribution in H9 hESCs and IMR90 cells. Genome-wide,
67.2% and 83.1% of BrdU peaks in Hl hESCs and IMR90 cells
respectively overlapped with NS DNA peaks (Table 1; no NS
data are available for Saos-2 cells). Figure 1A shows the pattern
of BrdU incorporation (red track) at a representative region of
the genome for hESCs, IMRI0 fibroblasts and Saos-2 cells. The
peaks of BrdU coincided with elevated sequence tag counts in
the input genomic DNA (black track) and with peaks of NS
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Figure 1. BrdU peaks correspond to actively replicating origins in human cells. (A) Genome browser views of NS DNA, BrdU peaks and input DNA tracks
along a representative region of chromasome 9. No NS DNA data were available for Saos-2 cells. Red arrows indicate peaks that occurred in all cell lines
and also mapped to microsatellite repeats. Black arrows indicate direction of transcription of the indicated genes. (B) Heat maps of nascent strand DNA
abundance at replication origins in H9 hESCs and IMR90 cells and the corresponding NS DNA value for the BrdU peaks identified (NS-Br). (C) Box plots
show the distributions of nascent strand DNA values at replication origins in H9 hESCs and IMR90 cells and the corresponding values for BrdU peaks
in this study. The thick horizontal line in each box represents the median value which is indicated. P values for 2-sample Kolmogorov-Smirnov test are

DNA (purple track). Furthermore, BrdU-seq peaks identified
the highly active origins. This was evident when we centered and
sorted NS DNA peaks based on their abundance and calculated
the NS DNA value for the corresponding BrdU-seq peaks. The
identified BrdU peaks coincided with the upper portion of NS
DNA distribution (Fig. 1B) and had higher NS DNA values
in both H1 hESCs and IMR90 cells (Fig. 1C). This is because
for BrdU peaks to meet the significance criterion, the number
of sequence reads from immunoprecipitated DNA has to be sig-
nificantly enriched relative to input DNA which, at sites of DNA
replication, contains higher sequence reads compared with the
genome average (Fig. S1C, left panel). This constraint does not
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apply to NS DNA analysis. Thus, the locations where NS DNA
is detected but BrdU is not preferentially incorporated are not
considered as BrdU peaks (Fig. S1C, right panel). But when no
statistical cutoff is applied, the total number of sequence reads
in BrdU immunoprecipitated sample parallels those measured by
NS DNA (Fig. S1D). Taken together, these data indicate that
the BrdU peaks significantly overlap with highly active replica-
tions origins. However, since BrdU is incorporated in regions of
the genome that are being replicated at the time of the BrdU
pulse, our BrdU-seq data identifies regions of active DNA repli-
cation regardless of whether these regions function as replication
origins.
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Genome-wide distribution of BrdU peaks

Analysis of BrdU peak distribution by the cis-regulatory ele-
ment annotation system (CEAS) software” revealed similar
genomic distributions in the 3 cell types with most enrichment
in intron and distal intergenic regions. BrdU peak distribution in
hESCs was more similar to Saos-2 cancer cells than IMRY0 fibro-
blasts (Fig. 2A). Greater than 70% of BrdU peaks in all cell lines
occurred at DNA repetitive elements as defined by repeat masker
(rmsk) (Table 1).** Of the numerous types of repetitive elements,
microsatellite repeats especially (TG) repeats contained the
majority of BrdU peaks (Table §3). The sequenced reads were
uniquely aligned to these loci due to the polymorphisms present
in microsatellites.”” DNA motif analysis also revealed that BrdU
peaks were enriched at TG- and G-rich sequences in all cell types
(Fig. S2A).

The BrdU peaks were not randomly distributed through-
out the genome but clustered mostly in vicinity of cach other.
Plotting the distribution of distances between consecutive BrdU
peaks indicated that more than 70% of peaks have distances

59

smaller than 450 kb (Fig. 2B). This is consistent with the fact
that the origins of replication occur in DNA replicons ranging
from 50450 kb in length.” We therefore scanned the genome
using a moving 450-kb window to define BrdU blocks of enrich-
ment. We identified >250 BrdU blocks in each cell line, covering
over 320 Mb of the genome and accounting for the majority of
BrdU peaks (Table 1). The blocks showed a high degree of over-
lap with 65.6% and 68.3% of blocks in IMR90 and Saos-2 cells
respectively overlapping with those in hESCs. Thus a large subset
of BrdU blocks were conserved between hESCs and differenti-
ated normal and cancer cells (Fig. 2C and D).

The BrdU blocks were located in carly replicating euchroma-
tin (Fig. $2B—D) and depleted from lamina-associated domains
(LADs), heterochromatic regions that replicate late in S phase
(Fig. S2E and F).” The blocks also showed differential methyla-
tion status in ESCs vs. IMR0 fibroblasts. The DNA methyla-
tion level of BrdU blocks in hESCs was not significantly different
from randomly selected regions while the BrdU blocks contained
significantly more DNA methylation than might be expected
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based on background levels in IMR90 cells (binomial P value
< 1e-300; Fig. $2G)."” We found a similar relationship between
DNA methylation and the published early replicating regions in
BG0O2 hESCs and BJ fibroblasts (data not shown}.”> Thus, the
carly replicating regions in differentiated fibroblasts are prefer-
entially enriched for DNA methylation which is not the case in
hESCs.

BrdU peaks are associated with cell type-specific genes

The majority of BrdU peaks was found = 5 kb or further
away from transeription start sites (TSS) in all three cell lines
(Fig. 3A). We thercfore used the Genomic Regions Enrichment
of Annotations Tool (GREAT)* to determine the genes associ-
ated with distant peaks of BrdU. In hESCs, BrdU peaks occurred
near genes that are involved in ecarly development and mainte-
nance of p]uriputcncy such as OCT4, NODAL, and BMPRIA
(Fig. 3B; Fig. $3). In contrast, BrdU peaks associated with genes
that function in differentiation and morphogenesis in IMR90
fibroblasts such as HES1 and ACTB. In Saos-2 cells, BrdU peaks
were linked to ion channels and transporters (Fig. 3C and D),
which are involved in cancer progression.””*® Therefore, BrdU
peaks tend to associate with genes that are functionally relevant
in cach cell type.
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Co-occupancy of histone H3Kl18ac, H3K56ac and
H4K20mel with BrdU peaks in hESCs
Since histone acetylation plays a role in DNA replication,

we compared the distribution of histone acetylation marks to

712,15

BrdU peaks. As shown in Figure 4A and B for a representa-
tive region on chromosome 18 and genome-wide, respectively,
there were significant overlaps between H3K18ac and H3K56ac
with BrdU peaks only in hESCs. Distribution of H3K56ac in
HY9 hESCs also overlapped with BrdU peaks in H1 hESCs,
indicating this co-occupancy may be a general feature of hESCs
(Fig. 4A). We also found strong occupancy of H4K20mel at
BrdU peaks in hESCs, consistent with a role for H4K20 meth-
yleransferase, PR-SET7, in regulation of certain replication ori-
gins.m Globally, 23.4%, 28%, and 50.5% of BrdU peaks in
hESCs had H3K18ac, H3K56ac, and H4K20mel nearby while
only 9%, 6.55%, and 13.2% of BrdU peaks in IMR90 cells were
associated with these marks, respectively. Other histone acetyla-
tion sites such as H3K9ac and H3K27ac showed somewhat oppo-
site patterns with no enrichment in hESCs and slight enrichment
in fibroblasts’ BrdU incorporating regions, indicating the high
specificity of H3K18ac and H3K56ac co-occupancy with BrdU
peaks in hESCs (Fig. 4B; Fig. S4A).
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Figure 4. Co-occupancy of BrdU peaks with histone modifications is ESCs specific, (A) Shown are genome browser views of the indicated features along a
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To further characterize the relationship between BrdU peaks
and H3K18ac, H3K56ac, and H4K20mel, we grouped genomic
regions that have BrdU peaks based on peak intensity and cen-
tered all regions. We then plotted the average levels of histone
modifications in hESCs and IMR90 cells within + 2 kb of cach
BrdU region center. As shown in Figure 4C and Figure S4A, the
regions with highest levels of BrdU incorporation (top 20%) also
had higher levels of H3K18ac, H3K56ac, and H4K20mel, but
not H3K9ac, H3K27ac, or H4K5ac in hESCs. In IMRO0 cells,
there was no preferential enrichment of H3K18ac, H3K56ac, and
H4K20mel within BrdU labeled regions. When we analyzed
published H3K56ac data sets in adipocytes and BMP4-induced
mesendoderm cells differentiated from H1 hESCs, we also
observed loss of H3K56ac at replication origins upon differentia-
tion. This was not due to complete absence of H3K56ac as new
peaks of H3K56ac appeared at similar places in mesendoderm
as in IMR90 cells (Fig. 4D; Fig. $4B). Globally, the number
of BrdU peaks that overlapped with H3K56ac was dramati-
cally reduced upon differentiation (binomial £ value < 1e-300,
Fig. 4E). Similarly, we did not detect enrichment of H4K20mel
levels in HeLa §3 and K562 leukemia cells at the genomic regions
that in H1 hESCs the BrdU peaks overlapped with H4K20mel
{Fig. S4B). Taken together, our analysis shows that H3K18ac,
H3K56ac, and H4K20mel are enriched at the regions of active
DNA replication mainly in hESCs and correlate positively with
the intensity of BrdU peaks.

The H1-IMR90-Saos-2 shared peaks of BrdU are associated
with high level of histone marks in hESCs and conserved DNA
sequences across vertebrates

To rule out that the association of histone modifications with
DNA replication occur at Hl-specific BrdU peaks, we divided
the BrdU peaks into those that are shared between H1, IMR90,
and Saos-2 cells and those that are unique to HI (1167 vs 2813
BrdU peaks, respectively). The average levels of BrdU intensity
was much higher in shared regions than in H1 specific regions.
The shared regions also had higher levels of H3K18ac, H3K56ac,
and H4K20mel while H1 specific regions showed low levels of
histone modifications (Fig. 5A). Gene ontology analysis indi-
cated that the shared peaks were associated with differentiation
genes while Hl unique peaks were linked to embryonic devel-
opment genes (Fig. 5B). Furthermore, the shared BrdU regions
had higher degree of DNA sequence conservation among, verte-
brates compared with H1-specific BrdU peaks (Fig. 5C). Thus
the shared BrdU regions account for most of the enrichment
observed for the associated histone modifications, indicating that
patterns of histone modifications are indeed different at the same
replicating regions between hESCs and differentiated cells.

EP300/CREBBP depletion decreases global BrdU incorpo-
ration in hESCs

EP300 and CREBBP are the main HATs for H3K18 and
H3K56.13° We therefore tested whether EP300 and CREBBP
were required for DNA replication in hESCs. Since EP300 and
CREBBP are largely redundant in acetylation of H3K18,% we
co-transfected siRNAs against both genes into hESCs and per-
formed BrdU-seq (Table 81). As shown in Figure 6A, EP300 and
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CREBBP protein levels decreased ~85-90% upon knockdown.
Levels of H3K18ac and H3K56ac also decreased dramatically
after knockdown, indicating that EP300/CREBBD were respon-
sible for the bulk of H3K18ac and H3K56ac in hESCs.

The number of BrdU peaks decreased from 5086 in control
siRNA to 1755 in EP300/CREBBP KD hESCs. Depletion of
EP300/CREBBP also signiﬁcantly decreased BrdU Hlocks from
296 to 33. The remaining BrdU peaks after KD were similarly
distributed across the genome with 42.2% and 49.5% of peaks
in introns and distal intergenic regions, respectively (Fig. 6B).
The majority (64%) of the BrdU peaks in EP300/CREBBP KD
cells still occurred within DNA repeats (Table $3) and were
associated with negative regulators of cell proliferation such as
cyclin-dependent kinase inhibitors, genes involved in cell mor-
phogenesis and cell fate commitment (Fig. 6C). Among the
1755 BrdU peaks in KD cells, we detected 1489 new peaks com-
pared with control. However, a closer examination of these 1489
regions revealed smaller BrdU peaks in the control sample, which
had not reached our statistical threshold for significance to be
included in the analysis (Fig. 6D). Globally; the level of BrdU
incorporation over the newly detected regions was much lower
in control KD cells than in EP300/CREBBP KD cells (Fig. GE),
suggesting that these regions were being replicated by a minority
of hESCs prior to EP300/CREBBP KD. These data reveal that
depletion of EP300/CREBBP significantly decreases BrdU peals
and block formation and changes genome-wide replication pat-
tern, revealing an essential role for these HATS in regulation of

DNA replication in hESCs.

Discussion

We have compared active DNA replication patterns in plu-
ripotent stem cells, the fuﬂy differentiated IMR90O primary nor-
mal fibroblasts and the Saos-2 cancer cell line. Our genome-wide
BrdU maps overlapped partially with the eardly origins of DNA
replication as determined previously by nascent strand detection
and early timing of replication.”” The genomic regions with
higher levels of NS DNA also showed preferential BrdU incorpo-
ration demonstrating that BrdU peaks overlap with highly active
replication origins. Overall the distribution of BrdU peaks were
similar between all cell types indicating that DNA replication
is a highly conserved process even in cells with vastly different
phenotypes or with significant chromosomal abnormalities such
as Saos-2 cells.? In all cell types, the bulk of BrdU peaks were at
(TG), dinucleotide microsatellite repeats and poly G sequences.
A similar trend for significantly overrepresented sequences at
replication origins in Drosophila and mouse cells has also been
observed.”

Despite the similarity of BrdU incorporation patterns in the
3 cell types, the epigenetic marks at or around the BrdU peaks
were quite distinct. We observed significant enrichment of
H3K18ac, H3K56ac, and H4K20mel at BrdU peaks specifically
in hESCs but not at the same replicating regions in fibroblasts or
cancer cells, suggesting that active DNA replication is assoclated
with distinct epigenetic marks in hESCs. While certain histone
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marks have been previously associated with DNA replication ~ fibroblasts but only transiently in a narrower window of cell cycle

origins,

12,15,29

the cell type specificity of such association is unex-  which would be missed when examining asynchronously growing

pected. Several possibilities may underlie these observations. First,  cells. Second, these histone marks may have been erased at some
the same histone marks may still associate with DNA replicationin  point in the differentiation lineage from hESCs to fibroblasts or
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replaced by other epigenetic modifications. It was shown recently
that H3K56mel regulates DNA replication in HeLa cells through
direct interaction with PCNA.* Since methylation and acetylation
oflysinesare mutually exclusive, H3K56acin hESCs may bereplaced
by H3K56mel in more differentiated cells. Third, hESCs and
fibroblasts may represent classes of cell types with different epigen-
etic requirements for active replication. Examination of additional
cell types may reveal categories of cells that have similar repli-
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cation-associated epigenomic profiles as hESCs. For instance, in
U208 osteosarcoma cell line, PR-Set7 mediates H4K20 mono-
methylation of histones at a limited number of examined repli-
cation origins at the onset of replication origin licensing.”” This
may also be the case in Saos-2 osteosarcoma cells but no genome-
wide data set on H4K20mel is available in either cancer cell line.
Further genome-wide studies of replication origins and epigenetic
marks will be required to resolve these possibilities.



Whether the histone marks play a direct role in DNA rep-
lication in hESCs remain to be established. Knockdown of
EP300/CREBBP significantly decreased H3K18ac, H3K56ac,
and BrdU incorporation but since EP300 and CREBBP have
many cellular activities’® and interact with and acetylate other

3536 our data cannot LlIquLliVO-

Ieplication machiﬂery Proteiﬂs,
cally link histone acetylation to regulation of DNA replication in
hESCs. Knockdown of these enzymes may also result in loss of
hESCs pluripotency with subsequent effects on DNA replication.
Indeed, the KD cells showed morphological changes associated
with differentiation (data not shown). Nonetheless, ectopic tar-
geting of histone acetyltransferases to a replication origin stimu-
lates the origin’s activity'>?” and H4 methylation can help recruit
ORC to chromatin.’>* Whatever the case may be, our data reveal
that the global aSSOCiation Of DNA replication With Cpigénetic
marks is dependent on the cell type. It will be of interest to deter-
mine whether the epigenetic profiles of replication origins in 1PS
cells are similar to ESCs or to the cell types from which iP$ cells
were derived.

Materials and Methods

Cell culture

Hl hESCs were obtained from UCLA embryonic stem
cell bank and maintained with mTeSR1 Basal Medium
(STEMCELL Technologies) at 37 °C in 5% CO,. IMR90 and
Saos-2 cells were purchased from ATCC. Cells were maintained
at 37 °C in 5% CO, with DMEM containing 109 FBS and
penicillin-streptomycin.

BrdU labeling and genomic DNA purification

Cells were pulse labeled with 30 pM BrdU for 30 min
before being harvested. Genomic DNA was purified as previ-
ously described with some modification.”® Briefly, BrdU labeled
cells were suspended in lysis Buffer (10 mM Tris-HCI, pH 8.0,
200 mM NaCl, 25 mM EDTA, 1% SDS and 600 p.g/ml pro-
telnase K) and incubated at 37 °C overnight. Each sample was
then extracted twice with phenol:chloroform:isoamyl alcohol
(25:24:1) and once with chloroform. After extraction, DNA
was precipitated with isopropanol and centrifuged for 30 min at
4 °C. The pellet was resuspended in TE buffer (10 mM Tris-
HCl pH 8.0, 1 mM EDTA) and treated with 10 pg/ml RNase
A at 37 °C for 30 min. The DNA was further extracted with
phenol:chloroform:isoamyl alcohol and precipitated with ethanol
following standard procedures. Purified DNA was re-suspended
in TE buffer.

Immunoprecipitation and sequencing library preparation

Chromatin immunoprecipitation was performed as previously
described using rabbit anti-H3K18ac antibody.* The immuno-
precipitation of BrdU labeled DNA was adapted from Azuara
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et al. with modifications.®® Four micrograms of BrdU labeled
DNA was heated in 0.1 M NaOH at 95 °C for 5 min to remove
RNA primers from nascent strand DNA. HCI was then added
t neutralize the pH. TE buffer (10 mM Tris-HCl pH 7.4, 1
mM EDTA) was added to bring the total volume 500 pl. DNA
was fragmented by sonication and denatured by heating at 95 °C
for 5 min to generate single-stranded DNA that can be identi-
fied by anti-BrdU antibody. An amount of 0.1 volume of adjust-
ing buffer (110 mM sodium phosphate buffer, pH7.0, 1.54 M
NaCl, 0.55% Triton X-100) was then added to DNA. DNA was
subsequently incubated with 2 g of anti-BrdU antibody and
Dynabeads Protein G (Life Technologies). After immunopre-
cipitation, DINA was purified using phenol:chloroform:isoamyl
alcohol extraction and ethanol precipitation. Single-stranded
DNA was quantified by Qubit Fluorometer (Life Technologies).
Double-stranded DNA was generated from input and immuno-
precipitated DNA by brief random priming with the Bioprime
DNA Labeling System (Life Technologies) at 37 °C for 20 min.
Sequencing libraries were prepared with ChIP-seq DNA Sample
Prep Kit (Illumina) according to the manufacturer’s instructions
and sequenced using Illumina Genome Analyzer IIx or HiSeq
2000 sequencing systems at the High Throughput Sequencing
Core of the UCLA Broad Stem Cell Research Center.

Gene ontology analysis

The analysis was performed with GREAT.? The gene regula-
tory domain was defined as the region that extends from TSS
in both directions to the nearest gene’s TSS but no more than
100 kb extension in one direction. The BrdU peaks were then
overlapped with gene regulatory domains to identify associated
genes.

Data access

Sequencing data have been submitted to GEQ under acces-
sion number GSE43152.
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SUPPLEMENTARY METHODS
Li et al. Epigenetics 2013
Dot blot

BrdU dot blot was performed according to a previously described method.! Genomic
DNA was quantified by Qubit Fluorometer (Life Technologies). DNA was denatured by
incubation with 10 volume of 0.4 M NaOH for 30 min at room temperature. After incubation,
an equal volume of 1 M Tris-HCl solution (pH 6.8) was added to neutralize the pH. 5 ng of DNA
was dot blotted onto a nitrocellulose membrane (Schleicher & Schuell BioScience) and
crosslinked by UV-light. The membranes were blocked with PBS containing 0.1% (v/v) Tween 20
and 5% (w/v) non-fat milk at room temperature before incubation with the anti-BrdU antibody
(BD Biosciences, 347580) overnight at 4°C. The signal was detected by standard Western

blotting.

Cell synchronization and flow cytometry analysis

Early passage IMR90 cells were arrested in G1 phase by contact inhibition. Cells were
then replated at low density and cultured in DMEM containing 20% FBS and penicillin-
streptomycin to stimulate cell growth. At 24 hour after splitting, cells were trypsinized, washed
and fixed in ice-cold ethanol at 4°C overnight. The cells were then stained with propidium
iodide for 15 min at 37°C, followed by flow cytometry analysis with FACSCan Flow cytometer
(Becton Dickinson). Data were analyzed by the Flowjo software (Tree Star, Inc.) and the ModFit

software (Verity Software House).
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Knockdown and Western blotting

EP300 and CREBBP siRNA (Thermo Scientific) was mixed with DharmaFECT 1 (Thermo
Scientific) in Opti-MEM (Life Technologies). After incubation for 20 min at room temperature,
the siRNA-DharmaFECT 1 complex was added to 6-well plates that were pre-coated with
Matrigel (BD Biosciences). 3x10° of hESCs in single cell suspension were added to each well and
mixed with transfection reagents. HA 1077 (EMD Millipore) was added to culture media to final
concentration 10 pM. Same amount of non-targeting siRNA was used as control. Cells were
collected at 72 hour post-transfection and subjected to further analysis. For Western blotting,
cells were washed with PBS supplemented with protease inhibitors (Roche) and lysed with
protein sample buffer. Cell lysate was subjected to SDS-PAGE and analyzed by Western blotting.
EP300 (Millipore, 05-257), CREBBP (Santa Cruz Biotechnology, sc-369), histone H3 (Abcam,
ab10799), ACTIN (Santa Cruz Biotechnology, sc-8432), H3K56ac (Active Motif, 39282), H3K18ac?

and H3K9%ac (Millipore, 07-352) antibodies were used for Western blotting.

ChiP-seq data analysis

Bowtie 0.12.7 was used to aligh sequenced reads to human genome (hgl9). The data
were processed as previously described.” Reads that aligned to more than one location in the
human genome or have more than 2 mismatches were discarded. The total number of reads in
the input and immunoprecipitated samples was normalized. To define peaks, human genome
was divided into 100 bp windows and a P value for Poisson distribution was calculated of
enriched immunoprecipitated DNA relative to input for each window. Significant peaks were

defined as those windows with significant P value and with two neighboring windows at the
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same significance. P value<10™ cutoff was used for BrdU-seq and P value<10® cutoff was used
for ChlP-seq of histone modifications and chromatin-binding proteins. We defined co-
occupancy of BrdU peaks, NS DNA and histone modifications with BrdU peaks if they were
within 1 kb from the any edge of the BrdU peaks. BrdU blocks and various genomic elements
were considered to be associated with each other if their genome coverage overlapped. H1
hESC specific peaks were defined as those with no co-occupancy with BrdU peaks from other

cell types.

BrdU blocks

To define BrdU blocks, the human genome was scanned with a 450 kb moving window
and the windows that contained at least five BrdU peaks were retained and overlapping
windows were combined to form blocks. The blocks that were smaller than 50 kb were filtered

out.

External data source

Nascent strand DNA data for H9 ESCs and IMR90 cells were downloaded from the Gene
Expression Omnibus (GEO; GSE37757) (Besnard et al., 2012). Raw data for histone H3K9ac,
H3K27ac, H3KS56ac, H4K5ac and H4K20mel of hESCs and IMR90 cells was downloaded from the

NCBI epigenome roadmap: (http://www.nchi.nlm.nih.gov/geo/roadmap/epigenomics/).> Raw

data for H3K56ac in adipocytes and H4K20mel in Hela S3 and K562 cells were downloaded
from the GEO (GSE24326 and GSE29611).4' ®* The Giemsa chromosome band annotation was

downloaded from UCSC table browser website.® LADs were described by Guelen and co-
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workers.” Early replication regions were defined previously.® DNA methylation sequencing data

was retrieved from http://neomarph.salk.edu/human_methylome.? All downloaded data were

processed or converted to UCSC hgl9 build.

Visualization tools
Venn diagrams were generated using Venn Diagram Plotter from the Pacific Northwest National

Laboratory (http://omics.pnl.gov/software/VennDiagramPlotter.php). Sequencing data were

visualized with Integrated Genome Browser.™
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Table §1. BrdU-seq alignment results using Bowtie 0.12.7 (hg19)

DNA Total reads Aligned reads Percentage
H1 input 129325335 80306756 62.10%
H1 P 146245314 96281267 65.84%
IMRQ0 input 173492285 103146696 59.45%
IMRS0 IP 162159332 93376043 57.58%
Saos-2 input 47020762 22782589 48.45%
Saos-2 IP 45410425 20402965 44 93%
EP300/CREBBP KD input 119503688 76246481 63.80%
EP300/CREBBP KD IP 143591810 100038999 68.71%
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Table §2. Peak calling with P value<1e-3

Cells Total peaks FDR
H1 13302 5.86%
IMRS0 14958 7.72%
Saos-2 9405 9.21%
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Table $3. Overlap of BrdU peaks with DNA repetitive elements

DNA Repeat Element

H1

EP300/CREBBP KD

IMRS0

Saos-2

Microsatellite
LINE

SINE

Low complexity
LTR

DNA
Satellite

RC

snRNA

RNA

rRNA
Unknown
scRNA
srpRNA
tRNA

Other

Total

2484 (56.48%)
799 (18.17%)
503 (11.44%)
232 (5.28%)
279 (6.34%)
83 (1.89%)
7 (0.16%)
2 (0.05%)
2 (0.05%)
1(0.02%)
1 (0.02%)
1 (0.02%)
0 (0%)
0 (0%)
0 (0%)
4 (0.09%)

4398 (100%)

384 (31.04%)
309 (24.98%)
260 (21.02%)
45 (3.64%)
187 (15.12%)
40 (3.23%)
6 (0.49%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
4 (0.32%)
1 (0.08%)
1 (0.08%)

1237 (100%)

2301 (49.09%)
801 (17.09%)
497 (10.6%)
792 (16.9%)
205 (4.37%)
80 (1.71%)
6 (0.13%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
5 (0.11%)

4687 (100%)

3804 (61.79%)
787 (12.78%)
110 (1.79%)
1088 (17.67%)
215 (3.49%)
30 (0.49%)
122 (1.98%)
0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

6156 (100%)
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Figure S1
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Figure 81. The anti-BrdU antibody specifically recognizes BrdU-labeled DNA in S phase

(A) Flow cytometry analysis of IMRS0 cell cycle profile by propidium icdide staining. The percentage of
cells in each phase is shown.

(B) Dot blot of BrdU-labeled DNA purified from cells in G1 and S phases of the cell cycle by the anti-
BrdU antibody (upper panel) and quantification of immunoprecipitated DNA by the anti-BrdU antibody
from BrdU-labeled cells in G1 and S phase (lower panel).

(C) Genome browser views of significant and non-significant BrdU peaks along representative regions of
chromosomes 9 and 20. The chromosome coordinates of each track are indicated.

(D) Heat maps show the distribution of total sequencing reads from NS DNA and BrdU-seq at the
replication origins defined by NS DNA as the log, value of read number in £2 kb region from the center
of each NS DNA origin (pearson correlation coefficient r=0.45 and 0.6 for H9 and H1 ESCs and IMR90
cells respectively; P value=2.2e-16. Note that the slightly lower correlation for ESCs is likely due to
comparison of the different cell types).
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Figure S2
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Figure S2. The majority of BrdU peaks occur in proximity of each other within early replicating
euchromatin

(A) Significant DNA sequence motifs as defined by SeqPos (Cistrome) that are enriched around the BrdU
peaks in the three cell types are shown as sequence logos.

(B) The distribution of BrdU blocks within Giemsa chromosome bands. The percentage of genome within
each indicated region covered by BrdU block is represented as bar chart. The BrdU peaks were enriched
mostly in gneg and gpos25 bands and were progressively less abundant in gpos100, acen, var and stalk
regions.

(C) Locations of BrdU blocks in IMR90 and early replication regions in BJ fibroblasts along a region of
chromosome 2 are shown.

(D) The Venn diagrams indicate the degree of overlap between BrdU blocks in hESCs or IMR9I0 cells and
early replicating regions.

(E) Locations of BrdU hlocks and lamina associated domains (LADs) along a region of chromosome 6 in
human fibroblasts are shown.

(F) Percentage of LADs overlapping with BrdU blocks or with random blocks is shown as a bar chart.

(G) Box plots show the distribution of DNA methylation levels within BrdU blocks or within similarly-sized
random blocks in each cell line. The thick horizontal line in each box represents the median value which is
indicated.
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Figure S3
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Figure S3. BrdU peaks at POUSF1 (OCT4) locus

The peak height corresponds to -log,, of P value for Poisson distribution for the enrichment of BrdU-seq
reads. The asterisk indicates the significant peak that passed the peak calling criteria.
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Figure S4
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Figure S4. Co-occupancy of BrdU peaks with histone modifications is ESCs specific

(A) The average levels of the indicated histone modifications (significant reads counts) relative to the
center of BrdU incorporating regions are shown for the top and bottom 20% according to the BrdU signal
intensity in comparison to all BrdU incorporating regions for the specified cell types.

(B) H3K56ac and H4K20me1 are not enriched in BrdU and histone modifications associated regions in
differentiated cells. Left panel, H3K56ac in adipocytes. Right panel, H4K20me1 in HeLa S3 and K562 cells.
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Chapter 4

Histone acetylation

regulates intracellular pH.

This chapter was originally published in Molecular Cell 2013 Jan 24;49(2):310-21. with
supplemental material. This chapter describes the relationship between intracellular pH
and global histone acetylation. Low pH treatment in human hela cells induced global
reduction of histone acetylation. The reduction in histone acetylation was coupled with
proton excretion from cell membrane through monocarboxylate transporter (MCT)
proteins. Global reduction in histone acetylation resulted in dramatic redistribution of
histone acetylation marks. This study characterizes the first functional link

betweenhistone deactylation and regulation of intracellular pH.
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SUMMARY

Differences in global levels of histone acetylation
occur in normal and cancer cells, although the reason
why cells regulate these levels has been unclear.
Here we demonstrate a role for histone acetylation
in regulating intracellular pH (pH;). As pH; decreases,
histones are globally deacetylated by histone
deacetylases (HDACs), and the released acetate
anions are coexported with protons out of the cell
by monocarboxylate transporters (MCTs), preventing
further reductions in pH;. Conversely, global histone
acetylation increases as pH; rises, such as when
resting cells are induced to proliferate. Inhibition of
HDACs or MCTs decreases acetate export and
lowers pH;, particularly compromising pH; mainte-
nance in acidic environments. Global deacetylation
at low pH is reflected at a genomic level by decreased
abundance and extensive redistribution of acetyla-
tion throughout the genome. Thus, acetylation of
chromatin functions as a rheostat to regulate pH;
with important implications for mechanism of action
and therapeutic use of HDAC inhibitors.

INTRODUCTION

Targeted acetylation of lysine residues of histone proteins at
distinct genomic loci is linked to regulation of essentially all
DNA-templated processes, including transcription, replication,
repair, recombination, and the formation of specialized chro-
matin  structures such as heterochromatin  (Kouzarides,
2007). For example, alterations in histone acetylation at select
gene promoters—via recruitment of histone acetyltransferases
(HATs) and histone deacstylases (HDACSs) by sequence-specific
DNA-binding transcription factors—regulate the transcriptional
activity of the targeted genes (Ferrari et al., 2012). Histone acet-
ylation regulates such DNA-templated processes by influencing
the local chromatin structure and by regulating the binding or
exclusion of bromo-domain-containing proteins to and from
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the chromatin (Shogren-Knaak et al.,, 2006; Taverna et al.,
2007). The role of histone acetylation has largely been inter-
preted in this local, site-specific context (Margueron et al.,
2005; Zhou et al., 2011). However, histone acetylation levels
also differ at a cellular or global level (Horwitz et al., 2008; Voge-
lauer et al., 2000). Examination of acetylation by methods that
assess total histone content—such as western blotting (WB) or
immunohistochemistry (IHC)—has revealed heterogeneity in
the levels of global histone acetylation in different tissues and
cell types (Ferrari et al.,, 2012; lwabata et al.,, 2005; Suzuki
et al., 2009). IHC studies on a varisty of primary cancer tissues
have shown that an increased prevalence of cells with lower
cellular levels of histone acetylation is associated with more
aggressive cancers and poorer clinical outcome such as
increased risk of tumor recurrence or decreased survival rates
(Elsheikh et al., 2009; Fraga et al., 2005; Manuyakorn et al.,
2010; Seligson et al., 2005, 2009). Such associations under-
score the biological relevance of global differences in histone
acetylation levels. However, very little is known about what
function(s) the changes in global levels of histone acetylation
serve for the cell. While a few studies have shown the necessity
for a pool of acetyl coenzyme A (ac-CoA) to maintain global
histone acetylation (Friis et al., 2009; Takahashi et al., 2006;
Wellen et al., 2009), the biological factor{s) in response to
which global histone acetylation levels change and what cellular
processes are affected by this cutcome have remained unknown
(Friis and Schultz, 2009).

Cycles of histone acetylation and deacetylation occur contin-
uously and rapidly throughout the genome, consuming ac-CoA
and generating negatively charged acetate anions in the pro-
cess. Since ac-CoA and acetate anions participate in many
metabolic processes, we hypothesized that histone acetylation
may be linked to certain metabolic or physiologic cues. We
therefore systematically studied how global levels of histone
acetylation change in response to alterations of various compo-
nents of the standard tissue culture medium (Dulbecco’s
modified Eagle’s medium, DMEM). Strikingly, we found that as
intracellular pH (pH;) is decreased, histones become globally
hypoacetylated in an HDAC-dependent manner. The resulting
free acetate anions are transported with protons by the proton
(H")-coupled monocarboxylate transporters (MCTs) to the
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Figure 1. Minimal Levels of G, Q, or P Maintain Global Levels of Histone Acetylation
&) WBs of histone acetylation in HelLa cells cultured for 16 hr in DMEM salts and vitamins with the indicated ac-CoA sources. The bar graph shows average
values + SD from 15 independent experiments and p value derived from the Student'’s t test.

(B) WBs of acetylation in normal IMR30 fibroblasts cultured as in (A).

(C) WBs of tubulin and histene H4 acetylation in Hela cells under conditions of G, Q, and P deprivaticn.
(D) WBs of acetylation in Hela cells cultured at the indicated concentrations of G or Q.

(E) WBSs showing the effects of varying concentrations of Ca®* and phesphate
condition, the values of which are set to 1. See also Figure $1.

extracellular environment, thereby reducing the intracellular H*
load and resisting further reductions in pHi. As pH; increases,
the flow of acetate and protons is favored toward the inside of
the cell leading to global histone hyperacstylation. Our data
reveal that chromatin, through the basic chemistry of histone
acetylation and deacetylation, coupled with MCTs, function as
a system for rheostatic regulation of pH.

RESULTS

Glucose, Glutamine, or Pyruvate Is Required to Maintain
Glcbal Histene Acetylation

The metabolites in standard DMEM that are required to maintain
a pool of ac-CoA for histone acetylation have not been system-
atically identified. Thus, we began by asking if any or all of the
ac-CoA producing sources in DMEM are required to maintain
steady-state levels of histones H3 and H4 acetylation. These
sources potentially include glucose (G), glutamine (Q), pyruvate
(P) and the 14 other amino acids (aa) present in DMEM. Hela

on histone acetylaticn in Hela cells. Lane 1in each panel (A-E) is the reference

and MDA-MB-231 (231) cells were cultured for 16 hr in complete
medium or in medium lacking all or one of the potential ac-CoA
sources. Simultaneous removal of GQP and aa led to significant
(~40%-99%) reduction in the acetylation of multiple lysine resi-
dues on histones H3 and H4 (Figures 1A and S1A, lane 2, avail-
able online). Elimination of G, Q, P, or aa individually had little or
no effect on histone acetylation. These results suggest that the
pool of ac-CoA that is used for histone acetylation derives
from one or more of these carbon sources.

To determine which of these carbon sources are necessary to
maintain histone acetylation, Hela, 231, and IMR9Q normal
primary lung fibroblasts were cultured for 16 hr in medium with
all ac-CoA sources, none, or a single ac-CoA source. Cells that
were cultured in only G, Q, or P maintained normal levels of
histone acetylation in cancer cells and substantial amounts in
IMRE0 fibroblasts (Figures 1A, 1B, and S1A). However, histone
acetylation was significantly reduced in the presence of all
other aa. We conclude that G, Q, or P—but not the remaining
aa present in DMEM—are sufficient to maintain normal levels
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of histone acetylation. It is interesting that, in the absence of
GQP and aa, although histone acetylation was significantly
decreased, we observed up to an 8-fold increase in tubulin acet-
ylation (Figures 1C and 31B}). Higher tubulin acetylation suggests
that cellular pools of ac-CoA are not completely depleted when
GQP are removed. Therefore, the loss of histone acetylation
may be partly due to selective allocation of ac-CoA to other
molecular processes under GQP starvation.

Minimal Amounts of G or Q Are Required to Maintain
Normal Levels of Histone Acetylation

We next tested whether global levels of histone acetylation
change with varying concentrations of G or Q as the sole
ac-CoA source. As expected, at zero concentration of G or Q,
histone acetylation was significantly reduced after 16 hr of
culture (Figures 1D and S1C, lanes 6 and 12). It is surprising
however, that global levels of histone acetylation remained
largely unchanged over a 45-fold range of G concentration
(0.1-4.5 ¢/l) and a 20-fold range of Q concentration (0.1-2 mM)
(Figures 1D and S1C), which include concentrations insufficient
to maintain cell growth and replication. These data indicate
that global levels of histone acetylation do not change dose-
dependently in response to variation in G and Q concentrations
within the range tested.

Vitamins, Galcium, and Phosphate Do Not Affect

the Global Levels of Histone Acetylation

We next asked whether global levels of acetylation change in
response to the vitamins, cofactors, or salts present in DMEM
(see Supplemental Experimental Procedures). Culturing Hela
cells for 16 hr in media with varying amounts of vitamins and
cofactors in the presence or absence of carbon sources did
not significantly affect the global levels of histone acetylation
(Figure S1D). Calcium {Ca®*) can enhance the permeability of
the mitochondrial membrane to ac-CoA inthe presence of phos-
phate (Benjamin et al., 1983). However, reducing the amount of
Ca®* in the presence or absence of phosphate did not lead to
significant changes in the global levels of histone acetylation in
Hela or 231 cells after 16 hr of culture (Figures 1E and Fig-
ure S1E). We conclude that global levels of histone acstylation
do not change significantly in the absence of vitamins and
cofactors or Ca®* and phosphate.

Global Levels of Histone Acetylation Change

in Response to pH

Finally, we asked whether the buffering component and the re-
sulting pH of the medium could affect histone acetylation.
Changes in pH, are known to induce corresponding changes
in pH; (Fellenz and Gerweck, 1988; Mizuno et al., 2002). We
measured pH; in our cell lines at different bicarbonate concentra-
tions (i.e., different pH, levels) using the pH-sensitive dye
BCECF-AM (see Experimental Procedures). Consistent with
previous reports (Wong et al., 2002), we found that decreasing
pHe led to decreasing pH;, with the range of pH; changes (6.3—
7.3) being more restricted than that of pH, changes (5.9-7.6)
(see top graphs in Figures 2A and S2A). Varying bicarbonate
concentration from 45 mM to 10 mM resulted in pHe values
that led to slight changes in pH; and histone acetylation (Figures
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2A and S2A, lanes 1-3). However, decreasing bicarbonate from
10 mM down to 1 mM resulted in pH, values that resulted in
pronounced effects on pH; and significant reductions in histone
acetylation as assessed by WB (Figures 2A and S2A, lanes
3-5) and immunofluorescence (Figure 2B). Acetylation of the
cytoplasmic pool of histones was affected by pH in a similar
manner (Figures 2C and S2B). The effect of pH. on histone acet-
ylation was not limited to cancer cells but was also observed in
H1 human embryonic stem cells, IMR90 normal primary lung
fibroblasts, and even in Saccharomyces cerevisiae, suggesting
that changes in histone acetylation in response to varying pH
is a fundamentally conserved process (Figure S2C). It is impor-
tant to note that acetylation in yeast was reduced at levels of
pHe {(~pH 4.0} that have the most pronounced effects on pH;
(valli et al., 2005).

Histone acetylation was also significantly reduced at low pH
when the culture medium was buffered with HEPES instead of
bicarbonate (Figures 2D and S2D). This suggests the reduction
in acetylation at low pH was in fact due to changes in pH and
not to a reduction in bicarbonate concentration. The reduction
in acetylation was also not due to changes in acetyl-CoA
concentration (Figures 2E and S2E) but was dependent on the
activity of class | and Il HDACs. Treatment of cells with HDAC
inhibitors Trichostatin A (TSA) and sodium butyrate, but not
nicotinamide, prior to lowering the pH. blocked the effects of
pH on acetylation (Figures 2F and S2F). In addition, deletion of
the major HDACs, RPD3 and HDA1, in yeast also greatly dimin-
ished the pH-induced hypoacetylation, confirming the require-
ment for HDAC activity (Figure S2C, lanes 13 and 14). In all
pH-related experiments, histone methylation levels at multiple
sites were largely unaffected, suggesting that the effect of pH
on histone acetylation is not due to general impairment of the
cellular posttranslational machinery (Figure 2G). It is interesting
that tubulin acetylation was only minimally affected as pH;
decreased, indicating some degree of specificity for histone
acetylation (Figures 2H and S2G). We conclude that global levels
of histone acetylation change in response to pH;, with increased
deacetylation of histones occurring at lower values of pH;.

The pH-Induced Changes in Histone Acetylation Levels
Do Not Require Specific Carbon Sources or Salts
Lowering pH, in the presence of only G, Q, or P resulted inreduc-
tion of histone acetylation (Figures 3A and S34), indicating that
the effect of pH on histone acstylation is independent of the
source of ac-CoA. Next, we asked if specific salts are required
for hypoacstylation of histones at low pH. Cells were cultured
at normal and low pH. in the presence and absence of sodium
(Na*) or chloride (Gl ), using Q as the ac-CoA source. We found
that global histone acetylation decreased in low pH; regardless
of the presence of either ion (Figures 3B, 3C, S3B, S3C). Ca®*
and phosphate wers also not required for pH-mediated changes
of histone acetylation levels, regardless of whether the cells were
deprived of these salts for several days prior to lowering the pH
(Figures 3D and S3D) or deprived at the same time the pH was
decreased (Figure S3E). We conclude that the alteration of
histone acetylation levels in response to pH does not depend
on a specific carbon source or extracellular Na*, Cl , Ca®* or
phosphate.
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Figure 2. Global Levels of Histone Acetylation Decrease when pH, Decreases

A Measurements of pH; (mean = 8D) as a function of pH. and effects on histone acetylation in Hela cells cultured at the indicated pH, for 16 hr in complete
DMEM as assessed by WB. The reference condition is set to 25 mM bicarbonate ilane 2), which approximates the normal physiclogical concentration. The bar
graph shows average values + SD from seven independent experiments and p value derived from the Student's t test.

{B) Immunoflucrescent analysis of histene acetylation of Hela cells cultured as in (A).

(C) WB analysis of H4K5ac in HelLa cells in the indicated histene fractions and pH.

(D) WBs of histone acetylation in HeLa cells cultured in media buffered with HEPES. The bar graph shows average values + SD from 17 independent experiments

and p value derived from the Student’s t test.

(B) Acetyl-CoA measurements (mean + SD) in Hela cells treated for 4 hr at the indicated pHe..
{F) WBs of histone acetylation in Hela cells that were treated with or without 5 mM sodium butyrate, 500 nM TSA, or 2 mM nicotinamide (NAM) for 6 hr in complete

DMEM at pH, 7.4, follewed by incubation at the indicated pH, for 4 hr.
{G) WBs of histone methylation in Hela cells cultured at the indicated pH.

{H) WBs of tubulin and histone H4 acetylation in Hela cells treated for 16 hr at the indicated pH values. See also Figure S2.

Acetylation of H4K16 Is Decreased and Drastically
Redistributed at Low pH

To determine how the pH-induced changes in global levels of
acetylation map to specific genomic loci, we treated Hela cells
for 4 hr at pHg, 7.4 or pH 6.5 and then performed chromatin immu-
noprecipitation sequencing (ChIP-seq) analysis of H4K16ac. (For
each pH treatment, both input and immunoprecipitated DNA
were sequenced.) Consistent with the global decrease in
H4K16ac levels, there were significant reductions in both the
number of base pairs covered as well as the total number of
genomic loci significantly associated with H4K16ac at low pH

(Figure 4A). Clustering of the significant peaks of H4K16ac re-
vealed drastic redistribution and decreased overall intensity of
this acetylation site at low pH. Figure 4B shows the clusters of
H4K16ac peaks (heat maps), the average value of sach cluster
(line graphs), and the genomic distribution of the peaks (pie
charts) with associated gene ontology. Cluster 1 contained
2,751 peaks of H4K16ac in high pH, which were essentially fully
deacetylated at low pH. These peaks are mostly near transcrip-
tion start sites (TSS) and introns of genes whose gene ontology
(GO) terms include in protein synthesis and cell cycle control.
Cluster 2 contained 595 peaks that were present at both pH
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Figure 3. Changes in Histone Acetylation Levels in Response to pH Do Not Require Specific Garbon Sources or Salts
(A-D)WBs of histene acetylation in HelLa cells cultured for 16 hrin DMEM salts at pH,, 7.0 or 6.3 either (A) including the indicated carbon source or including Q but
lacking (B) Na*, (C) Cl , and (D) Ca®* and phosphate. In (D), cells were starved of Ca®* and phosphate for 3 days prior to pH, treatment. See also Figure 3.

values but with much decreased intensity at low pH. More than
90% of cluster 2 peaks occur at TSS and introns of genes
enriched in GO terms encoding ribonucleoproteins including
mitochondrial and cellular ribosomal protein genes as well as,
interestingly, the NuA4 HAT complex that acetylates histone
H4 (Arnold et al., 2011). Cluster 3 contained 1,971 new peaks
of H4K16ac at low pH, which are mostly in regions away from
TSS and are associated with GO terms including spindle organi-
zation and replicative senescence.

We also performed mRNA sequencing (mRNA-seq) under the
same conditions to correlate the redistribution of H4K16ac to
changes in gene expression. Compared to high pH, 740 genes
were upregulated greater than 2-fold at low pH, including histone
genes and genes involved in regulation of transcription,
signaling, and metabolism (Table S1). A total of 888 genes
were downregulated greater than 2-fold at low pH with functions
in plasma membrane and extracellular matrix biology (Table S1).
It was surprising that there were no significant changes in the
average expression of genes in the three acetylation clusters
(Figure 4C). We conclude that treatment at low pH results inelim-
ination of most H4K16ac peaks and re-establishment of less
than half as many peaks with lower intensity at new genomic
locations predominantly away from TSS regions. This redistribu-
tion does not significantly correlate with gene expression after
4 hr of treatment at low pH.

Changes in Histone Acetylation in Response to Nutrient
Availability and pH Occur via Different Mechanisms

We next performed kinetic experiments to compare the histone
acetylation changes that occur in response to the acidification
of the intracellular milieu to those resulting from changes in
nutrient availability. First, we performed time course experiments
to examine the kinetics of the decrease in acetylation upon each
type of treatment. HeLa and 231 cells were cultured for 1, 2, 4, 8,
and 16 hr at normal or low pH inthe presence or absence of GQP
(Figures 5A and S4A). Removal of GQP at normal pH resulted in
a gradual decrease in histone acetylation over 16 hr (compare
solid and dashed green lines). In contrast, acidification of the
medium in the presence of GQP resulted in an abrupt decrease
in acetylation at 1 hr, which then remained relatively constant
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over time (compare solid green and orange lines). In addition,
removal of GQP in the low pH medium resulted in a sharp
decrease in acetylationduring the first hour, followed by a gradual
decline over 16 hr (compare solid and dashed orange lines). These
data indicate that the kinetics of hypoacetylation in response to
acidic pHi and to GQP deprivation are markedly different.

Second, we performed time course experiments to investigate
the kinetics of the recovery of histone acetylation in cells that
were returned to steady-state culture conditions after being
treated at low pH or being deprived GQP. Hela and 231 cells
were cultured for 16 hr at pH, 7.4 or 6.5. A cohort group of cells
were cultured for 16 hr in medium with or without GQP at pH. 7.4.
In each case, the cells were then returned to normal culture
conditions for various amounts of time as shown in Figures 5B
and S4B. The recovery of acetylation upon returning GQP was
gradual and required ~24 hr to return to steady-state levels
(compare purple and green lines). The recovery of acetylation
upon return to a normal pH, was much faster (compare purple
and orange lines). These data show that the kinetics of acetyla-
tion recovery are also different for cells treated at low pH versus
those that have been GQP starved. Together with the differential
effects on tubulin acetylation, we conclude that medium acidifi-
cation and nutrient deprivation affect histone acetylation by
distinct mechanisms.

Decreased pH Results in an HDAC-Dependent Excretion
of Acetate and Protons by MCTs
Since the levels of acetylation were regulated in response to pH,
we hypothesized that histone acetylation may impact cellular
control of pH;. While deacetylation of lysines in and of itself has
no net effect on pH;, export of free, negatively charged acetate
anions, which are membrane impermeable (Walter and Gut-
knecht, 1984), through the H™-coupled MCTs would buffer
against further acidification of pH; by decreasing the intracellular
H* load. As obligate H" symporters, MCTs 1-4 bidirectionally
cotransport acetate and other small organic anions—such as
lactate —with a H*, thereby participating in pH; regulation (Boron
et al., 1988; Halestrap and Meredith, 2004).

To determine if HDAC-derived acetate anion is excreted in-
creasingly as pH decreases, we incubated cells with *H-acetate
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Figure 4. Low pH Causes Global Decrease and Redistribution of H4K16ac throughout the Genome
The distribution of H4K16ac in Hela cells treated for 4 hr at pH 7.4 or 6.5 was determined by ChIP-seq.
{A) Number of DNA base pairs covered by significant (p < 10 %) peaks of H4K16ac and number of genomic regions (25 bp windows) associated with significant

H4K16ac peaks.

(B) Heat maps showing the distribution of H4K16ac peaks at the indicated pH values as the —log p value cf enrichmentin +1.5 kb regien from the center of each
peak. All peaks were clustered in three groups based on their combinaterial presence in each pH condition. The number of peaksineach cluster is indicated. The
average value of enrichment as —log p value for each cluster is shown as a line chart below each heat map. The distribution of peaks in each cluster is shown as
a pie chart. The gene ontology (GO) of genes associated with the peaks of H4K16ac in each ¢luster is shown. The GO terms include biclogical process, cellular
component, molecular function, and mouse phenotypes of homologous gene knockout.

{C) Box plots showing the distribution cf expression of genes associated with the H4K16ac peaks in each cluster under the indicated pH conditions. See

alsc Table §1.

in complete medium for 1 hr in order to label histone acetyl
groups (Carmen et al., 1996). Following a 30 min chase, HelLa
and 231 cells were treated in media of varying pH, which was as-
sayed for released tritium (*H) at the indicated time points in Fig-
ure 6A. (Note that at each time point, the entire volume of
medium was removed for liquid scintillation counting and fresh
medium was added.) Incubation in decreasing pH, resulted in
immediate, dose-dependent increases in the appearance of °H
for up to 30 min, which we attribute to acetate anion released
from the cell (Figure 6A). The fast nature of the response is
consistent with other regulators of pH; (Hulikova et al., 2011).
To determine if global histone acetylation is affected ina similarly
short time period, we performed kinetic studies analogous to

those done in Figure 5 but on a shorter time scale. Loss of global
acetylation at most sites examined was detected by WB at
30 min after lowering pHe (Figure 35A). It is possible that histones
are deacetylated at earlier time points but at levels below the
sensitivity of the antibodies used in this study. Indeed, we
detected recovery of acetylation as early as 5 min after return
to normal pH, (Figure S5B). We conclude that global deacetyla-
tion of histones in response to pH is associated with increased
excretion of acetate anion from cells.

The appearance of °H in the media at both normal and low
pH was significantly decreased by treating cells for 30 min
with the MCT1/MCT4 inhibitor «-cyano-4-hydroxycinnamate
(CNCn) after the labeling step but before addition of medium at
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Figure 5. Nutrient Availability and pH Alter Histone Acetylation Differently
(Aand B) WBs of histone acetylation in HeLa cells cultured in DMEM salts (A) for the indicated amount oftime and pH, in the presence (+) and absence (—) of GQP

and (B) at pH, 7.4 with GQP (control), pH, 7.4 without GQP (for GQP recovery),

or pH, 6.5 with GQP (for pH recovery) for 16 hr followed by treatment for the

indicated amount of time in medium at pH. 7.4 with GQP. Membrane images were crepped in order to place them below the graph at the corresponding time

points. See also Figure S4.

normal or low pH {Figure 6B). In addition, the class | HDAC inhib-
itor TSA inhibited the increase in the appearance of °H in the
media at low pH, (Figure 6C). These data suggest that histones
are globally deacetylated at low pH in an HDAC-dependent
manner with subsequent excretion of acetate anion and protons
from the cell through the MCTs.

The potential of HDAC-dependent, H™-coupled acetate excre-
tion to regulate pH; depends upon sufficient rates of acetate
excretion. To determine the rate of acetate excretion from cells,
we used an enzyme-based assay to measure the amount of
acetate in culture media from 231 cells incubated in DMEM
of varying pH, for 30 min. Assuming an average cell volume of
500 fl (Kim et al., 2007), we found that, as the pH, was decreased
in a stepwise manner, the rate of acetate anion excretion
increased from ~0.43 mM/min at pH, 7.4 to ~0.74 mM/min at
pHe 6.7, reaching a rate of ~0.96 mM/min at pH, 6.1 (Figure 6D).
This rate of acetate and H* secretion is within the range of other
known regulators of pH; such as NHE1, which, for example,
secretes protons from acid-loaded (pHi of 6.8) HelLa and
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MDA-MB-468 cells at a rate ~0.5 mM/min and ~2.0 mM/min,
respectively, at a pH, of 6.8 (Hulikova et al., 2011). Since MCT-
dependent efflux of acetate anions and protons has a 1:1 stoichi-
ometry, the acetate efflux rate could significantly contribute to pH;
regulation by enabling efflux of protons at the same rate. It is
important to note that levels of acetylation were increased in
231 cells that were treated with TSA after they had been cultured
at low pHe (Figure 6E). This suggests that HAT activity is main-
tained at low pH, thereby ensuring a steady supply of acetate
anions.

Inhibition of HDACs or MCTs Decreases pH;

Our data predict that HDAC inhibition should decrease pH; by
preventing the release of acetate from histones, thereby
reducing the ability of MCTs to couple H* efflux to acetate anion
efflux. Treatment with increasing concentrations of TSA in
complete medium at normal pH, resulted in a dose-dependent
decrease of pH; in both Hela and 231 cells (Figures 7A and
S6A, left panel). This effect was not due to passive acidification
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Figure 6. Efflux of Acetate through the MCTs at Low pH Is Dependent on HDAG Activity

(A-C) Liguid scintillation counts {(mean + SD) of media from Hela and 231 cells labeled with >H-acetate and treated as indicated in 10% FBS-containing DMEM.
&) Cells were exposed to media of different pH, for the indicated time. (B) Cells were treated with the MCT inhibitor CNCn (10 mM) or dimethyl sulfoxide during the
chase and during subsequent treatment at the indicated pH,. (C) Cells were treated with 500 nM TSA cr DMSO prior te labeling and during subsequent treatment

at varying pHe.

(D) Acetate excretion rate (mean + SD) in 231 cells incubated for 30 min in 10% FBS-centaining DMEM without P at the indicated pH..
{E) WBs of histone acetylation in 231 cells treated for 16 hr in complete DMEM at the indicated pH, followed by treatment at the same pH,, with or without 500 nM

TSA. See also Figure S5.

of the intracellular environment by TSA—which is weakly
acidic —as cotreatment with TSA and [TSA-1, an inhibitor of
TSA (Koeller et al., 2003), blocked the TSA-induced acidification
of pH; (Figures 7A, middle panel and S6A, right parel). Since
histone deacetylation and acetate anion excretion is increased
as pH; decreases, we reasoned that inhibition of HDACs may
have more pronounced effects on pH; in more acidic conditions.
Indeed, this was the case. Treatment of cells with 100 nM TSA
had little effect on pH; at normal pH but disrupted the ability of
cells to maintain their pH; at lower values of pHe (Figure 7A, right
panel). The effect of HDAC inhibition on pH; was not limited to
TSA as the HDAC inhibitors Panobinostat (LBH589) and sodium
butyrate (which are both weak acids) and Apicidin (a cyclic
peptide antibictic which is not an acid) all caused dose-depen-
dent decreases in pH; (Figure 7B). Nicotinamide, a sirtuin

HDAC inhibitor, had essentially no effect on pH; at any pH, tested
(Figures 7B and S6B).

Our data also predict that inhibition of MCTs should lead to
decreases in pH; by diminishing the rate of H*-coupled acetate
excretion. Indeed, treatment with CNCn in complete medium
with decreasing pH, resulted in decreased pH; (Figures 7C, left
panel and S6C, top left panel). It is important to note that the
effects of CNCn on pH; of Hela cells were most prominent at
lower values of pH., where global histone acetylation is
decreased and rates of acetate anion excretion are increased.
In addition, knockdown of MCT1 also resulted in reduced pH;
compared to cells treated with nontargeting siRNAs (Figure 7C,
right panel).

Since the effect of MCT inhibition on lowering pH; could poten-
tially be explained by inhibition of lactate rather than acetate
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Figure 7. HDAGs, MCTs, and Cellular Proliferation Affect pH; and Global Histone Acetylation Levels

(Aand B) pH; of HeLa cells treated in standard DMEM overnightwith {A) the indica
panel); 100 nM TSA followed by 6 hr of culture at the pH, indicated (right panel);
nicotinamide).

ted concentration of TSA (left panel); 250 nM TSA, 50 pM ITSA-1, cr both (middle
or (B) the listed HDAG inhibitors at the indicated concentrations (NAM =2 mM

(C) pHi of HelLa cells in which MCT function was inhibited by treatment for 1 hr with 10 mM CNCn (left panel) or by siRNA-mediated knockdown of MCT1 for 96 hr

(right panel) followed by treatment for 30 min at the pH. shown.

(D) Rates of lactate excretion in HeLa cells after 30 min of treatment in DMEM without G and P at the indicated pH, (left panel); pH; measurements under identical

conditions with 10 mM CNCn or DMSO (right panel).

(E) T cells were stimulated to proliferate by CD3/CD28-coated dynabeads and
cytometry, and cell number was counted with and without 48 hr stimulation.

(F) pHe and pH; values, as well as histone acetylation, of resting and activated T
presented as mean = SD. See also Figure $6.

excretion, we examined the rates of lactate excretion at varying
pHe. We found that, as pH. was decreased, the rate of lactate
excretion was drastically reduced in both Hela and 231 cells
(Figures 7D and S6C, lower left panel) and became even slower
than that of acetate excretion at lower values of pH. in
G-deprived 231 cells (Figure S6C, lower right panel). It is impor-
tant to note that MCT inhibition under G-deprived conditions still
resulted in decreased pH; (Figures 7D, right panel and S6C, top
right panel). It is interesting that MCT inhibition by CNCn did not
affect pH-induced histone hypoacetylation, indicating that
histone deacetylation is not dependent on acetate excretion
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interleukin-2 treatmenit for 48 hr. EdU incorporation was determined by flow

cells after 48 hr. Note that pH; changes independently of pH,.. All data (A-F) are

(Figure S6D). Taken together, these results indicate that
decreasing acetate release from histones by HDAC inhibition
or efflux from the cell by MCT inhibition results in lower pH;.

Rapid Cell Proliferation Is Associated with Increased pH;
and Histone Hyperacetylation

Although our pH experiments were all done at pH,, values thatare
known to occur in certain cancer tissue (Zhang et al., 2010), we
wished to investigate a system in which pH; changes indepen-
dently of pH.. Considering that rapidly dividing cells have higher
pH; than nondividing cells (Reshkin et al., 2000), our data predict
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that changes in proliferation are associated with changes in
histone acetylation. To test this prediction, we used an in vitro
system that mimics the physiclogical stimulation of T cells to
proliferate by antigen-presenting cells (Trickett and Kwan,
2003). Stimulation of proliferation of normal, primary peripheral
blood T cells—as evidenced by the incorporation of 5-ethynyl-
2'-deoxyuridine (EdU)— led to an increase in overall cell number
after 48 hr (Figure 7 E). In agreement with previous reports (Bental
and Deutsch, 1994), the activation of T cells was associated with
an increase in pH; independent of changes in pH,. As predicted,
increased pH; was associated with an increase in global histone
acetylation (Figure 7F). These data indicate that in physiclogical
conditions in which pH; is affected independently of pHe, global
histone acetylation levels change correspondingly.

DISCUSSION

Cells have developed multiple mechanisms to maintain and
regulate pH; in response to changes in pH, or increased acid
production within the cell (Casey et al., 2010; Parks et al.,
2011). These mechanisms include Na*/H™ and Cl /bicarbonate
exchangers, H* pump ATPases, and bidirectional transport of
organic acids by H*-coupled MCTs (Cardone et al., 2005; Wahl
et al., 2002). Notably, the MCTs contribute to pH; regulation
particularly at low pHe values (Cardone et al., 2005) in tissues
such as muscle during exercise (Messonnier et al., 2007) and
in certain cancer cells (Wahl et al., 2002). Our data now reveal
that the dynamic acetylation and deacetylation of histones
together with flux of acetate anions and protons in and out of
the cell through the MCTs provides an additional mechanism
for cells to modulate their pH;. Deacetylation of histones releases
acetic acid from chromatin. Owing to its pKa of 4.74, acetic acid
immediately releases a proton that is readily accepted by the
s-amino group (pKa 10.5) of the deprotonated lysine within phys-
iologically relevant pH range. The impermeability of the acetate
anion to the plasma membrane necessitates a transporter for
the movement of acetate in and out of the cell. This need is
met in part by the proton-coupled MCTs, imparting chromatin
with the capability to serve as a buffer of pHi. Whether the
acetate molecules serve additional functions once excreted
from the cell remains to be determined.

The mechanismis) by which pH affects global histone acetyla-
tion levels remains to be determined, but our data suggest that
HAT activity is not compromised and that the activity of HDACs
is required. It is possible that, at low pH; levels, the balance of
histone acetylation and deacetylation is shifted toward the latter,
resulting in continual generation of free acetate anions for H*
transport by MCTs. This would result in the appearance of
globally hypoacstylated histones but increased production of
acetate anions due to continued activity of HATs (see Graphical
Abstract). Different sites of histone acetylation may also respond
differently to changes in pH. We consistently observed more
reduction in global levels of histone H4 than H3K18ac, suggest-
ing that some fraction of H3K18ac may be protected against or
unresponsive to pH alterations.

At a molecular level, global hypoacetylation of H4K16 at
low pH is associated with elimination of 82% of peaks that are
normally present at high pH and with decreased intensity of

the remaining 18% of the peaks. Conversely, novel peaks of
H4K16ac are established at low pH, covering less than half as
many regions of the genome as in a high pH condition. It is inter-
esting that many more peaks of H4K16ac are associated with
promoter regions at high pH compared to low pH. Despite the
widespread decrease and redistribution of H4K16ac, there was
essentially no correlation with the gene expression changes
that occurred at low pH in the same time frame. It is possible
that redistribution of H4K16ac precedes corresponding changes
in gene expression that may occur at a later time point or that
other sites of histone acetylation correlate better with transcrip-
tional changes. Nonetheless, our data suggest that rapid
changes in gene expression are decoupled from hypoacetylation
and redistribution of H4K16ac in response to low pH.

Participation of histone acetylation in pH regulation is consis-
tent with the long-standing phenomenon that acetyl groups
of histones have a rapid turnover rate, on the order of a few
minutes (Waterborg, 2002). Such rapid turnover would be
required for cells to respond swiftly to pH fluctuations. Our
data may also be of particular relevance to cancers with low
levels of histone acetylation that display a poor clinical outcome
{(Manuyakorn et al., 2010; Seligson et al., 2009; Suzuki et al.,
2009). Cancer tissues displaying low levels of histone acetylation
may have enhanced acetate and proton efflux, thereby contrib-
uting to an alkaline pH; and an acidic pHe. Tumor microenviron-
ments are commonly found to be acidic, and some with pH
values below 6.5 have been reported {(Zhang et al., 2010). In
addition, tumors with an alkaline pH; and/or acidic microenviron-
ment exhibit more aggressive phenotypes (Harguindey et al.,
2005; Lora-Michiels et al., 2006; Moellering et al., 2008; Perona
and Serrano, 1988; Reshkin et al., 2000; Rofstad et al., 2006).
Our data also suggest that the use of HDAC inhibitors as thera-
peutic agents in cancer treatment should also be considered
from the additional perspective that HDAC inhibition may
disrupt the pH-buffering capacity of cells. Indeed, HDAC
inhibitors other than those used in this study also lower pH;
(Chung et al., 2008), suggesting an alternative mechanism of
action for this class of drugs. Altogether, our findings uncover
chromatin as an essential component of an alternative pH; regu-
latory system involving histone acetylation and deacetylation
and MCTs.

EXPERIMENTAL PROCEDURES

Cell Culture

Hela, 231, and IMR90 cells were maintained in DMEM supplemented with G,
Q, P, sodium bicarbonate, antibiotics, and 5% dialyzed fetal bovine serum
(FBS). Experiments were performed in the absence of serum, unless otherwise
noted. H1 cells were maintained in mTeSR1 medium (STEMCELL Technolo-
gies #05850) on Matrigel. T cells were purchased from AllCells (PBO0D9-1F)
and were maintained in RPMI-1640 (ATCGC #30-2001) with 10% FBS (Hyclone
#8V3001403) that was heat inactivated by treatment at 56°C for 1 hr.

WB Analysis

WBs were performed using the LI-COR Odyssey system. Blots were per-
formed on acid-extracted histones from isolated nuclei or on whole-cell
lysates in the case of tubulin, cytoplasmic histones, and MCT1. A representa-
tive blot of three or more independent biclogical replicates is shown. Statistical
analysis was performed in cases where at least seven replicate data points
were obtained.
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Immunofluorescence

Cells were plated en chambered slides (Fisher #12-565-110N) in centrol
medium and then freated for 16 hr at the indicated pH. Cells were fixed in
methancl and stained with the indicated antibodies at 1:200 dilutions in
PBS-Tween with 5% bovine serum albumin. Alexa Fluor 488 goat anti-rabbit
secondary antibody was used at 1:1,000 dilution. Images were taken using
an inverted fluorescent microscope and processed using Slidebook.

Measurements of ac-CoA

Cells grown on 10 om dishes were treated for 4 hr in DMEM at pH 7.4 or 6.5.
The plates containing cells were then directly submerged in liquid nitrogen
and shipped on dry ice to the University of Michigan Metabolomics Resource
Core for mass spectrometry measurements {Lorenz et al., 2011).

ChlIP-Seq and mRNA-Seq
Cells were cultured for 4 hr at the indicated pH in complete DMEM. DNA
and RNA were subjected to standard ChiP-seq and mRNA-seq as previously
described (Ferrari et al,, 2012). Briefly, sequenced reads were aligned to
the human genome (Hg19), and only those that maiched a unigue location
with up to two sequence mismatches were retained. To define peaks of enrich-
ment, we segmented the human genome inte 25 bp windows and compared
the ChIP and normalized input DNA read counts in each window. Using the
Poeisson distribution, we calculated p values for the enrichment of ChIP reads
in each window. A cutoff p value <10 * was used to maintain a false discovery
rate <1%. Significant peaks were defined as those with a p value <10 “ and
with significant windows at the same p value in the two neighboring windows.
Total RNA was extracted from cells using QIAGEN RNeasy Mini kit and
treated with Ambion's Turbe DNase. Twe micrograms of total RNA was
used to start the library preparation according to the manufacturer’s instruc-
tions (llumina TruSeq RNA Sample Preparation Kit). Libraries were sequenced
using lllumina HiSeqg system to cobtain 50 bp-long reads. Alignment of
mRNA-seq reads to Human genome (Hg19) was performed using default
parameters of Tophat (Trapnell et al., 2009). SAMMate software (Xu et al.,
2011) was used to determine the transcript RPKM (reads per kilobase of
exon per millicn of reads).

Acetate and Lactate Excretion Assays

Cells grown in 10 cm dishes were incubated in 5 ml of medium at the indicated
pH, for 30 min. Acetate was measured using the K-ACET kit, and lactate was
measured using the K-LATE kit (Megazyme) according to manufacturer’s
instructions. We confirmed the compatibility of all reagents used in experi-
ments with this kit using the provided standards. Nete that an unknown
compound in Hela cell culture medium interfered with the reactions of the
K-AGET kit, precluding direct acetate measurement.

pH; Measurements

Adherent cells were grown on 35 mM poly-lysine-coated glass bottom dishes
in the presence or absence of pharmacological inhibitors or siRNA. Cells were
loaded with 5 nmel/ml of the pH-sensitive dye BCECF-AM in EBSS for 25 min.
We then determined pH; by obtaining the ratio of emission at 535 nm
wavelength for excitation wavelengths of 485 nm and 440 nm. The pH; of non-
adherent T cells was obtained by flow cytometry. Cells were resuspended
in Earle’s balanced salt solution (EBSS) and leaded with 5 nmol/ml of the
pH-sensitive dye SNARF-1 for 30 min. The pH; was determined by obtaining
the ratio of emissicn wavelength of 580 and 640 nm for excitation wavelength
of 488 nm. Ratios were converted te pH using in situ calibration curves as
described elsewhere (Nehrke, 2008).

T Cell Stimulation
T cells were stimulated to proliferate using recombinant human IL-2 (Invitrogen
#CTP0O021) and CD3/CD28-coated Dynabeads (Invitrogen #111.31D) accord-
ing to manufacturer’s instructions. 5-ethynyl-2’-deoxyuridine (Invitrogen
#C35002) incorporation was assessed by flow cytometry according to manu-
facturer’s instructions.

Additional details are available
Procedures.

in the Supplemental Experimental
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Figure S1, Related to Figure 1. Minimal Levels of Glucose, Glutamine or Pyruvate
Maintain Global Levels of Histone Acetylation Independently of Vitamins and Salts. (A)
Western blots (WBs) of histone acetylation in 231 cells cultured for 16 hrs in DMEM salts and
vitamins with the indicated ac-CoA sources at concentrations found in standard DMEM. The bar
graph shows average values + standard deviation from ten independent experiments and p values
derived from the Student’s t-test. (B) WBs of tubulin and histone H4 acetylation from 231 cells
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under conditions of glucose (G), glutamine (Q) and pyruvate (P) deprivation. (C) WBs of
histone acetylation from 231 cells cultured at the indicated concentrations of G or Q in DMEM
salts and vitamins. (D) WBs showing the effects of varying vitamins concentration on histone
acetylation with the indicated ac-CoA source. (E) WBs showing the effects of varying
concentrations of Ca*" and phosphate on histone acetylation in 231 cells. Lane 1 in each panel —
except for panel D — is the reference condition, the values of which are set to 1. In panel D, the

reference condition is lane 3.
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Figure 82, Related to Figure 2. Global Levels of Histone Acetylation Change in Response
to pH Alterations. (A) Measurements of pH; {mean + standard deviation) as a function of pH,
and effects on histone acetylation in 231 cells cultured at the indicated pH. for 16 hrs in complete
DMEM. The reference condition is set to 25 mM bicarbonate (lane 2), as this approximates the
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normal physiological concentration. The bar graph shows average values + standard deviation
from ten independent experiments and p values derived from the Student’s t-test. (B) Western
blot (WB) analysis of H4K5ac in 231 cells in the indicated histone fractions and pH. (C) WBs
of acetylation in H1 human embryonic stem cells cultured for 3 hrs in m-TESR medium at the
indicated pHe, or IMR90 normal primary lung fibroblasts treated for 16 hrs in complete DMEM
at the indicated pH. or budding yeast (YDS2) grown for 4 hrs in YPD at the indicated pH.
Histone H3 was used as loading control for the yeast experiments. Note that pH has little effect
on histone acetylation in the strain with Rpd3 and Hdal deleted. (D) WBs of histone acetylation
m 231 cells cultured in media buffered with HEPES. The bar graph shows average values +
standard deviation from twenty one independent experiments and p values derived from the
Student’s t-test. (E) Ac-CoA measurements (mean + standard deviation) of 231 cells treated for
4 hrs at the indicated pHe. (F) WBs of histone acetylation in 231 cells that were treated with or
without 5 mM sodium butyrate, 500 nM TSA or 2 mM nicotinamide (NAM) for 6 hrs in
complete DMEM at pH, 7.4 followed by incubation at the indicated pH, for 4 hrs. (G) WBs of
tubulin and histone H4 acetylation in 231 cells treated for 16 hrs at the indicated pH values.
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Figure 83, Related to Figure 3. Changes in Histone Acetylation Levels in Response to pH

Do Not Require Specific Carbon Sources or Salts. Western blots of histone acetylation in 231
cells cultured for 16 hrs in DMEM salts at pH, 7.0 or 6.3 (A) including the indicated carbon
source or lacking (B Na’, (C) Cl', and (D-E) Ca*" and phosphate. In panel D, cells were starved
of Ca’* and phosphate for 3 days prior to pH, treatment, while in panel E, ca’* and phosphate

were removed from the culture medium at the time of pH. treatment.
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Figure S4, Related to Figure S. Nutrient Availability and pH Alter Acetylation Dynamics
Differently in 231 Cells. Western blots of histone acetylation in 231 cells cultured in DMEM
salts (A) for the indicated amount of time and pH, in the presence (+) and absence (-) of GQP
and (B) at pH. 7.4 with GQP (control), pH. 7.4 without GQP (for GQP recovery) or pHe 6.5 with
GQP (for pH recovery) for 16 hrs followed by treatment for the indicated amount of time in
medium at pH, 7.4 with GQP. Membrane images were cropped in order to place them below the

graph at the corresponding time points.
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Figure S5, Related to Figure 6. Loss and Recovery of Acetylation by pH Treatment is
Rapid. Western blots of histone acetylation from Hela or 231 cells cultured in DMEM (A) for
the indicated time and pH, or (B) for 16 hrs in DMEM at pH 7.4 (control) or 6.5 (recovery)
followed by treatment at pH 7.4 for the indicated amount of time. Note that the recovery of

acetylation begins within 5 min.
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Figure 86, Related to Figure 7. Global Histone Acetylation and Deacetylation is Linked to
pHi. pH; of 231 cells treated in standard DMEM overnight with (A) the indicated concentration
of TSA (left panel);, or 250 nM TSA, 50 pM ITSA-1 or both (right panel); or (B) 2 nM
nicotinamide (NAM). (C) pH; of 231 cells in which MCT function was inhibited by treatment
for 1 hr with 10 mM CNCn in DMEM with (top left panel) and without (top right panel) glucose
along with rates of acetate and lactate excretion (bottom panels) under identical conditions. Note
that in absence of glucose, acetate excretion at high pH is reduced to minimal levels. In contrast,
rate of acetate excretion at low pH is not dependent on the presence of glucose. (D) Western
blots of histone acetylation from 231 cells treated for 4 hrs in DMEM at pH 7.4 with 10 mM
CNChn followed by treatment with 10 mM CNChn at the indicated pH. for an additional 2 hrs.

Data in A-C is presented as mean + standard deviation.
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Table S1, Related to Figure 4. Gene Ontology Analysis of Gene Expression Changes in HelLa

Cells in Response to pH.

Gene Ontology Terms Benjamini p value
Up-regulated > 2-fold at low pH
Histone core 3.21E-07
Basic-leucine zipper (bZIP) transcription factor 5.78E-03
MAPK signaling pathway 1.63E-04
Regulation of transcription from RNA polymerase II promoter 2.77E-04
Positive regulation of nitrogen compound metabolic process 3.72E-04
Positive regulation of cellular biosynthetic process 8.12E-04
Response to endogenous stimulus 7.19E-03
Down-regulated >2-fold at low pH
Plasma membrane 2.92E-06
Glycoprotein 1.75E-05
Extracellular matrix 8.22E-04
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Supplemental Experimental Procedures

Cell culture

Hela, MDA-MB-231 and IMR90 cells were generally cultured in DMEM without
glucose, glutamine, phenol red, sodium pyruvate and sodium bicarbonate (Sigma #D35030) to
which was added 1 g/I. glucose, 2 mM glutamine, 1 mM sodium pyruvate 26 mM sodium
bicarbonate and 1X antibiotic/antimycotic (Gibco #15240). Medium pH was adjusted to 7.2 by
the addition of HCl before being filter sterilized. Dialyzed fetal bovine serum (FBS)
(Gibco#26400) was re-dialyzed against 150 mM NacCl using 10,000 molecular weight cutoff
dialysis tubing (Spectrumlabs#08670252) to remove trace nutrients (Wice et al., 1981).
Dialysis was performed at 4°C for 2 hrs for a total of 3 times in 6 L dialysate each time.
Redialyzed serum was added to media at a concentration of 5%. The use of dialyzed serum

significantly improved the reproducibility of data.

Media preparation

Custom media were prepared where appropriate as indicated in the main text. DMEM
consists of salts, vitamins, amino acids, glucose, glutamine, pyruvate and bicarbonate. For
experiments in DMEM salts, we followed the recipe from Sigma (#E7510) with the exception
that glucose and phenol red were omitted. Experiments in which sodium was omitted were done
using the same salt recipe but substituting an equimolar mixture of lithium chloride and
potassium chloride for sodium chloride, HEPES for sodium bicarbonate, and potassium
phosphate for sodium phosphate. Experiments in which chloride was omitted were done by
substituting sodium nitrate for sodium chloride, potassium nitrate for potassium chloride, and
calcium nitrate for calcium chloride. Experiments in which calcium and phosphate were omitted
were done by simply excluding them from the salt formulation since they contribute very little to
the overall tonicity of the medium. For experiments in DMEM salts and vitamins, we added
vitamins purchased from Sigma (#M6893) to our DMEM salts solution. For experiments in
complete DMEM we used Sigma powder DMEM (#D5030) which was prepared as described

above. The pH of the media was varied by altering the buffering component of the media.
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Adding different amounts of bicarbonate resulted in the pH as shown in figures 2A and S2A
when incubated at 37°C and 5% CQ,. Media pH was also adjusted by adding varying amounts
of HEPES and then adjusting the pH to 7.2 by the addition of acid or base. This resulted in the
pH as shown in figures 2D and S2D when incubated at 37°C and 5% CO,. All pH,
measurements were taken by bubbling 5% CO; into the media for 30 minutes (min) prior to
taking measurements using a standard pH meter. Media pH did not change more than 0.2 units
during any of the experiments performed. For H1 hESCs, the pH of media was varied by adding
adequate acid while bubbling 5% CO,. The pH of yeast growth media (YPD) was adjusted by

addition of acid or base.

Western blotting

Western blots were performed on acid-extracted histones and on whole cell lysates and
results were quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences). This
system utilizes fluorescently-labeled secondary antibodies which allow for fluorescent intensity
values to be recorded upon excitation with a fluorescent scanner. These values are reported as
relative values below images of the fluorescently scanned membranes which were converted to
grayscale. Westerns using the histone antibodies were performed with 15% polyacrylamide gels
while those done on the whole cell lysates were run on 4-12% Bis-Tris gradient gels (Invitrogen
#NPO321BOX). In both cases, samples were prepared to sufficient volume to load all gels for
the experiment which were run in parallel. Transfer was done using the iBlot system with
Immobilon-FI. membrane (Millipore #IPFL0O0010) replacing the PVDF membrane provided
(Invitrogen #I1B4010-01). Primary antibodies used were H4ac (Millipore #07-352), H4K16ac
(Active Motif #39167), H3K18ac (Active Motif #39587), H4KSac (Millipore #07-327),
H3K4me2 (Abcam #32356), K3K9me2 (Millipore #07-441), H3K27me3 (Millipore #07-449),
H3K36me2 (Millipore #07-274), H3 (Abcam #1791), tubulin (BD Biosciences #556321), acetyl-
tubulin (Sigma #T6793), MCT1 (Sigma #HPA003324); H4K12ac was kindly provided by
Michael Grunstein.

Acid extracted histones were prepared from a 10-cm plate of cells at roughly 70%

density. All reagents used were chilled to 4°C and spins were done using a chilled microfuge
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maintained at 4°C. Briefly, nuclei were collected following hypotonic lysis of cells and then
acid-extracted with HySQ4. The proteins in the extraction were collected by TCA precipitation
and dissolved in 100 ul of 95°C H,0. Protein concentration was estimated with the BCA assay
(Thermo Scientific #23225) using the manufacturer’s protocol. The histone solution was then
diluted in an equal volume of 2X SDS protein buffer (SPB) and boiled for 5 min. Histone
protein concentration was then normalized between samples by using the Odyssey system to
quantify the four histone bands on SimplyBlue (Invitrogen #1.C6060) stained gels loaded with 1
pg of protein (as determined by BCA). The loading amount was then adjusted to ensure even
loading of histones. This method of loading normalization consistently resulted in an even
loading of histone proteins much better than using various antibodies recognizing total histone
H3 or H4. Even loading of histone proteins was a critical factor in accurately assessing levels of

modification.

Whole cell lysates were prepared from a 10-cm plate by washing the cells with PBS and
then adding 750 pl of 1X SPB. Samples were then boiled and concentration was approximated
between samples by comparison of SimplyBlue stained gels using the Odyssey system. Histone
bands as well as several other prominent bands were quantified and used to adjust the loading
amounts for subsequent westerns. Preparation of yeast histones by TCA-precipitation was
performed as described previously (Peng et al., 2008) and loading between samples was

normalized using results from immunoblots against total H3.

*H-Acetate excretion assay

Culture medium pH is typically established by the concentration of bicarbonate in the
medium and the level of CO; in the atmosphere. Cells in culture are usually grown in medium
containing 26 mM bicarb in a 37°C incubator at 5% CO, which results in a medium pH of
around 7.4. In this particular assay, cells were taken in and out of a 37°C incubator frequently
during the course of the experiment. This did not allow for a constant concentration of CO;;
therefore, the experiment was performed at 37°C at atmospheric CO; conditions. As such, in
order to obtain media of varying pH, we added the amount of bicarbonate that would have

resulted in varying pH at 5% CQO2 as shown in figures 2A and S2A. We then adjusted the pH of
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the solution by the addition of acid or base to equal the pH that would have been attained at 5%
CO2 with the given amount of bicarbonate. Medium at pH 7.4 contained 25 mM bicarbonate,
pH 6.8 had 7 mM bicarbonate, pH 6.4 had 3 mM bicarbonate and pH 5.9 had 1 mM bicarbonate.

To start the experiment, 2x10° cells were plated per well of a 6-well plate in DMEM (pH
7.4) with 10% FBS. 48hrs later cells were labeled for 1 hour (hr) in 3 ml DMEM (pH 7.4) with
66 nCi/ml of H-acetate (Moravek #634). Following the label, a 30 minute chase was performed
m 3 ml DMEM (pH 7.4). Chase medium was then removed for counting purposes and 1 ml of
DMEM (pH 7.4) was incubated for 10 min to assess the rate of label extrusion prior to changes
i media pH. (This rate is indicated in graphs as time point 0.) Beginning at time point 0, cells
were incubated in 1 ml media of varying pH for different time intervals. At each time point, 800
pl of media from each well was collected for counting purposes, the residual media was
discarded and 1 ml fresh media was added. The appearance of label was monitored at each time
point for each medium pH by a liquid scintillation counter. Counts were normalized between

experiments using time point 0 to correct for differences between labeling efficiency.

For experiments with a-cyano-4-hydroxycinnamate (CNCn; Sigma #595667), the reagent
was dissolved in DMSO as a 500 mM stock and added to media at a final concentration of 10
mM (Wahl et al., 2002). Control media were prepared by diluting DMSO into medium at a ratio
of 1:50. The pH of CNCn and DMSO control media was adjusted after CNCn or DMSO
addition and was then used during the chase and all subsequent steps. Experiments with TSA
were performed by diluting a 5 mM TSA in DMSO solution (Sigma #T11952) to a final
concentration of 300 nM. Control media were prepared by diluting DMSO into medium at a
ratio of 1:10,000. Cells were incubated in TSA (or DMSO control) media for 24 hrs prior to
labeling. All subsequent steps were done using TSA or DMSO control media.

Intracellular pH measurement
Adherent cells were grown on 35-mm poly lysine coated glass bottom culture dishes

(MatTek, Ashland, MA) to 40% confluency in DMEM plus 10% FBS and 1% Anti-Anti (Gibco
#15240). All pH; measurement solutions were bubbled with 5% CO; and contained the
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appropriate amount of bicarbonate to obtain the desired pH according to the Henderson-
Hasselbach equation. Cells were washed with Earle’s balanced salt solution (EBSS) and then
loaded with 35 nmol/ml of the pH-sensitive dye 2',7'-bis(2-carboxyethyl)-3-(and-
6)carboxyfluorescein, acetoxymethylester (BCECF-AM; Molecular Probes #B1170) in EBSS for
25 min in the 37°C incubator with 5% CO,. pH; was measured immediately after loading by
obtaining measures of fluorescent intensity at an emission wavelength of 335 nm, with
alternating excitation wavelengths of 495 and 440. Images were obtained with an Axiovert
200M Zeiss florescent microscope equipped with a Chroma BCECEF filter set (Chroma #71001a)
and a high-resolution video camera (Axio CAM MRm, Zeiss, Germany). Ratio between 495/440
channels was calculated for a field of cells by AxioVision 4.8 and Slidebook 4.2 after subtracting
background in each channel. During the experiment, cells were superfused with 37°C EBSS at
with a chamber insert diamond medium bath (Warner Instruments, Hamden, CT) at a rate of 1

ml/min while pH was monitored continuously.

pHi of non-adherent T-cells was measured using a four-lager digital BD LSRII flow
cytometer as described previously with some modifications (Chow and Hedley, 2001). Cells
were resuspended in loading solution (EBSS with 26 mM bicarbonate and 20 mM HEPES with
the pH adjusted to 7.4 by the addition of sodium hydroxide) and loaded with 5 nmol/ml of 5-
(and-6)-Carboxy SNARF®-1, Acetoxymethyl Ester, Acetate (SNARF-1; Molecular Probes
#C1272) for 30 min at 37°C and 5% CO,. After loading, cells were resuspended in loading
solution or high potassium calibration solutions at various pH containing 10 pM nigericin. After
20 min of incubation at atmospheric conditions cells were loaded in the flow cytometer and
fluorescent intensities were collected at emission wavelengths of 580 nm and 640 nm for an
excitation wavelength of 488 nm using linear amplification. Fluorescent ratios of 640/580 nm

were used for determination of pH;. Data were analyzed using Flow Jo software.
Ratios from both types of experiments were converted to pH by in situ calibration for

each set of experiments using nigericin and high potassium isotonic solution as described

previously (Nehrke, 2006).
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Chapter 5

Reorganization of the host epigenome

by a viral oncogene

This chapter was originally published in Genome Research. 2012 Jul;22(7):1212-21.
with supplemental material. This chapter describes changes in epigenetic landscape of
primary human lung fibroblast cells after infection with Adenovirus dI1500. Adenovirus
dI1500 forces expression of small ela oncoprotein in primary cells. As previous shown
by Ferrari etl al and Horwitz et al. (Ferrari, Pellegrini et al. 2008; Horwitz, Zhang et al.
2008), small ela causes drastic reduction in global H3K18ac levels. Using ChiIP-seq
method, changes in global distribution of H3K18ac was revealed. Drastic reduction of
H3K18ac was observed in the intergenic region and new peaks of H3K18ac were
gained at Rb-E2F binding site at promoter of cell cycle genes. This study provided the
first genome-wide observation of viral oncogene induced global redistribution of
H3K18ac and H3K9ac in relationship to guardians of G1/S transition, Rb family of

proteins, in normal contact-inhibited cells.
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Adenovirus small ela oncoprotein causes ~70% reduction in cellular levels of histone H3 lysine 18 acetylation (H3K18ac).
It is unclear, however, where this dramatic reduction occurs genome-wide. ChIP-sequencing revealed that by 24 h after
expression, ela erases 95% of H3K18ac peaks in normal, contact-inhibited fibroblasts and replaces them with one-third as
many at new genomic locations. The H3KI8ac peaks at promoters and intergenic regions of genes with fibroblast-related
functions are eliminated after infection, and new H3KI8ac peaks are established at promoters of highly induced genes that
regulate cell cycling and at new putative enhancers. Strikingly, the regions bound by the retinoblastoma family of
proteins in contact-inhibited fibroblasts gain new peaks of H3K18ac in the ela-expressing cells, including 55% of RBI-
bound lodi. In contrast, over half of H3K?ac peaks are similarly distributed before and after infection, independently of
RBI. The strategic redistribution of H3K18ac by ela highlights the importance of this modification for transcriptional
activation and cellular transformation as well as functional differences between the RB-family member proteins.

[Supplemental material is available for this article.]

Adenovirus 5 (AdS5), a DNA tumor virus, encodes a highly con-
served 243-amino acid protein named small E1A protein (ela) that
drives quiescent mammalian cells into S-phase by overcoming
cellular processes that normally inhibit inappropriate cell cycling
(Berk 2005). The ability of ela to transform cells depends on its
interactions with several host cell proteins, particularly the reti-
noblastoma (RB)-family proteins (RB1, RBL1 [p107] and RBL2
[p130]) and the closely related EP300 and CREBBP lysine acetyl-
transferases (KATs) (Sherr and McCormick 2002; Berk 2005; Ferrari
etal. 2008; Horwitz et al. 2008). We showed previously thatduring
the initial 24 h of infection, ela associates with a large fraction of
human gene promoters in a temporally ordered manner, resulting
in redistribution of host transcription cofactors such as RB1 and
EP300 and reprogramming of gene expression for cell replication
(Ferrari et al. 2008). The interaction of ela with EP300/CREBBP
KATs (Horwitz et al. 2008), the major enzymes responsible for
H3K18ac in vivo, causes ~70% reduction in total cellular levels of
H3K18ac but not of several other histone modifications (Horwitz
et al. 2008; Jin et al. 2011). The dynamic binding of ela to the
genome was accompanied by relative reduction of H3K18ac at
most gene promoters but increased levels at promoters of genes
involved in cell cycling and DNA replication (Ferrari et al. 2008).
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t.ucla.edu

The previous data were obtained using chromatin immunopre-
cipitation combined with DNA microarrays (ChIP-chip) that
contained probes covering primarily gene promoters. Since
promoter regions represent a small fraction of the genome, the
ChlIP-chip experiments did not provide a molecular explanation
for the global decrease in the levels of H3K18ac or how it differs
from H3K9ac, another histone acetylation site that is also asso-
ciated with gene expression.

In this study, we used ChIP coupled with massive parallel
sequencing (ChIP-seq) (Johnson et al. 2007) to determine the ge-
nome-wide distributions of H3K18ac and H3K9ac in human pri-
mary lung fibroblasts (IMR90) before and after infection with the
AdS mutant dI1500 which expresses ela with little or no expres-
sion of other viral genes (Montell etal. 1982). We found that 95.4%
of peaks of H3K18ac that exist prior to expression of ela were
deacetylated by 24 h after infection, essentially erasing the not-
mal pattern of H3K18ac. New peaks of H3K18ac are established
primarily at the promoter regions of highly induced genes that
function in cell replication. Approximately 25% of these new
peaks are found in regions that were bound by RB1 and to some
extent by RBL2 and RBL1 prior to ela expression. Altogether, the
ela-expressing cells have 33% as many peaks of H3K18ac as in
uninfected cells, accounting for the global decrease in H3K18ac. In
contrast, the total number of peaks of H3K9ac increased by 28.2%
after infection. Interestingly, we also found distinct peaks of nu-
cleosomes acetylated on H3K9 and H3K18 associated with the viral
genome.
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Results

General experimental approach

IMR90 fibroblasts were grown to confluence and cultured an ad-
diticnal day before they were either mock-infected or infected with
d11500. Twenty-four h post-infection (p.i.), cells were harvested for
mRNA-seq and ChlIP-seq analyses. For all ChIP-seq experiments,
the input DNA was also sequenced. Sequenced reads were aligned
to the human genome (Hgl9), and only these that matched a
unique location with up to two sequence mismatches were retained
(Supplemental Table S1). To define peaks of enrichment, we seg-
mented the human genome into 100-bp windows and compared the
ChlP and nermalized input DNA read counts in each window. Using
the Poisson distribution, we calculated P-values (P-val) for the en-
richment of ChIP reads in each window. A cut-off P-val was de-
termined for each experiment to maintain a false discovery rate
(FDR) = 1.5%. For histone acetylation and RB-family ChIPs, signifi-
cant windows were defined as those with a P-val < 1072 and P-val <
10~* respectively, and with significant peaks at the same P-vals in
the two neighboring windows (see Supplemental Methods). To de-

tect H3K18ac, we raised a polyclonal antibody (814) that showed
specificity, not only in ELISA and peptide dot blots but also in ChIP
expetiments, with yeast strains harboring mutations in histone
H3 lysines (Suka et al. 2001; Supplemental Fig. S1A B). As expected,
cells expressing ela showed a significant decrease in global H3K18ac
levels when using the 814 antbody (Supplemental Fig. S1C). All
analyses of H3K18ac enrichment were done in parallel with H3K9ac,
since this mark is also associated with transcriptional activation, but
a global change in its level in response to ela expression was not
abserved (Horwitz et al. 2008; Supplemental Fig. S2A).

ChIP-seq reveals genome-wide hypoacetylation of H3KI8
caused by adenovirus ela

To determine how the distributions of H3K18ac and H3K9ac were
affected by ela expression, we performed ChlIP-seq from mock-
and d11500-infected cells 24 h p.i. We found 16,660 peaks of
H3K18ac in mock- and 5500 in @1500-infected cells, with only
772 peaks shared between the two conditions, indicating that
95.4% of the H3K18ac peaks in mock-infected cells were absent in
the infected cells (Fig. 1A). In the ela-expressing cells, the total
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Figure 1. Small ela causes global deacetylation and redistribution of H3K18ac. (4) Venn diagram showing the overlap between significant peaks of H3K18ac

inmock- (dark blue) and df1500-infected cells (light blue). (B) Venn diagram showing the overlap between significant peaks of H3K9ac in mock- (dark orange)
and dil 500-infected cells (yellow). (C) Patterns of H3K18ac and H3K%ac in the intergenic region between COPSE and COLEA3 genes in mock-, di 500-infected,
and asynchironous IMR0 cells. (D) Quantitative PCR (% of input) for EP300 and CREBBP in rhock- and dil 500-infected cellsfor the COL6A3 intergenic region, and
CCNEZ and POLD3 promoters are shown as bar plots. Patterns of H3K18ac in mock- and dfl 500-infected cells at CCNE2 and POLD 3 loci are also shown. For each
histone modification, the y-axis inclicates the nurmber of input-normalized ChiP-seq reads across the locus (x-axis). (Light blue arrows) New peaks of acetylationin
ela-expressing cells. (Dark arrows) Direction of transcription. (£, F) Overview of distribution of H3K18ac and H3K%ac peaks in mock- and df1 500-infected cells in
relation to gene structure are shown as pie charts. (G) Distribution of significant peaks of H3K18ac with respect to TSS in mock- (dark blue) and difl 500-infected
(light blue) cells. (H) Distribution of significant peaks of H3K9ac with respect to TSS in mock- (dark orange) and dfl 500-infected (yellow) cells.
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number of H3K18ac peaks was reduced to 33% of the number in
mock-infected cells. The number of H3K9ac peaks in infected cells
increased by 28.2% compared to the number in mock-infected
cells, with 53% of the peaks in mock-infected cells also present in
the dl1500-infected cells (Fig. 1B). When we compared the peak
coverage area (i.e., number of kb covered by all peaks) for H3K18ac
and H3K9%ac, we found 76.6% lower coverage by H3K18ac but
12% more coverage by H3K9ac in the infected cells (Supplemental
Table S1). Thus, the ChIP-seq of H3K18ac in dl1500- versus
mock-infected cells recapitulated the observed loss of H3K18ac
observed by immunofluorescence, Western blotting, and protein
mass spectrometry (Horwitz et al. 2008). H3K18ac reduction by
ela is not simply due to cell cycling, since cellular levels of
H3K18acwere equivalentin areplicating asynchronous IMR90 cell
population (Supplemental Fig. S2A), which has ~35% of cells in
S-phase compared to mock-infected contact-inhibited IMR90 cells
with only 16% of cells in S-phase (Supplemental Fig. S2B).

Small ela drastically alters the genomic distribution of H3K18ac

The global decrease of H3K18ac associated with ela expression
(Fig. 1A) was particularly evident at intergenic regions (IR), defined
here as >3 kb upstream of the transcription start site (ISS) and >3 kb
downstream from the transcription termination site (TTS) of all
annotated genes. An example is the ~200-kb locus on chromo-
some 2 between the COPSS and COL6A3 genes where substantial
levels of H3K18ac in mock-infected cells were essentially erased
upon infection but maintained in asynchronously growing IMR90
cells (Fig. 1C; Supplemental Fig. $2C). The same IR retained similar
levels of H3K9ac in all three conditions (Fig. 1C). ChIP-qgPCR
showed that loss of H3K18ac in ela-expressing cells at the COPSS-
COL6A3 locus was accompanied by a decrease in EP300 and
CREBBP binding (Fig. 1D). Together with a substantial decrease in
H3K18ac, we also observed the establishment of new peaks
throughout the genome of ela-expressing cells. Figure 1D shows
two examples of cell cycle-regulated gene promoters, cyclin E2
(CCNE2) and DNA polymerase 3 subunit 3 (POLD3), that gained
H3K18ac in the infected cells. The gain of H3K18ac at these gene
promoters was also confirmed by qPCR of ChlPed DNA (Fig. 1D;
Supplemental Fig. $2D,E). ChIP-gPCR also revealed increased
binding of EP300 to CCNEZ2 and of EP300 and CREBBP to the
POLD3 promoters (Fig. 1D). Overall, we found that in mock-
infected cells, H3K18ac was preferentially found in IRs (34%) and
introns (54%), with only 12% of peaks at promoter regions
(spanning 3 kb upstream of and downstream from the TSS) (Fig.
1E). The ela-expressing cells showed a profoundly different dis-
tribution of H3K18ac, with IRs and promoter regions harboring
13% and 41% of the peaks, respectively (Fig. 1E). The H3K18ac
peak distribution in introns was decreased to some extent in the
infected compared to mock-infected cells (54% vs. 46%). The same
analysis for H3K9ac showed that the distributions of the peaks in
dl1500- vs. mock-infected cells were essentially unchanged (Fig.
1F). The redistribution of H3K18ac was also evident when we de-
termined the absolute distance of significant peaks relative to the
closest TSS. The majority of the H3K18ac peaks in mock-infected
cells were positioned between 50 and 500 kb away from TSSs, with
asmall fraction within 5 kb (Fig. 1G, dark blue bars). [n the df1500-
infected cells, however, the fraction of peaks mapping at regions
closest to the TSS (5 kb) increased significantly, and the number of
more distant peaks (50 to =500 kb) was decreased (Fig. 1G, light
blue bars). The overall distribution of H3K9ac relative to the
nearest TSS did not change substantially in the two conditions (Fig.

1H). We conclude that ela induces a global decrease and consid-
erable redistribution of H3K18ac by eliminating the majority of
peaks in normal cells and establishing new, mostly promoter
proximal peaks in the infected cells.

H3Ki8ac is increased at promoters of genes involved
in cell cycling

To further characterize the changes in H3K18ac at promoters, we
tiled the data from promoter regions of all genes from —5 to +5 kb
of TSS into 100-bp windows. All promoters were groupedinto three
clusters that best captured the trend of the data based on the levels
of H3K18ac in mock and infected cells using an unbiased cluster-
ing algorithm (k-means). The data are visualized as heat maps of
enrichment values (Z-scores) in Figure 2A. The levels of H3K9ac for
each promoter region are also shown. H3K18ac showed little cor-
relation between mock and infected fibroblasts, while the H3K9ac
pattern was more similar between the two conditions (Fig. 2A). The
infected cells had 1154 promoters with at least one peak of
H3K18ac (Fig. 2A, cluster 1), compared to 436 in mock cells (Fig.
2A, cluster 2). In contrast to H3K9ac, the peaks of H3K18ac in ei-
ther condition were restricted to cluster 1 and 2 genes, indicating
the specificity of H3K18ac distribution. The average change in
expression (ela-expressing vs. mock) of each cluster is shown in
Figure 2B (see Methods).

Cluster 1 genes showed little acetylation of H3K18 in mock-
infected cells but a significant increase just downstream from the
TSS in the infected cells, with little change in levels or distribution
of H3K%ac (Fig. 2A). Gene ontology (GO) analysis of this cluster
showed enrichment for genes involved in cell cycling, DNA rep-
lication, and ribosomes (Fig. 2E). Expression of this cluster was
significantly up-regulated in the ela-expressing cells (Z-score=6.8,
P < 0.0001), consistent with induction of S-phase and replication.
Cluster 2 genes were associated with fibroblast function (Fig. 2F),
which in mock-infected cells had high levels of H3K18ac both
upstream of and downstream from the TSS. Upon infection, cluster
2 genes were significantly deacetylated on H3K18 and H3K9 (Fig.
2A) and repressed (Z-scare = —20.6, P < 0.0001) (Fig. 2B). An ex-
ample from each of cluster 1 and 2 genes is shown in Figure 2C,D,
respectively. Cluster 3 promoters were enriched in membrane
protein coding genes (Fig. 2G), without significant changes in
acetylation (Fig. 2A), and showed marginal changes in gene ex-
pression (Z-score =2.1, P=0.011) (Fig. 2B). Taken together, our data
indicate thatela induces a general redistribution of H3K18ac from
cell type-specific gene promoters, which are repressed, to those
involved in cell growth and replication, which are induced.

The RB-family network in contact-inhibited IMR?Q cells

Since a major requirement for induction of cell cycling by elais to
overcome the RB1-mediated repression of cell cycle-regulated
genes (Ghosh and Harter 2003; Berk 20035; Ferrari et al. 2008), we
determined how the redistribution of H3K18ac induced by ela
relates to the binding of RB proteins before ela expression. We
performed ChlIP-seq of all three RB-family members in contact-
inhibited IMR90 cells. Our RB1 binding data in the contact-
inhibited fibrablasts were very similar to a previous report on RB1
binding in quiescent IMR9YO fibroblasts (Chicas et al. 2010; Sup-
plemental Fig. $3). We found 1979, 1983, and 2336 significant
peaks for RB1, RBL2, and RBL1, respectively (Fig. 3A). All three
members were found commonly at gene promoters, with RB1
having the highest fraction of peaks in IRs (Fig. 3A). The average
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Figure 2.

Redistribution of H3K18ac at genie promoters is associated with gene expression changes in the ela-expressing cells. (A) The distributions of

H3K18ac and H3K%ac across £5 kb from TSSs for all annotated transcripts in mock- and df1500-infected cells are shown as heat maps. Each row represents
one gene promoter. All promoters were grouped into three clusters based on k-means clustering of acetylation data. (B) Relative gene expression changes
of the three clusters after e1a expression at 24 h p.i. Note the scale. (C, D) Patterns of H3K18ac and H3K%ac at representative genes from cluster 1 (CDTT
locus) and cluster 2 (CCL2 locus). (Light blue arrows) New peaks of H3K18ac in ela-expressing cells. (Dark arrows) Direction of transcription. (£~G) GO
analyses of genes from promoter clusters 1, 2, and 3 are shown, respectively. Bars represent —logq, of the P-value for the selected GO terms.

binding of each protein for all its target gene promaoters, spanning
+3 kb of the closest TSSs, is shown in Figure 3B. Interestingly, while
the peak of RBL2 is centered at the TSS, the peaks of RBL1 and RB
binding are just upstream of and downstream from the TSS, re-
spectively. Motif analysis using Galaxy SeqPos showed a differen-
tial enrichment for transcription factors (TFs) binding signatures in
RB1 peaks compared to RBL2 and RBL1 (Fig. 3C). The RB1 target
promoters were predominantly associated with E2F transcription
factor motifs, whereas RBLZ and RBL1 target promoters contained
motifs for other transcription factors (Fig. 3C).

To determine whether the RB proteins have an overlapping
set of target genes, we generated a tiling profile of their binding
patterns across all promoters that had at least one of the RB-family
proteins bound (Fig. 3D; Supplemental Fig. S4). We found 3942
genes with at least one RB-family member bound within +5 kb of
the TS8S. These were grouped into seven clusters based on the
combinatorial patterns of binding. Clusters 1-4 were bound by
RB1, with clusters 1-3 bound by at least one of the RB1 paralogs.
Clusters 5-7 were enriched for RBL1 and RBL2, RBL2 alone, and
RBL1 alone, respectively (Fig. 3D; Supplemental Fig. S4). Notably,
each of these clusters showed distinct, albeit ovetlapping, gene

ontology enrichments (Supplemental Fig. §5), and their expression
levels were differentially affected by ela expression (Fig. 3E).
Cluster 1, which contains 45 genes with all three RB-family pro-
teins bound to their promoters, is highly enriched for DNA repli-
cation genes and was up-regulated by d/1500-infection maore than
any of the other clusters (Fig. 3E). Clusters 2-4, which are allbound
by RB1 alone or with one other RB paralog, were also up-regulated
after infection. However, clusters 5-7, which are RBL1 and RBL2
target genes, were less significantly induced as a group after in-
fection {Fig. 3E). Altogether, the binding patterns of the RB-family
proteins in uninfected cells are consistent with their known
functions in control of the cell cycle and DNA replication, but each
protein also has a unique set of target genes with differing ex-
pression changes in response to ela expression.

Small ela establishes new peaks of H3KI8ac at and around
regions bound by RBI in uninfected cells
Since ela removes the RB proteins from the promoters of cell cycle-

regulated genes (Nevins et al. 1997; Ghosh and Harter 2003; Berk
2005; Ferrari et al. 2008; Sha et al. 2010), we next asked whether
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changes in H3K18ac or H3K9ac at promoter regions following ela
expression are related to the binding of the RB-family proteins
prior to infection. We determined the significantly increased peaks
of H3K18ac or H3K9ac in dl1500- vs. mock-infected cells and cal-
culated the average change in the levels of acetylation in 100-bp
intervals relative to the TSS for each of the clusters in Figure 3D. We
found increased levels of H3K18ac in the promoter regions of
genes in clusters 1-4, which were all bound by RB1 (Fig. 44A).
Clusters 5-7 bound by RBL2 and RBL1 but without RB1 showed
little to no change in the levels of H3K18ac relative to the average
H3K18ac levels across the genome (i.e., the genome background)
(Fig. 4B). None of the clusters showed any significant change in
H3K9ac upen infection (Fig. 4C,D).

To explore the RB1 and H3K18ac relationship further, we
selected and centered all the peaks of RB1, RBL2, and RBL1
throughout the genome in mock-infected cells. We then plotted
the average levels of H3K18ac and H3K9ac in mock- and dl1500-
infected cells within +5 kb of each RB-family member peak center
(Fig. 5A-F). We also calculated the fraction of H3K18 and H3K9
acetylation peaks in uninfected and ela-expressing cells in the
same interval (Fig. 5G-L). The levels of H3K18ac in mock-infected
fibroblasts at RB1-bound target regions were minimal (Fig. SA,
purple line) butincreased significantly in the infected cells (Fig. SA,
red line). The levels of H3K18ac also increased significantly at
RBL2-bound target regions (Fig. SB) and, to a miner extent, at

RBL1-bound regiens (Fig. 5C). The levels of H3K18ac in ela-
expressing cells also increased at RBL2-bound regions that were
5 kb away from RB1 peaks (Supplemental Fig. S6), indicating that
new peaks of H3K18 were also established at RBL2-bound regions
independent of RB1. Consistently, the number of new peaks of
H3K18ac increased substantially at and around RB1-bound regions
(Fig. 5G) as well as in regions bound by RBL2 (Fig. 5H) and less
by RBL1 (Fig. 5I). Strikingly, 8% of H3K18ac peaks in the ela-
expressing cells occurred precisely where RB1 was bound, com-
pared to 0.7% in mock-infected cells (Supplemental Fig. S7A). A
similar but much smaller trend was observed for H3K18ac peaks
that occurred precisely at RBL2- and RBL1-bound loci (Supple-
mental Fig. S7A). Interestingly, a double-peak of H3K18ac was
observed only at RBL1-bound regions (cf. Fig. 5C and Fig. 5A,B).
Such double-peaks of acetylation are commonly observed for
acetylation marks relative to their HATs (Rada-Iglesias et al. 2011).

When we examined the average H3K9ac levels at the RB
protein peaks, we found a single peak of H3K9ac at the RB1-
bound regions, with slightly lower levels of H3K9ac in the ela-
expressing cells (Fig. 5D). Remarkably, the H3K9ac profile showed
a double-peak of acetylation around both the RBL2- and RBL1-
bound regions in mock- and dI1500-infected cells, with lower
levelsin the latter (Fig. SE,F). Consistently, the fraction of H3K%ac
peaks colocalizing with any of the RB-family members did not
change significantly between mock and ela-expressing cells
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(Fig. 5J-L; Supplemental Fig. S7B). Taken together, these data
suggest that a large fraction of the new H3K18ac peaks in the
infected cells occur at or around regions that were bound by RB1
before ela expression and, to a lesser extent, by RBL2 and RBL1. In
addition, the different relationship between H3K18 and H3K9

>
w)

acetylation and the RB-family members’ binding sites suggests that
H3K18 and H3K9 acetylation have different functions in gene
regulation.

To gain further insightinto the possible mechanism by which
H3K18ac levels could be increased at clusters 1-4 (Fig. 4A), we
analyzed published data sets of EP300 and CREBBP binding in the
T98G glioblastoma line (Ramos et al. 2010), as well as EP300 and
E2F1 binding in H9 human embryonic (hESCs) and MCF7 cells,
respectively (Cao et al. 2011; Rada-Iglesias et al. 2011). In G1-
arrested T98G cells, none of the seven RB-clusters showed signifi-
cant enrichment for either EP300 or CREBBP (Supplemental Fig.
S8A,C). However, upon serum stimulation, when cells are induced
to enter S-phase as in ela-expressing cells, clusters 1-4 showed
greatly increased levels of EP300 binding compared to clusters 5-7
(Supplemental Fig. S8A-D). Upon serum stimulation, CREBBP
showed increased binding to all clusters (Supplemental Fig. S8D).
Also, in H9 hESCs, levels of EP300 binding were greater in clusters
1-4 compared to clusters 5-7 (Supplemental Fig. S8E). We also
found that E2F1 binding in MCEF?7 cells is preferentially enriched in
RB1-bound clusters 1-4 (Supplemental Fig. S8F). Finally, exami-
nation of ela binding at a limited number of promoters showed
that ela may preferentially bind to RB1-bound gene promoters
(POLD3 and CDC7) compared to those without RB1 (FOS and
GAPDH) (Supplemental Fig. $9). Altogether, these data suggest
that, compared to promoters bound by RBL2 or RBL1 without RB1,
promoters bound by RB1 might have differential recruitment of
EP300 and E2F1 as well as ela itself. Such a scenario may also ac-
count for the preferential acetylation of H3K18 in clusters 1-4
versus 5-7 in the ela-expressing cells.
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‘We also found that 63% of intergenic RB1 peaks in uninfected
cells were within 5 kb of H3K18ac peaks in ela-expressing cells
(Supplemental Fig. $10A). These RB1 peaks were enriched for TF
binding motifs such as E4F1 and ATF2 (Supplemental Fig. S10B).
Interestingly, E4F1 interacts with RB1, and E4F1 activity is reg-
ulated through the action of adenovirus ela (Fajas et al. 2000).
Surprisingly, the remaining IR RB1 peaks (390) that did not gain
H3K18ac were enriched for E2F binding signatures (Supple-
mental Fig. S10C). These data suggest that ela establishes new
peaks of H3K18ac at a distinct subset of RB1-bound intergenic
regions.

The new peaks of H3K18ac that are not within 5 kb of RB1
peaks were associated with 2533 genes and distributed between
the TSS and mostly regions away from the TSS in ela-expressing
cells (Supplemental Fig. S11A). The majority of these genes were
induced (Supplemental Fig. S11B) with significant enrichment
for cell cycle genes, chromatin and RNA binding genes as well
as TF motifs such as NFKB1, PLAGL1, TOPORS, and E2F4
(Supplemental Fig. S11C). The repressed genes were associated
with fibroblast-related functions and TF motifs such as ZIC2,
ZIC1, PLAG1, and AFFA4 (Supplemental Fig. S11D). These data
suggest that ela might exploit a distinct set of transcription
factors or cofactors in addition to RB1 for acetylation of H3K18
and subsequent gene expression changes that favor the viral life
cycle.

Specific intergenic regions are also targets of acetylation
in infected cells

To characterize the H3K18ac redistribution at intergenic regions,
we calculated the H3K18ac tag density per kb to determine a single
enrichment value for H3K18ac at these locations (Fig. 6A). We
found a small set of 406 IRs that gained new peaks of H3K18ac
upon infection, compared to 1959 IRs that had drastically de-
creased levels of H3K18ac (Fig. 6A). The intergenic regions down-
stream from the ribosomal protein 56 kinase (RPS6KAI) and up-
stream of the Interleukin 6 (IL6) loci are examples of IRs where
H3K18ac increased and decreased, respectively (Fig. 6B,C). Since
H3K18ac at promoters is associated with active transcription,
modulation of H3K18ac at IRs might also affect expression of the
neighboring genes. To test this, we first performed gene ontology
analysis of all the genes neighboring significant peaks of H3K18ac
in IRs associated with mock- and d/1500-infected cells using the
Genomic Region Annotation Tool (GREAT). We found that genes
associated with H3K18ac in IRs of infected cells were enriched for
genes activated by fibroblast growth factors and encoding tran-
scriptional regulators (Supplemental Fig. S12A). In contrast, genes
associated with IRs that decreased H3K18ac in infected cells are
involved in differentiated fibroblast functions and immune re-
sponse (Supplemental Fig. S12B). Genes associated with H3K18ac
peaks in IRs of ela-expressing cells were generally activated upon
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Figure 6.

Intergenic peaks of H3K18ac coincide with potential distal regulatory elements to control gene expression. (A) The total H3K18ac tag density

(number of sequence tags per kb) in intergenic regions (IRs) that are affected upon ela expression is shown as a heat map. “Mock-IRs” and “e1a-IRs” are
intergenic regions that harbor significant H3K18 acetylation in mock- or dfl 500-infected cells, respectively. Distributions of H3K18ac, H3K%ac, and
H3K4me1 in mock- and df1 500-infected cells around the RPS6KAT (B) and the /L6 loci (C) are shown. (D) Relative gene expression changes of the ela- and
mock-IRs clusters after ela expression at 24 h p.i. (E) Expression levels of candidate genes associated with e1a- and mock-IRs clusters are shown as heat
maps. (F) Bar plot showing the fraction of H3K18ac peaks in the ela-IRs that coincide with H3K4meT in ela-expressing cells.
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infection, while genes linked to IRs with decreased H3K18ac were
generally repressed (Fig. 6D). Examples of genes associated with
H3K18 acetylated IRs in the ela-expressing cells include FOS and
RPS6KAT, which are involved in regulation of cell proliferation,
TAFIB, a basal transcription factor, and TFDP1, which hetero-
dimerizes with E2F proteins to enhance their DNA-binding activity
and promote transcription of genes involved in cell cycle pro-
gression (Polager and Ginsberg 2008; Fig. 6F). The genes associated
with [Rs that were deacetylated in the infected cells include {L1B,
IRF1, IL6, and CCL2 which are all important mediators of the im-
mune response (Akira and Kishimoto 1992; Peigenblum et al.
1998; Quinones et al. 2007). These results suggest that acetylation
and deacetylation of H3K18 at IRs is also associated with induction
and repression of transcription at a distance.

To provide evidence that the H3K18 acetylated IRs in d/1500-
infected cells may act as distal regulatory elements (Bulger and
Groudine 2011), we petformed ChlIP-seq for H3K4mel, a histone
methylation mark generally associated with enhancer elements
(Heintzman et al. 2009; Hawkins et al. 2010; Rada-Iglesias et al.
2011) in ela-expressing cells, and calculated the fraction of
H3K18ac peaks in IRs that overlap with H3K4mel. We found that
65% of ela-induced H3K18ac IR peaks occur preferentially at ge-
nemic locations that are also enriched for H3K4mel (Fig. 6B,C.F).
Analysis of potential TF binding motifs within 600 bp of peaks of
H3K18ac in IRs of ela-expressing cells yielded significant enrich-
ment for TFs involved in cytokine-independent proliferation (e.g.,
SP1, PIR, GTF3CZ2, ERG1, and E2F1) (Zellmer et al. 2010; Supple-
mental Fig. S13A). The H3K18ac peaks in IRs of mock-infected cells
were also highly enriched for TF binding signatures such as ZEB1,
MZF1, REST, and NFKB1 (Supplemental Fig. $13B), all of which are
involved in immune response and differentiation (Baeuetle and
Henkel 1994; Hutton et al. 2004; Wang et al. 2009; Roizman 2011).
These data suggest that the new H3K18ac peaks in IRs coincide
with potential distal regulatory elements that promote cell growth
and division, and the loss of H3K18ac from [Rs may modulate the
cell’s response to viral infection and its phenotypic identity.

Histone acetylation marks specific regions of the Ad5 genome

Several reports have indicated that the adenovirus genome be-
comes associated with nucleosomes following infection (Sergeant
etal. 1979; Karen and Hearing 2011; Komatsu et al. 2011; Rossetal.
2011). To determine if acetylated nucleosomes are localized to
specific regions of the viral genome, we aligned the reads from
input and acetylation ChIPs to the Ad5 genome (see Supplemental
Methods) and searched for regions of entichment using the same
algorithm described above. We found several significant peaks of
H3K9 and H3KI18 acetylation across the viral genome (Supple-
mental Fig. $14). Our data are consistent with packagingof the Ad5
genome into chromatin, although the functional significance of
histone acetylation relative to the hallmarks of the tightly packed
viral genome remains to be determined.

Discussion

The interaction of adenovirus small ela with the EP300/CREBBP
KATs decreases the cellular level of H3K18ac in primary human cells
to ~30% of the level observed in uninfected cells (Horwitz et al.
2008). We now provide a molecular explanation for the global de-
crease in H3K18ac levels. Our data reveal that 95% of the H3K18ac
peaks in uninfected cells are erased in the ela-expressing cells, and
one-third as many new peaks as before infection are established.

117

Loss of H3K18ac in the ela-expressing cells was observed in
both promoter and intergenic regions and was not a consequence
of S-phase of the cell cycle per se. The affected promoter regions
regulate genes with functions relevant to fibroblast biology and
were repressed upon infection. Deacetylation of H3K18 in inter-
genic regions may also lead to deactivation of potential distant
regulatory elements and to repression of associated genes with
immune regulatory and fibroblast-related functions. This suggests
that the ela-induced transformation process involves suppressing
the phenotypic identity of the infected cell and the cell’s ability to
mount a defense response by switching off the pertinent gene
expression networks.

Small ela establishes new peaks of H3K18ac at promoters of
cell cycle-regulated genes that are highly induced and would
eventually favor viral replication by driving the otherwise quies-
cent cell to proliferate. The new intergenic peaks of H3K18ac in
dI1500-infected cells may also play a beneficial role for the virus by
acting as enhancer elements for genes involved in cell pro-
liferation. More intriguing is the fact that 55% of RB1-bound re-
gions in the uninfected host cell gain significant levels of H3K18ac
after infection. In fact, a subset of new H3K18ac occurs precisely
where RB1 was bound prior to ela expression. Although the ge-
neme-wide binding pattern of RB1 in the #11500-infected cell is
not known, numerous experimental results indicate that RB1
would be physically removed by ela (Ghosh and Harter 2003; Berk
2005; Liu and Marmorstein 2007; Ferrari et al. 2008; DeCaprio
2009). So, the removal of RB1 by ela is likely followed by acety-
lation of the underlying or surrounding nucleosomes on H3K18.
This would be consistent with a model of ela-targeted gene in-
duction that not only requires removal of a transcriptional re-
pressor (i.e.,, RB1) but also addition of an activating epigenetic
mark (i.e., H3K18ac), probably through recruitment of EP300
and/or CREBBP (Ferrari et al. 2008; Horwitz et al. 2008). How
H3K18ac effects are implemented by the cell is unknown, but
ela has highlighted a distinct function for H3K18ac among
many histone acetylation sites including H3K9ac in regulating
gene expression. Jin et al. (2011) also have recently reported that
H3K18acand H3K27ac, and not H3K9ac, are generated by EP300
and CREBBP and are required for activation of target genes by
nuclear receptors.

The mechanism of genome-wide H3K18 deacetylation is not
fully understood but requires interaction of ela with EP300/
CREBBP KATs (Horwitz et al. 2008), which are alsorelocalized upon
infection (Ferrari et al. 2008). Whether one or more lysine de-
acetylases (KDACs), including certain sirtuins (SIRTs), which can
deacetylate H3K18 in vitro (Black et al. 2008), are also involved
remains to be determined. Interestingly, SIRT1 inhibition pro-
motes differentiation (Pickard et al. 2010; Zhang et al. 2011), and
its deletion induces inflammatory signaling in response to envi-
ronmental stress (Schug et al. 2010; Zhang et al. 2010). This raises
the possibility that H3K18 deacetylation could occur by seques-
tration of EP300/CREBBP and recruitment of these KATs to new
but limited locations as well as active deacetylation by one or more
KDAC:s to inhibit fibroblasts functions and antiviral responses and
induce cell proliferation in the ela-expressing cells.

Finally, our data have, for the first time, revealed the location
of acetylated histones in the adenoviral genome. Together with
previous reports that the adenoviral genome becomes chromatin-
ized in the host cell (Sergeant et al. 1979; Karen and Hearing 2011;
Komatsu et al. 2011; Ross et al. 2011), our data suggest that histone
acetylation may also function to regulate the expression of ade-
novirus genes.
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Methods

Cell culture and viruses

IMR90 human primary lung embryo fibroblasts (ATCC) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 U/mL penicillin, 100 p.g/mL streptomycin, and
10% fetal bovine serum (FBS) at 37°C in 5% CO,. Propagation of
the dl1500 virus was done as described in Horwitz et al. (2008).
Briefly, 293 spinner cells were grown in Joklik’s modified Eagle
minimal essential medium (SMEM) plus 5% FBS with 100 U/mL
penicillin, 100 wg/mL streptomycin, and 2 mM L-glutamine.
Propagation of viruses was in 293 spinner cells with 2% FBS. Ad
dl1500 stock titers were determined by plaque assay in duplicate on
293 cells.

Western blot

Isolation of core histones was performed as previously described
(Pilch et al. 2004). The dried pellets were dissolved in 6X Laemmli
sample loading buffer for subsequent analysis by Western blot.
Western blots were performed using LI-COR.

Chromatin immunoprecipitation and library preparation

Chromatin immunoprecipitation for ChIP-seq was performed es-
sentially as described (Ferrari et al. 2008) with few meodifications.
Briefly, 1 x 10% IMR90 lung fibroblasts were grown to &0% con-
fluency (asynchronous population) or to confluence in 15-om
dishes. After 24 h, the cells were incubated with mock- or the
dl1500- adenovirus for 1 h in media with 2% serum. After 24 h
post-infection (p.i.), formaldehyde was added for 10 min at 37°C.
After PBS washing, cross-linked cells were scraped from the plates
and washed with 1 mL of PBS containing protease inhibitors
(Roche). 2 X 107 cells wereresuspended in 450 pl of lysis buffer and
incubated for 10 min on ice and immediately sonicated using
Misonix cup-horn sonicator. 100 pl of the lysate (corresponding to
5% 10° cells) were used for each immunoprecipitation with a given
antibody (listed below); 10 .l of the lysate were used as input. After
overnight reversal of cross-linking at 65°C, samples were treated
with RNase A for 30 min at 37°C and proteinase K for 2 h at 56°C.
DNA was subsequently purified using phenol/chloroform extrac-
tion and precipitation. DNA concentration was measured using
Qubit (Invitrogen). At least 10 ng of dsDNA for both input and IP
were used for library preparation according to the manufacturer’s
instructions (Illumina). Libraries were sequenced using lllumina
Genome Analyser Il to obtain 76-bp-leng reads (H3K9ac and cor-
responding input libraries) or Illumina Hlseq-2000 to obtain 50-
bp-long reads (H3K18ac and correspondent input libraries). ChIP
for RB1 was performed as described (Chicas et al. 2010). Each
library was checked for mismatch distribution.

A list of the antibodies used in this study is reported in the
Supplemental Methods.

RNA extraction and mRNA-seq library preparation

Total RNA was extracted from mock- and d@/1500-infected cells
using the Qiagen easy RNA kit. The maximum amount of RNA was
used to start the library preparation according to the manufac-
turer’s instructions (Illumina). Libraries were sequenced using
Nllumina Genome Analyser Il to cbtain 76-bp-long reads. Align-
ment of mRNA-seq reads was performed using default parameters
of TopHat (Trapnell et al. 2009; Kleindienst et al. 2010). Aligned
reads were converted to sam format, and SAMMate software (Xu
et al. 2011) was used to determine the transcript RPKM (reads per
kilobase of exon per million of reads).

FACS analysis

FACS analysis has been carried out using the two-step EdU-PL
staining kit (Life Technology) following the manufacturet’s
instructions.

Generation of H3KI8ac antibody
A detailed description is given in the Supplemental Methods.

ChIP-qPCR

The same amount of chromatin was used for all ChIPs. ChlPed
DNA was subjected to quantitative PCR using the respective input
and IgG ChIP as control. qPCRs were performed using FastStart
Universal SYBR Green Master (Rox). The ChIP final product (5 p.I),
0.2 ..M primers concentration, and 1X SYBR green mix were used
for each reaction. gPCR analysis was performed using MxPro
(Stratagene) with triplicate technical and biological experiments.
ChlIP-gPCR signals were calculated as a percentage of input. Stan-
dard deviations were measured and represented as error bars.
Primers used for gPCR are listed in the Supplemental Methods.

ChlP-seq analysis

Reads were mapped to the Human (hgl9) genome using Bowtie
software. Only reads that aligned to a unique position in the
genome with no more than two sequence mismatches were retained
for further analysis. Duplicate reads that mapped to the same exact
location in the genome were counted only once to reduce clonal
amplification effects. The genome was tiled into 100-bp windows.
Each read was extended by 150 bases (we refer to tags as the extend
read counts within a bin) and was counted as one read to each
window to which it partially or fully matched. The total counts of
the input and ChIP samples were normalized to each other. The
input sample was used to estimate the expected counts in a window;
the average value for all windows was assigned to windows with zero
counts. Finally, we used the Poisson distribution to estimate the
probability of observing the ChlP counts within a window given the
expected counts in the input sample window. We considered all
windows with Pvalues less than 1.0 X 107* to have significant
peaks. A P-value < 1.0 X 10~% was chosen to give a False Discovery
Rate (FDR) of <5%. The FDR was calculated by applying the same
statistic described above to the two halves of the same input library.
‘We considered the total number of significant peaks obtained this
way as an estimate of the number of false-positive peaks. To compare
two ChIP samples to identify regions that are significantly different
between the two samples (for instance, ela vs. mock), we replaced
the input sample with the sample used for comparison; all down-
stream analyses were identical. Our algorithm produced several files
that were subsequently used for analysis: BED files containing the
coordinates of the significant windows of enrichment; Wiggle (wig)
files (chromosome tiling, fixed step) with normalized read counts for
the significant windows (if a window was not significant, we placed
zero tags); GR files of normalized raw counts for input, and ChiP
sampleswere also created for genome browser visualization (e.g., Fig,
1C,D). Tiling profiles of promoter regions for the hgl9 annotated
human promoters were also generated (Figs. 2A, 3D). These represent
the 100-bp tiling of a 10-Kb region spanning the transcription start
site. We reported the number of reads falling into significant win-
dows and zero for the nonsignificant ones. Z-score scaling was ap-
plied to acetylation tiling profiles in Figure 2A in order to compare
the levels of the different histone marks.

Detailed statistical methods are described in the Supple-
mental Methods.
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Data access

All data in this work are available for download at the NCBI Gene
Expression Omnibus (GEQ) under accession number GSE32340.
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Supplemental Methods

Generation of H3K18ac antibody

We used a cysteine-conjugated peptide (GGKAPRK[Ac]JQLASK-C) for injection of
eight young male rabbits. Initial injection of 250 pg peptide into each rabbit using Freund’s
complete adjuvant was followed with a boost of 250 pg with Freund’s incomplete. Injection
series were as follows: 1) Day 0 (prebleed) we used for the initial inoculation of 0.25 ml
conjugate emulsified with 0.5 ml Freunds Complete for three injections along the back of eight
rabbits. ii) Day 21, we performed a boost of 0.25 ml conjugated emulsified with 0.5 ml Freunds
mcomplete three injections along the back of eight rabbits. iii) Day 28 (exanguination). The anti-
sera from one of the rabbits (814) were fully characterized by ELISA, western blotting and ChIP
against histone H3 lysine mutations (see Fig S1).
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Antibodies used for ChIP

H3K18ac (814) 1:250 dilution, H3K%ac (07-352, Upstate) at 1:250 dilution, RB1 (4H1)
(93091, Cell Signaling) at 1:400, Santa Cruz (C20) at 1:400, Santa Cruz RBL1 (C18) at 1:400,
H3K4mel Abcam (ab8895) at dilution 1:250, EP300 Santa Cruz (sc-C15) and CREBBP Santa
Cruz (sc-A22) at dilution 1:100.

Yeast ChIP validation

ChIP validation was performed as described in(Suka et al. 2001). Primers used for PCR
are listed below.

iYDR224C-F 5°-ACTATGGTTAGACGCTCAATGTCG-3’
iYDR224C-R 5’-AGATGCCCCTTTCTTACCAATC-3’
TEL-F 5°-GCGTAACAAAGCCATAATGCCTCC-3”
TEL-R 5’-CTCGTTAGGATCACGTTCGAATCC-3’

ChIP-gPCR
Primers used for qPCR are listed below.

CCNE2-F 5'-CCTTCGCTGCCTCTATGAAT-3'

CCNE2-R 5'-ATCTTTGTTCCCGGAGCTGT-3'

POLD3-F 5’-GAGCCTTGACCCTCTGTCTG-3’

POLD3-R 5°-ACTTCCGTGTGTGCTGGAG-3’

COL6A3-F 5-CACTTCTGAGCAGCCAACTG-3’

COL6A43-R 5’-AAGGGTGATCCCACAGAATGC-3”

CCNE2 EP300/CREBBP-F 5’-ATGACCCCCAGTCGTCTAGTT-3"
CCNE2 EP300/CREBBP-R 5’- GGGATGTGGGAGGAAAGAAAG-3’
POLD3 EP300/CREBBP-F 5’- CGTCTCCCTGACTAGTTTGACC-3”
POLD3 EP300/CREBBP-R 5°-CCTCTAACCCCTCTCTCAATCA-3’
COL6A3 EP300/CREBBP-F 5’-CATTTTACAGGACTGCCTGTGT-3’
COL643 EP300/CREBBP-R 5- GGCTGTAGAATTATGCCAGATG-3’
GAPDH-F 5°- GCCAATCTCAGTCCCTTCCC-3’

GAPDH-R 5-CGCCCGTAAAACCGCTAGTAG-3’

CDC7-F 5-GTGAGTTTCCGACGGTTTGT-3”

CDC7-R 5’-AAACCGAAGTCACGATCCAG-3’

FOS gene primers are from MAGnify Chromatin immunoprecipitation System (Life Technology
49-2024).
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Statistical Analvsis

External data source

Raw data for H3K4mel, H3K9ac and H3K18ac in asynchronous IMR90 cells was
downloaded from the NCBI epigenome roadmap:
(http://www.ncbi.nlm.nih.gov/geo/roadmap/epigenomics/).

Raw data for EP300 and CREBBP binding was downloaded from NCBI GEO (Ramos et al.
2010) (GSE21026). Raw data for EP300 in human H9 stem cells was downloaded from GEO
(GSE24447) (Rada-Iglesias et al. 2011). Raw data for E2F1 binding in MCF7 cells was
downloaded from GEO (GSE28286). All the datasets were processed using the algorithm
described above.

Genomic annotation

Coordinates for all the genomic annotation regions used in this work were downloaded
from UCSC Human genome (hgl9) tables.

Enrichment calculation for Intergenic Regions (IRs)

Intergenic regions (IRs) were defined as genomic locations with no gene annotation on
either the (+) or (-) strand based on Refseq gene annotation. To calculate enrichment and
coverage of specific regions of interest, we coded a script that compared: i) a .bed format file
which provides the chromosomal coordinates for the feature of interest, for example the coding
region of a gene or double intergenic regions, and ii) a .wig file which provides the coordinates
for regions that are enriched in the ChIP-seq experiment in 100-bp segments. The output
calculates: i) the size in bp of each feature, ii) the coverage for the feature, and iii) the
enrichment of reads over the feature. These values were calculated for each feature across the
genome. The probe coverage for the feature is the number of base pairs over the feature that have
reads mapped to them, while the enrichment of reads over the feature quantifies the number of
reads matched to each base pair within the feature.

CEAS analysis

Cis-regulatory Elements Annotation System (CEAS) was used to create average profiling
of specific list of genes (Fig 5A-D) and overlaps of significant peaks with genomic annotation
regions (Fig 5F-G). For p-value calculations, please refer to publications. For tiling profiles
within CEAS we used wig files generated as described above. Only counts for significant
windows were retained in these wig files.
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Sitepro analysis

Sitepro as part of the Cistrome Analysis pipeline (http:/cistrome.dfci.harvard.edw/ap/)
was used to profile levels of histone modifications for defined genomic intervals (Fig. SA-F).
Wig files provided for these analyses were same as described above.

Seqpos analysis

Segpos algorithm from CEAS package was used to determine transcription factor binding
motifs enrichments for genomic coordinates 600 bp upstream and downstream of the acetylation
peak center using p-value threshold of 0.0001.
Cluster Z-scoring

The z scores of expression for each cluster were computed by calculating the average
RPKM values of all genes within a cluster, subtracting the average of all genes in our dataset and
dividing the resulting number by the standard deviation of the whole dataset. Each score has

been then multiplied by the square root of the number of genes within the cluster.

Z=(mean(cluster) — mean (all) / (sd /sqrt(n)) = [(mean(cluster) — mean(all) / sd]*sqrt(n)
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Table S1. Comparison of histone acetylation peak number
and coverage area in mock- vs. d1500-infected cells.

H3K18ac Mack (M) ela (E) Ratio (E/M)
Number of peaks 16660 5600 0.33
Peaks coverage (Kb) 3899 914 0.23

H3KSac Mock (M) ela (E) Ratio (E/M)
Number of peaks 24464 31354 1.28
Peaks coverage (Kb) 7794 8717 1.12
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Fig. S1. Characterization of H3K18ac (custom 814) antibody. A) Peptide blot for unacetylated and acetylated H3K18 peptide.
Decreasing amounts of peptide were blotted (grey triangle). B) Yeast strains with the indicated histone mutations were used to
determine the specificity of H3K18ac antibody in ChIP at the YDR224C promoter region. The strains are as follows: NSY115 (WT),
NSY119 (K9R), NSY120 (K14R), NSY130 (K18R), NSY131 (K23R), NSY132 (K27R). All strains lack the RPD3 HDAC to increase
acetylation glebally. ChIP with 814 antibody in rpd3A-H3K18R shows strongly reduced enrichment compared to WT. In contrast, other
mutations in different H3 lysines show enrichment comparable to WT. C) Western blot for H3K18ac (814) in mock and e1a-infected cells
showing the specificity of the antibody in recognizing the decrease in H3K18ac upon infection.
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Fig. 2. Global level of H3K18ac and ChIP-quantitative PCR (ChIP-qPCR) validate ChIP-seq enrichments. A) Western blot for
H3K18ac (814) and H3K9ac in asynchronous IMRS0, mock- and df1500-infected cells showing that a global decrease of H3K18ac is only
observed upon e1a expression. Global levels of H3K9ac are comparable in all conditions. Total histones are used as loading control. B)
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Fig. S3. RB1 binding in contact-inhibited {mock-infected) and quiescent* IMR90 fibroblast cells. Heat maps showing the
binding of RB1 in the two conditions over a 10-kb region spanning the TSS of all annctated transcripts. The majority of the

significant peaks (shades of dark blue) grouped in the same cluster.
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RB1

Fig. S4. RB family members share overlapping but distinct set of target promoter regions. Promoters having at least one
significant peak of binding for any of the RB-family members RB1, RBL1 and RBL2 were selected and a Venn diagram
representing the overlap among the bound promoters is shown. The numbers correspond to number of genes in each of the

clusters (K) in figure 3D.
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Fig. S8. Promoters bound by RB1 show increased levels of EP300 after serum stimulation in T98G glioblastoma and H9 hES cells.
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Fig. S12. Gene ontology (GO)
enrichment analysis of genes
associated with peaks of H3K18ac
in intergenic regions. GREAT was
used to find peak-gene associations
for the peaks of H3K18ac in
intergenic regions of mock-infected
(mock-IRs) and ela-expressing
(e1a-IRs) cells. Bars represent -log;,
of the p-value for the selected GO
terms. A) Cluster e1a-IRs, figure 5A.
B) Cluster mock-IRs, figure S5A.
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Chapter 6

Genome-wide binding map
of

the HIV-1 Tat protein to the human genome

This chapter was originally published in PLOS One. 2011;6(11):e26894. with
supplemental material. HIV-1 Tat protein functions in promotion of viral transcription.
However, genome-wide distribution of HIV-1 Tat binding is still unclear. Using ChlP-seq
in HIV-1 Tat expressing Jurkat cells, Tat protein was found to preferentially target
genomic regions with Alu repeat. Additionally, gene promoters occupied by CBP in
control Jurkat cells were also favored binding sites for HIV-1 Tat protein. This study
provided the first observation of genome-wide binding pattern of HIV-1 Tat protein on

chromatin of human cell line.
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Introduction

After gaining entry into host cell, the HIV-1 genome is reverse-
transcribed and the proviral DNA is integrated into the host
genome. Subsequently, the HIV-1 provirus is transcribed allewing
assembly and release of new viral particles from the infected cell.
HIV-1 Tat is essential for efficient viral gene expression and
replication [1]. By recruiting the general RNA polymerase II
elongation factor P-TEFb to Tat response element (TAR) that
forms at the 5’ end of nascent viral transcripts, Tat promotes
efficient elongation of viral transcription [2]. Moreover, Tat
acetylation by cellular histone acetyltransferases (HATs) such as
p300, CBP and PCAF is crucial for its transactivation activity [3].
‘While the role of Tat in viral gene expression has been well
studied, much less is known about the interaction of Tat with the
host genome. Previous studies that aimed to define the role of Tat
at the host gene promoters found that Tat regulates transcription
of the interleukin 6 [4], MHC class I [5], B2 microglobulin [6] and
mannose recepter [7] promoters. Tat alse induces host cell
apoptosis through association with promoters of PTEN and two
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PP2A subunits [8]. Therefore, Tat may have roles in regulation of
gene expression from the viral as well as the host genome.
However, a genome-wide map of Tat interaction with the human
genome is still lacking. Such a binding map may reveal additional
roles for Tat in creating the proper cellular envirenment for
generating progeny virions.

To generate a genome-wide map of Tat binding to the human
genome, we performed chromatin immunoprecipitation combined
with next generation sequencing (ChIP-seq) of Tat in Jurkat T cells
{Jurkat-Tat). We also utilized microarrays to compare global gene
expression changes in Jurkat-Tat versus Jurkat T cells and related
the expression differences to histone acetylation changes. We
found that the bulk of Tat binding sites are outside the immediate
promoter regions of genes. Intrigningly, Tat binds preferentially to
specific DNA repetitive elements, especially the Alu repeat
elements. Binding of Tat to the promoter regions did not correlate
with gene expression. The majerity of Tat binding sites at gene
promoters in Jurkat-Tat cells are in close proximity with regions
bound by the ETS] transcription factor or GBP in Jurkat T cells.
QOur data provide the first comprehensive map of Tat binding to



Table 1. ChIP-seq alignment results using Bowtie 0.12.7
{Hg19).

DNA Total reads Aligned Reads (%)
Input 42249133 26416727 (62.5)
ChiPed 44360277 27831745 (62.7)

doi:10.1371/journal . pone.0026894.t001

the human genome, revealing an unexpected array of target
regions.

Results

Genome-wide Tat binding locations defined by ChIP-seq

To determine whether Tat binds to specific regions in the host
genome, we performed ChlP-seq to map Tat binding sites in
Jurkat T cells that stably express Tat under G418 selection [9]. We
first validated Tat expression in Jurkat-Tat cells with Western
blotting (Figure 31). Subsequently, we sequenced both input and
ChIPed Tat-bound DNA using the Ilumina GAllx Sequencer.
The obtained sequences were aligned to the human genome
(version Hgl9) using the Bowtie software [10]. For both input and
ChIPed samples, ~62% of all sequences were uniquely aligned to
the human genome (Table 1). We segmented the human genome
into 100 bp windows and calculated the ChIPed DNA read
counts, which were compared to input DNA read counts in each
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window. Using the Poisson distribution, we calculated P-values for
the enrichment of ChIPed reads in each window. Significant peaks
were defined as those windows with a Pvalue<10™* and with two
neighboring windows at the same significance P-value. Based on
these criteria, we identified 2074 genomic regions occupied by Tat
in Jurkat-Tat T cells.

Using the cis-regulatory element annotation system (CEAS)
software [11] to determine the Tat binding distribution pattern
across individual chromosomes, we observed that chromosomes 2,
9, 14, 15, 21 and 22 were significantly (P<10 %) enriched for Tat
binding (Figure 1A). The majority (82%) of Tat binding occurs
within introns and intergenic regions in the genome (Figure 1B).
Intergenic regions are defined as those regions that are at least
3 kilo bases (kb) away from any known gene. Only ~7% of Tat
binding sites are located within the promoter regions. These data
suggest that Tat binding to the genome is non-random, with
preferential binding to certain chromosomes and intergenic
regions.

Tat binding loci are enriched within repeat sequences
To determine whether Tat binding regions are associated with
specific genomic features, we obtained the coordinates of various
DNA elements from the UCSC table browser website [12]. To our
surprise, we found that 53% of Tat bound regions lie within
repeat-masker (rmsk) regions, which record repeat elements found
by RepeatMasker [13,14] (Figure 2A). We systematically deter-
mined the enrichment of Tat binding in various repeat elements
and found that, strikingly, 58 percent of all repeat elements bound

= 5'UTR
1%

2y

.

2%
=3'UTR

%

= Coding exon

= Downstream of gene (3000 bp)

= Promoter (-3000 bp from TSS)

= Distal intergenic
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Figure 1. Chromosomal distribution and genomic location of Tat binding sites. {A) Enrichment pattern of Tat-bound regions among
individual chromosomes is shown as a bar chart. Percent of total Tat-binding sites {red bars) and what would be expected by random chance {blue
bars) for each chromosome is shown. The asterisks denotes enrichment P-value<<10~% {B) Distribution of all Tat-binding peaks in relation to gene
structure is shown as a pie chart. Intergenic regions are defined as at least 3 kb away from the start and end of any transcript.

doi:16.1371/journal.pone.0026894.g001
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doi:16.1371/journal.pone.0026894.9002

by Tat are Alu repeats (Figure 2B). In fact, the top ten repeat
element types bound by Tat all belong to the Alu family of DNA
repeats (Figure 2C). These data reveal that a large fraction of Tat
binding regions in the genome are within DNA repeat elements,
especially the Alu sequences.

Tat binding is enriched in the middle to the 3" end of Alu
elements

Since more than one third of Tat-beund genomic regions
contain Alu elements, we sought to determine the binding profile
of Tat to Alu elements. As shown in Figure 3A, Alu elements have
an average size of 300 base pairs (bp). We generated an average
profile of Tat binding centered at the start of all Tat-bound Alu
elements. The profile of Tat enrichment over Alu elements was
generated by averaging P-values of Tat binding enrichment in
100-bp windows *1 kb from the start of Alu elements. Tat
binding on average peaked in the middle of Alu elements with a
skewed enrichment toward the 3’ end and downstream regions, up
to 200 bp past the average length of an Alu element (Figure 3A).
Figure 3B shows an example of Tat binding at an Alu element in
an intergenic region of chromosome 10 as indicated. We then
asked whether Tat-hound Alu-elements are enriched at specific
genomic reglons using the CEAS software [11]. The Tat-bound

Alu elements are primarily located in introns and intergenic
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regions of the genome (Figure 3C). In comparison to global Tat
binding patterns, Alu elements bound by Tat are more enriched
within introns (45% vs 53%). Essentially none of the Tat-bound
Alu elements was located within coding exons. Altogether, our
data reveals that Tat binds specifically to a fraction of Alu elements
within the human genome. These Alu elements may be near or
within the introns of genes with functions potentially related to the
viral life cycle such as the Alu element shown in Figure 3B.

Genomic regions bound by Tat are associated with genes
enriched in T cell-related functions

As the majority of genomic regions bound by Tat are at least
3 kb away from any TSS, we asked if the nearest genes to Tat
binding sites are enriched for specific functions. To observe long
range interactions between Tat binding sites and their target
genes, we used the Genomic Regions Enrichment Annotations
Tool (GREAT) [15] to determine whether genomic regions bound
by Tat are located in potential cis-regulatory regions of genes
important for HIV function. GREAT analysis of Tat-bound
regions revealed that the genes potentially associated with distal
Tat binding are mostly 5 kb or further away from Tat binding
sites. This distribution implies that there may be long range
interactions between Tat and its potential target genes (Figure 4A).
In support of this, genes associated with regions bound by Tat are
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significantly enriched in Mouse Genome Informatics (MGI)
Phenotype ontology terms related to T cell function (Figures 4B
and 4C). MGI analyzes the knockout phenotypes of mouse genes
that are homologous to the queried human genes. The mouse
homeologues of the potentially Tat-regulated genes exhibit
knockout phenotypes such as changes in T cell morphology and
reduced number of CD4+ and CD8+ T cells (Figure 4B). Similar
gene ontology terms were observed when only genes associated
with Tat-bound Alu elements were used for MGI analysis

(Figure 4C). These data suggest that Tat may exert its effects on
the host genes by binding to distant cis-regulatory elements.

Global gene expression changes in Jurkat-Tat cells

To relate global gene expression changes to Tat binding, we
used Agilent microarrays to compare global gene expression
between Jurkat and Jurkat-Tat cells. Overall, 475 and 319
transcripts showed greater than two-fold increase and decrease
in gene expression, respectively. To investigate the functions of the
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deregulated genes and their relevance to Tat over expression, we
performed Gene Ontolegy (GO} enrichment analysis using
DAVID [16]. Genes overexpressed in Jurkat-Tat cells are
enriched in cell immune response, cell adhesion, and regulation
of cell death (Figure 5A). However, for the down-regulated genes,
no significant GO enrichment was found. To determine whether
Tat binding is asseciated with increased or decreased expression of
its target genes, we used the GREAT assigned gene-peak
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associations to correlate Tat binding to gene expression.
Surprisingly, we found no significant correlation. Additionally,
we performed ChlP combined with Agilent promoter microarrays
{ChIP-chip) to moeniter changes in histone H3 lysine 9 acetylation
(H3K9ac) a histone modification associated with gene activity

in Jurkat-Tat versus Jurkat cells. We found that changes in
H3K9ac correlated positively with gene expression changes;
promoter regions of gene that are up- and down-regulated in
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Jurkat-Tat cells have higher and lower levels of H3K9ac,
respectively, compared to Jurkat cells (Figure 5B). These data
indicate that changes in gene expression are associated with similar
changes in histone acetylation but Tat may have more subtle
effects on gene expression that is not detected by our microarray
analysis.

Tat in Jurkat-Tat cells binds to locations occupied by CBP
and ETS1

To determine if Tat binding sites are associated with specific
chromatin marks, cellular transcription factors or co-factors, we
searched the Gene Expression Omnibus (GEO)[17] for published
ChIP-seq data in Jurkat or Jurkat-Tat cells. We found five datasets
that examined global distributions ¢f ETS1, CBP, RUNX, H3K4
tri-methylation (H3K4me3) and H3K27me3 in Jurkat cells
(GSE23080, GSE17954 [18]). Ne published dataset in Jurkat-
Tat cells was found. ETS1 is a transcription factor that is highly
expressed in lymphoid lineage cells and is important for regulating
functions of immune cells [19]. In mouse models, inactivation of
ETS1 leads to T cell apoptesis [20]. ETS] and Tat were
previously shown to bind at the same region upstream of IL-10
promoter and induce IL-10 transcription [21]. P300 and CBP
HATs acetylate Tat and serve as co-activators of Tat-dependent
HIV-1 gene expression [3]. RUNXI is a member of Runt-related
transcription factor (RUNX) family of genes that function in
normal hematopoiesis. H3K4me3 and H3K27me3 are histone
modifications that are generally associated with gene activity and
repression, respectively [22].

We downloaded ChIP-seq raw data from GEO [17] and
compared each ChIP channel to its corresponding input DNA
from the same experimental set. Using the same peak finding
algorithm described above with a P-value cutoff of <<107% we
defined significant peaks of CBP, ETS], H3K4me3, H3K27me3
in Jurkat T cells. For RUNXI1, we found much less significant
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reads using P-value of 10™%. To get more similar numbers of total
significant peaks, P-value of 107 was used to determine significant
reads for RUNX1. Significant peaks found in Jurkat T cells were
then compared to Tat binding sites in Jurkat-Tat cells. We defined
positive co-occupancy of each factor with Tat when there was at
least one significant peak of binding within =500 bp of the Tat-
binding sites. Figure 6A shows the fraction of all (2074) Tat
binding sites that are occupied by the indicated factors in Jurkat
cells. Only ~12% of all Tat binding sites coincide with H3K4me3
and/or H3K27me3 and even less so with CBP or ETS1. However,
when the analysis is limited to the Tat binding sites within *+1 kb of
TSS regions (162 sites), 55% and 42% of Tat peaks are bound by
ETS] and CBP, respectively, in Jurkat cells; 35% are co-occupied
by both factors (Figure 6B). Only 1% of Tat binding sites near TSS
overlap with RUNX] binding in Jurkat cells with P-value of 1072
and 107 * Furthermore, 28% of Tat TSS binding sites are enriched
for H3K4me3 and H3K27me3 in Jurkat cells, including 58% of
binding sites with both ETS] and CBP bound near the TSS
(Figure 6B). Figure 6C shows an example of such genes. The
promoter of ZNF143 gene is co-occupied by ETS1 and CBP and
enriched for H3K4me3 and H3K27me3 in Jurkat cells. The same
region is bound by Tat in Jurkat-Tat cells. In contrast, no significant
co-occupancy of Tat in Jurkat-Tat and RUNXI in Jurkat cells was
found near TSS. Although the occupancy of these factors in Jurkat-
Tat cells is not known, our analysis raises the possibility that specific
cellular transcription factors may help recruit Tat or denote the
genomic regions to which Tat binds.

Discussion

We have generated a global map of Tat binding to the human
genome. Surprisingly, the majority of Tat target regions lie within
DNA repeat elements. In fact, over 30% of all Tat target regions
are located at or near Alu elements. Interestingly, Tat increases the
transcription of Alu repeat elements by increasing the activity of
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cellular transcription factor TFIIC in Jurkat cells [23]. Since Alu
elements antagonize the interferon-induced protein kinase R
(PKR} activation [24] and PKR is known to repress protein
synthesis when cells are under stress, Tat binding at Alu elements
may be important te enable efficient viral replication in the host
cell. In addition, these Alu elements may affect regulation of genes
with functions related te HIV-1 biology.

In relation to gene regulation, Tat binding sites are distal to
genes with functions in T cell biclogy as determined by knockeut
models in mice. These data suggest that Tat may exert its effects
on its target genes through distant regulatory elements. If so, then
Tat binding, in and of itself, may highlight previously unknown cis-
regulatory elements within the genome. We did not find a
significant correlation between Tat binding and gene expression.
The effects of Tat on gene expression may be too subtle for the
microarrays to detect. Alternatively, Tat may affect the regulation
of its target genes through effects on mRINA structure that is not
evident by expression analysis.

We found only a few genes with Tat binding to the vicinity of
their T'SS. This is partly due to the stringent cutoff used in this study
to maintain a False Discovery Rate (FDR) under 5%. For instance,
gene promoters previously shown te be bound by Tat binding such
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as [L-6 [4] and B2 microglobulin [6], showed seme Tat binding
above background but did not pass our criteria for statistical
significance. Also, previous studies used different cell culture systems
to determine Tat binding in vivo. These differences may also lead to
identification of different sets of target genes.

Since Tat is not known to bind DNA directly, the mechanism
by which Tat binds to specific regions of the genome may partly
involve interactions with host cellular factors. By comparing our
Tat binding data to the published datasets in Jurkat cells, we found
that Tat binds to gene promoters that were bound by ETS] and
CBP, but not with RUNX, in non-Tat expressing Jurkat cells. A
similar positive relationship was found between Tat binding and
two histene methylation marks, H3K4me3 and H3K27me3.
These data raise the possibility that Tat may distinguish its target
regions through specific host transcription co-factors or chromatin
marks. However, cur data does not include or exclude ETS1, CBP
or the histone modifications as the mediators of Tat recruitment.
Binding analyses of specific Tat mutants that disrupt its interaction
with specific cellular factors are required te determine potential
mechanisms of Tat recruitment. It is alse possible that Tat binds to
the genome through an RNA component. Nonetheless, our results
demonstrate that in addition to known reles for Tat in enhancing



elongation of viral transcription, Tat also binds to the host genome
at specific genomic locations with potentially important conse-
quences for the viral life cycle.

Materials and Methods

Cell culture

Jurkat T cells were obtained from ATCC (T1B-15) and cultured
under standard tissue culture conditions. Jurkat-Tat cells were
obtained from the NIH AIDS Research & Reference Reagent
Program and maintained in RPMI supplemented with 10% fetal
bovine serum, 1% penicillin and streptomycin and 800 pg/ml of
G418.

Western blotting

Cells were lysed with RIPA buffer (30 mM Tris-HCI pH 8.0,
150 mM NaCl, 1% NP-40, 0.1% SDS, 1% sodium deoxycholate)
supplemented with protease inhibitors (Roche). Cell lysates were
subjected to SDS-PAGE and analyzed by Western blot using
standard procedures. The antibodies used for Western blotting
were as follows: Anti-Tat (Abcam ab43014), Anti-Beta-actin
(Abcam ab8224), Anti-H3 (Abcam abl0799).

Chromatin immunoprecipitation and ChlP-seq library
preparation

Jurkat-Tat cells in exponential growth phase were fixed with 1%
formaldehyde (v/v) for 10 min at 37°C. Fixation was stopped by
addition of glycine to a final concentration of 140 mM. Cell were
lysed and chromatin was digested with the micrococcal nuclease
from S awreus (Roche) for 90 min at 4°C accerding to the
manufacturer’s instructions, re-suspended in lysis buffer and
sonicated with Misonix ultrasonic liquid processor. 1% of the
lysate was used as an input control. Lysates were immunoprecip-
itated with 5 pg of anti-Tat antibodies (Abcam ab43014) using the
standard ChIP protocol. Both purified input and Tat chromatin
samples were used to prepare ChIP-seq libraries according to the
manufacturer’s instructions (Illumina). Libraries were sequenced
using Mumina Genome Analyser II to obtain 76 bp-long reads.

Chromatin immunoprecipitation and microarray
hybridization

Jurkat-Tat and Jurkat cells in exponential growth phase were
fixed with 1% formaldehyde {v/v) for 10 min at 37°C. Fixation
was stopped by addition of glycine to a final concentration of
140 mM. Histone H3 acetyl lysine 9 antibody (Upstate 07-352)
was used for ChIP. The ChIP-chip and subsequent analysis were
performed essentially as described previously [25].
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ChlP-seq data analysis

Sequenced reads were base-called using the standard Illumina
software. Bowtie (.12.7 was used to align the reads to the Human
genome (Hgl9) allowing up to two mismatches; reads that aligned
to more than one location in the genome were discarded. For
unaligned reads, 5 bp from the 5’ end and 25 bp from the 3" end
of the reads were trimmed and re-aligned to the genome. The total
number of reads in the input sample was normalized te the ChIP
counts. Genomic regions with significant enrichment of Tat
chromatin over input chromatin were calculated within 100 bp
windows that tiled the genome. The P-value for enrichment of
ChIP versus input reads was calculated using the cumulative
Poisson distribution.

Expression profiling

Total RNA was isolated from Jurkat and Jurkat-Tat cells using
the RNeasy Mini kit (Qiagen). cRNAs were generated from
250 ng of total RNA and labeled with Cy3 (Jurkat) or Cy5 (Jurkat-
Tat) using the Low Input Quick Amp Labeling Kit (Agilent)
accc}rding to manufacturer’s instructions. Labeled cRNAs were
hybridized to the Agilent Human whole-genome array (G2534-
600110 according to Agilent protocol. Raw intensity data from
resulting gene expression data were normalized by medium
background-subtracted intensities between Cy5 and Cy3 channels
followed by LOWESS normalization using Matlab. Normalized
logy ratios of Jurkat-Tat cRNAs (Cy5) over Jurkat cRINAs (Cy3)
were calculated and results from replicates were averaged. Gene
ontelogy enrichment analysis was performed using The Database
for Annotation, Visualization and Integrated Discovery (DAVID)
v6.7 [16].

All data have been deposited in the Gene Expression Omnibus
(GEQ) [17] under accession number GSE30739.

Supporting Information

Figure 81 Tat is expressed in Jurkat-Tat cells. Western
blots of the indicated factors in normal Jurkat T cells (Jurkat) and
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Chapter 7

Dynamics of Host Cell Transcriptome

in DNA Tumor Virus Infection

This chapter includes my recent findings that further examined molecular
mechanisms involved in ela reprogramming of stationary host cell into proliferative
state. To elucidate genome-wide distribution of viral oncoproteins, ela, on host cell
chromatin, we mapped temporal-based binding of ela by carrying out ChlP-seq
experiments in IMR90 cells infected with Adenovirus dI1500. To characterize the
impact of ela-binding on host cell gene expression, global RNA transcript levels were
measured by RNA sequencing method. This study reveals the genome-wide mapping
of ela binding patterns at 6 and 24 hour time point after viral infection. We found that
through interactions with P300/CBP, binding of ela at active enhancers and gene
bodies of anti-proliferative genes results in strong transcriptional repression. In
contrast, interactions between ela and Rb at promoter of cell cycle genes induce strong
transcriptional activation. Most surprisingly, we observed that replication origins defined
by nascent strand DNA synthesis sequencing in normal cycling IMR90 cells are bound
by ela in infected cells. Furthermore, these ela-bound regions overlaps better with
sites of nascent DNA synthesis in highly proliferative cell lines (H9 and hela) compare to

overlap with IMR9O cells.
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Summary

Viral oncogene small ela, a 243 amino acid protein, is capable of forcing
contact-inhibited G1 cells into S phase. Through binding with P300/CBP and Rb family
of pocket proteins, Rb, p107, and P300, ela modulates global gene expression to
reprogram host cells into replicative state. To understand the full extent of e1a’s
influence on rewiring the chromatin state of infected host cells, ChIP-seq and RNAseq
was performed at 6 and 24 hours post infection to follow the progress of ela induced
cellular changes. We found that ela targeted active enhancer regions enriched with
H3K18ac and H3K27ac and gene bodies of activator proteins in the TGF-§ pathway
early in infection for the purpose of transcriptional repression. Promoter region of cell
cycle genes bound by Rb is jointly targeted by ela at 6 and 24hours post infection to
relieve Rb-mediate transcriptional repression. Potential role of ela participating in
regulation of host cell DNA replication was observed as genomic regions with binding of
ela was found to be in common with replication origin sites in normal cycling cells.

Introduction

Adenovirus oncoproteins small ela, when expressed alone in contact-inhibited
fibroblast cells, is sufficient in forcing stationary cells into S phase (Howe, Mymryk et al.
1990; Ghosh and Harter 2003). This oncogenic process is accomplished through
interactions between ela and multiple key cellular proteins in the infected host cell
including Rb family of pocket proteins (Rb, p107, p130), P300/CBP, and P400.
Previous study showed that within 24 hours after infection, ela binds to gene promoter

regions and modulate host cell gene expression toward its replicative advantage
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through inducing re-distribution of P300/CBP and Rb (Ferrari, Pellegrini et al. 2008).
However, gene promoters only accounts for a small percentage of the genome. To
examine whether ela binds and reorganizes chromatin landscape for the rest of the
human genome, we performed ChlP-seq assay to map genome-wide binding regions of
ela in contact-inhibited IMR9O0 cells infected with Adenovirus mutant di1500.
Adenovirus dI1500 only expresses small ela as the major viral protein product since
large ela is responsible for activating expression of rest of the Adenoviral proteins
(Montell, Fisher et al. 1982). Contact-inhibited IMR90 cells infected with dl1500 is
characterized with global hypoacetylation of histone modifications H3K18 and H3K27 at
active enhancers (Ferrari, Su et al. 2012), repression of growth inhibition genes (Ferrari,
Gou et al. 2014), and activation of cell cycle genes (Frisch and Mymryk 2002; Ferrari,
Pellegrini et al. 2008). With ela binding mapped genome-wide in the same cell model
system, we will examine the consequence of direct ela binding at these important
genomic regions.

Results

Promoter region is a common target of ela binding at both 6 and 24 hours post
infection

Previous studies have shown that small ela is capable of forcing G1 contact-
inhibited normal human lung fibroblast IMR90 cells into S phase through multiple
interacting partners including P300, P400 and Rb family of proteins. Through its
interaction with proteins bound on chromatin of host cells, ela was able to remodel the
epigenetic landscape of host cells at both promoter regions and active enhancer

regions. However, it is still unclear whether changes in histone modifications at key
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functional regions were resulted from direct binding of ela or through secondary
pathways. To map genome-wide distribution of small ela binding after viral infection,
high throughput ChiP-seq method was utilized in mock infected IMR90 cells and IMR90
cells infected with Adenovirus dI1500, which only expresses small ela at low MOI
(Ferrari, Pellegrini et al. 2008; Horwitz, Zhang et al. 2008). At 6 hours and 24 hours
after dI1500 infection, samples were collected using previously described methods
(Ferrari, Pellegrini et al. 2008; Ferrari, Su et al. 2012). 18 million and 21 million reads
aligned to human genome version hgl9 were randomly sampled from input reads and
ChiPed DNA reads for both 6 hours and 24 hours post infection samples to normalize
total read counts between two different time points. Human genome was segmented
into 50 bp windows and ChIP enrichment P-value between input and ChiPed DNA
reads was calculated using Poisson distribution as previous described (Ferrari, Su et al.
2012). Significant peaks were defined in 50 bp windows with P-value < 10~ and
requiring both neighboring windows to have P-value < 107%°. Using cis-regulatory
element annotation system (CEAS) software (Shin, Liu et al. 2009), distribution pattern
of ela binding was determined and represented in pie charts (Figure 1A). Over 70% of
ela binding regions were located inside the intron and intergenic regions at both 6
hours and 24 hours Pl. Only 9% and 12% of ela binding events occurred near
transcription start site (TSS) at 6 and 24 hours PI. As shown in Figure 1B, 15% of
regions bound by ela at 6 hours PI overlaps with 21.5% of ela bound regions at 24
hours PI. Interestingly, genomic regions targeted by ela at both 6 and 24 hours Pl has
a higher portion of regions located near TSS and lower portion of reads located inside

intergenic regions when compared to e1a’s binding pattern at individual time points. As
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much as 26% of the shared binding sites between 6 and 24 hour ela are located near
TSS (Figure 1C) which suggested that ela maintained strong interaction with host
proteins bound near TSS especially since ela lacks the ability to bind DNA directly
(Frisch and Mymryk 2002). The dynamic binding of ela at different time points after

infection is reflected in the heat map of ela binding patterns at 6 and 24 hours PI.

Binding of ela leads to global deacetylation at active enhancers

Enhancers regions are characterized with high levels of H3K4Mel and low levels
of H3K4Me3. Additionally, active enhancers have high abundance of H3K27ac or
H3K18ac which are both acetylated by presence of P300/CBP (Heintzman, Hon et al.
2009). Previous studies have shown that ela caused global decrease of H3K18ac
(Horwitz, Zhang et al. 2008). Most of the reduction in H3K18ac levels took place in the
intergenic region (Ferrari, Su et al. 2012). However, it is unclear whether ela directly
binds to active enhancers to mediate reduction of H3K18ac levels. To define active
enhancer regions in IMR90 cells, we analyzed previously- published H3K4Mel,
H3K18ac, H3K27ac, and P300 ChlP-seq data from contact-inhibited IMR90 cells and
dI1500 infected IMR90 cells (Ferrari, Su et al. 2012; Ferrari, Gou et al. 2014). Heatmap
of significant peak intensity centered at ela-bound regions was generated for all
downloaded ChIP-seq data. Consequence of ela binding at active enhancers was
examined. Consistent with previous findings, majority of active enhancers in mock
infected cells showed strong reduction in H3K18ac and H3K27ac levels after dl1500
infection and subsequent ela binding (Figure 2A). Additionally, we found that active

enhancers were early targets of ela with more than twice as many regions being bound
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at 6 hours Pl compared to 24 hours Pl by ela (Figure 2A, Figure S1A). Interestingly,
different sets of active enhancers were targeted by ela at 6 and 24 hours PI, as only
295 regions are bound by ela at both 6 and 24 hours PI (Figure 2B). Small set of
active enhancer regions overlap between ela binding at 6 and 24 hours implies ela
targeted different sets of active enhancer regions at different time point. Figure S2 plots
average significant read counts of ela binding at active enhancers during 6 and 24 hour
Pl. Interestingly, with temporal difference in ela binding, the degree of hypoacetylation
for H3K18 and H3K27 was similar at active enhancers bound. Overall, binding of ela at
active enhancer region led to drastic reduction of H3K18ac and H3K27ac (Figure 1A,
S1B, S1D) while the level of P300 binding remained unchanged in both mock and

di1500 infected cells (Figure S1C).

Active enhancers bound by ela leads to reduction of neighboring gene
expression

To determine functional consequence of ela induced H3K18 and H3K27
hypoacetylation at active enhancer regions, stranded RNA-seq was performed to
measure level of strand-specific transcripts at 6 and 24 hours Pl in both mock-infected
and dI1500 infected IMR9O0 cells. RNAseq data were aligned to human genome version
hg19 using Tophat2 v2.0.8 (Kim, Pertea et al. 2013) and read counts were normalized
among different samples using Cufflinks v2.0.2 (Trapnell, Williams et al. 2010). To
associate ela binding regions at active enhancers to single closest gene within 1000
kb, Genomic Region Annotation Tool (GREAT) (McLean, Bristor et al. 2010) was

utilized for neighboring gene assignment. Figuer 2C shows boxplot of log2 of
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normalized transcript levels for genes neighboring active enhancers in both mock and
dI1500 infected cells at 6 and 24 hours PIl. Genes that maintained H3K18ac and
H3K27ac levels at active enhancers in mock infected cells did not have significant
changes in transcript levels. However, ela binding at active enhancers and subsequent
H3K18 and H3K27 hypoacetylation caused significantly reduced transcription levels of
neighboring genes when compare to same gene set in mock infected cells (Figure 2C).
Gene ontology (GO) of genes neighboring ela-bound active enhancers were
determined using GREAT (McLean, Bristor et al. 2010). Gene ontology analysis
indicated that genes associated with hypoacetylated enhancers were involved in
fibroblastic cell type specific cellular processes such as production and maintenance of
extracellular matrix and collagen (Figure 2D). An genome browser example of ela
binding at active enhancer leading to hypoacetylation of H3K18ac and H3K27ac and

reduced transcription of neighboring gene, COL6AS3, is shown in Figure S3.

Multiple binding of ela throughout gene body mediates strong gene repression
Recent study by Ferrari et al. 2014 (Ferrari, Gou et al. 2014) revealed that in ela
expressing IMR90 cells, genes with high levels of P300 and Rb binding throughout the
gene body resulted in strong repression of gene expression. Additionally, through
confocal microscopy of ela- Lacl-mCherry DNA array, ela was observed to induce
chromatin condensation through interaction with Rb and P300. Furthermore, the
chromatin condensation process required HDAC activity as HDAC inhibitor prevented
ela-mediated chromatin condensation. In the same study, a list of glycoprotein genes

(cluster rcl) highly repressed by wild type ela but not by P300 binding mutant of ela
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was found to contain high levels of Rb and P300 binding throughout the genic region.
However, it was unclear whether ela participated in the recruitment of Rb and P300
binding at these highly repressed genes through direct interaction with Rb and P300.
From analyzing ela ChlP-seq at 6 and 24 hours PI, Figure 3A shows that rc1 genes are
enriched with very high frequency of ela binding. The bar graph in Figure 3A also
illustrated that ela binding at 6 hours is the main driver of e1a’s effort in orchestrating
strong repression at rcl genes as more binding peaks from 6 hour ela were found at
gene bodies of rcl genes in comparison to 24 hour ela binding. Genes in rcl cluster
play essential roles in TGF-f pathway to regulate G1/S transition. Gene bodies of
TGFB2 and SMAD3 in the rcl cluster contained over 10 ela binding sites. Boxplot of
RNA-seq measurement of transcript levels (log2 of FPKM) from RC1 genes bound by
ela (Figure 3B) showed that RC1 genes were expressed at significantly higher levels in
mock infected cells compare to average genes (p-value = 0.000131). While
transcription levels did not change significantly at 6 and 24 hours after mock infection
(p-value=0.99). Expression of ela in IMR90 cells and binding to rcl cluster genes
caused significant reduction in gene expression levels at 24 hours Pl (p-value=
0.004445) (Figure 3B). Genome browser example of ela binding throughout THBS1
gene from rcl gene cluster is shown in Figure 3C. Binding of ela on THBS1 gene was
primarily detected at 6 hours Pl suggesting THBS1 as an early target of ela-mediated
repression. High levels of P300 binding detected at 24 hours Pl is associated with
drastic reduction in Pol Il binding throughout the transcribed region which correlated
with radical decrease of transcript levels at 24 hours Pl detected through RNAseq

(Figure 3C).
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Promoter binding of ela at cell cycle genes leads to gain of H3K18ac

To examine ela binding pattern near gene promoters, ChlP-seq binding of ela
at 6 and 24 hours Pl was separated into 3 clusters according to levels of H3K18ac
enrichment at +/- 3kb around the TSS. In the heat map (Figure 4A), cluster k1 was
assigned with promoters having more than 50 percent gain in H3K18ac levels at TSS in
infected versus mock cells while cluster k2 was assigned with genes deacetylated at
least 50 percent of H3K18ac at TSS in infected vs mock cells. The rest of the genes
bound by ela around TSS were assigned to cluster k2. Clusters k1, k2, and k3 are
genes with promoters bound by ela at either 6 or 24 hours Pl. ChlIP-seq data of Rb,
P107, P130 in mock infected IMR90 cells and H3K18ac in mock and dI1500 infected
IMR90 cells were downloaded and analyzed from previous study (Ferrari, Su et al.
2012). ChlP-seq data of P300 and H3K27ac was downloaded and analyzed from
recent publication on P300 mediated repression in ela expressing IMR90 cells (Ferrari,
Gou et al. 2014). Figure S4 displays the average significant counts profile of Rb, p107,
p130 binding at k1, k2, and k3 gene promoters. The plots confirmed findings from
previous study as gene clusters gaining H3K18ac (cluster k1) in infected cells contained
highest level of Rb binding in mock cells (Ferrari, Su et al. 2012) while differential
binding for p107 and p130 was not observed between different clusters. In accordance
with clustering method, Figure S5 showed that H3K18ac level in k2 cluster was highest
among all three clusters in mock cells. In infected cells, cluster k1 became the cluster
with highest level of H3K18ac while H3K18ac in cluster k2 as highly deacetylated. As
acetylation of H3K18 was known to correlate with activation of transcription,

transcription of k2 gene clusters decreased significantly (p-value < 2.2e-16) compared
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to k3 gene cluster while transcription of k1 gene clusters were up-regulated when
comparing to k3 gene cluster as shown in Figure 4B where FPKM ratios at 24 hours PI
between infected cells over mock infected cells were compared. Interestingly, while
H3K18ac and H3K27ac were all known to be acetylated by P300/CBP, differential levels
of H3K18ac and H3K27ac was observed at promoters bound by ela.
Differential regulation of H3K18ac and H3K27ac at ela-bound promoters

In Figure S6, all promoters bound by ela had high levels of H3K27ac in mock
cells. With highest level of H3K18ac in mock cells, cluster k2 also has highest level of
H3K27ac in mock cells (Figures S6). However, after dl1500 infection, all three clusters
were hypoacetylated at H3K27ac while differential levels of H3K18ac between k1, k2,
and k3 was observed (Figure S5, Figure S6). To further investigate whether this
differential regulation between H3K18ac and H3K27ac was caused by differential
binding of P300, histone acetyltransferase for H3K18 and H3K27, average binding of
P300 for k1, k2, and k3 was plotted (Figure S7). Interestingly, all three clusters gained
P300 binding which was unable to explain the differential regulation of H3K18ac and
H3K27ac at ela-bound gene promoters. The molecular mechanism behind this
differential regulation of H3K18ac and H3K27ac at ela-bound gene promoters is
currently unclear. Using GREAT software for gene ontology enrichment analysis, E2F
motif and cell cycle function was observed for cluster k1(Figure S8) which gained
H3K18ac and increased gene expression at 24 hours Pl (Figure 4A, Figure 4B). For
genes repressed at 24 hours, activators of TGF-beta pathway and genes highly
expressed in fibroblast cell types were observed in cluster k2 (Figure S8). Genes in k3

cluster were expressed before and after infection. This gene cluster was enriched with
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genes with roles in translation and metabolic process which was not inhibited by ela
binding. With requirement to translate newly-transcribed cell cycle genes, uninterrupted
translation and metabolic process may be critical in promoting S phase entry.

Genome browser view of ela binding peaks at TSS of cell cycle gene, CCNE2,
co-localized with binding peaks of Rb, p107, and p130 in mock infected cells. At 24
hours PI, gain of P300 and Pol Il was observed at CCNE2 promoter which aligned with
Rb binding region in mock infected cells and in close proximity with ela binding peaks
at both 6 and 24 hours PI (Figure S9A).

Genomic regions bound by ela are sites of nascent strand DNA synthesis in
asynchronous IMR9O0 cells

By forcing contact-inhibited G1 cells into S phase entry, the primary function of
ela is to create the proper cellular environment for viral replication. By comparing ela
binding regions to recent nascent strand (NS) DNA synthesis sequencing data
conducted in asynchronous IMR90 cells (Besnard, Babled et al. 2012), we found that
ela binding regions contained significant overlap with sites of NS DNA synthesis as
shown in Figure 5A. Furthermore, ela binding sites overlap with sites of higher levels
of NS DNA synthesis activity as shown in boxplot of Figure 5A. Heatmap centered at
genome-wide ela binding sites in Figure 5B was generated through analysis from
multiple ChIP-seq experiments from previous studies (Chicas, Wang et al. 2010;
Besnard, Babled et al. 2012; Soufi, Donahue et al. 2012; Ferrari, Gou et al. 2014) and
clustered by binding of ela at 6 and 24 hours PI. The order within each cluster was
sorted based on total sum of significant counts from NS DNA synthesis sequencing

experiment in asynchronous IMR90 cells. Binding regions of ela at both 6 and 24

161



hours PI are significantly enriched with sites of NS DNA synthesis when compared to
genome background (Figure S10B, Figure S11B).
Myc binds at sites of NS DNA synthesis

The purpose of NS DNA synthesis sequencing study was to map sites of
replication origin genome-wide (Besnard, Babled et al. 2012). Interestingly, Myc was
found to bind at replication origin and over-expression of Myc increased the density of
replication origins (Dominguez-Sola, Ying et al. 2007). Furthermore, ela was found to
stabilize Myc protein through binding with P400 (Tworkowski, Chakraborty et al. 2008).
To examine whether ela shares any global associations with Myc, ChlP-seq data of
Myc and over-expressed Myc in BJ fibroblast cells was downloaded and analyzed
(Soufi, Donahue et al. 2012). Myc and nascent strand DNA synthesis sites are both
enriched at ela binding sites in 6 and 24 hours PI (Figure 5A, Figure S10E, Figure
S11E). Additionally, Myc binding levels are also significantly enriched over background
at ela binding sites for both normal and over expressed Myc in BJ fibroblast cells
(Figure S10CD, Figure S11CD). Myc-bound replication origins are known to be early-
firing replication origins (Srinivasan, Dominguez-Sola et al. 2013). By comparing
binding patterns of NS DNA in IMR90 cells and Myc binding in BJ fibroblast cells, Figure
S10 and Figure S11 suggests sites of NS DNA synthesis in ela-bound regions are
associated with early-firing replication origins. In contrast, since Lamin B1 is known to
associate with replication in late S phase (Moir, Montag-Lowy et al. 1994) and Lamin B1
ChIP-seq data of Lamin B1 in IMR90 cells was analyzed (Sadaie, Salama et al. 2013).

Figure 5B shows that very low levels of Lamin B1 binding in IMR90 cells overlap with
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NS DNA synthesis sites in growing IMR90 cells and ela binding sites in mock and
infected cells, which further suggests ela binding overlaps with early replication origins.
Binding of ela overlap with sites of nascent DNA synthesis in highly proliferative
cell lines

To compare ela binding site to sites of NS DNA synthesis in other cell lines, NS
DNA synthesis sequencing data for hela and H9 human stem cell line was downloaded
and analyzed (Becker, Ghule et al. 2006). Unexpectedly, higher overlap between NS
DNA synthesis sites from highly proliferative cell lines (hela, H9) and ela binding sites
in IMR90 was observed (Figure 5B). NS DNA synthesis sequencing results form hela
and H9 cell lines also have higher percentage of overlap with ela-bound regions
compared to NS DNA synthesis experiment conducted in IMR9O0 cells (Figure S12).
Since nascent DNA synthesis maps replication origins, our analysis suggests ela binds
to genomic regions that are potentially replication origins in multiple cell lines.
Host replication is inhibited in ela expressing cells to promote viral replication

To determine the effect of ela expression on host cell replication, BrdU-seq was
performed by pulse-labeling newly synthesized DNA with BrdU and followed by high-
throughput sequencing. In normal asynchronous IMR90 cells, all sequencing data from
BrdU-seq aligned to human genome version hg19. In contrast, BrdU-seq data
collected from ela-expressing cells at 24 hours post infection, only 5% of the data was
aligned to human genome version hgl9 and 95% of the data only aligned to adenoviral
Ad5 genome (Figure S13). Since ela binds to replication origins of normal cycling cells,
ela binding potentially inhibits proper replication of host genome to promote replication

of viral genome.
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Discussion

Through binding with P300/CBP, ela was known to induce reduction of global
H3K18ac and H3K27ac genome-wide (Ferrari, Su et al. ; Ferrari, Pellegrini et al. 2008;
Horwitz, Zhang et al. 2008; Ferrari, Gou et al. 2014). Using ChIP-seq method, the
genome-wide binding patterns of ela at 6 and 24 hours Pl were examined for the first
time. We now provide evidence of direct ela binding at active enhancers, cell cycle
gene promoters, gene body of highly transcribing genes, and replication origins in
IMR90 cells. All of which are regions in the genome with essential and critical functions.
With an ultimate goal of promoting viral replication, ela reprograms the host cell
environment to promote viral replication.

In contact-inhibited cells, highly-transcribed cell-type specific genes such as
collagen and extracellular matrix genes in fibroblast cells maintained elevated levels of
transcription through interaction between activator proteins at active enhancers and
transcriptional machinery at gene promoters. Active enhancers contain histone
modifications H3K18ac and H3K27ac which maintains open chromatin structure at
active enhancers. Through binding to P300/CBP located in active enhancers, ela
aimed for inhibition of P300/CBP activity as early as 6 hours PI. At 24 hours PI, histone
acetylation levels at H3K18 and H3K27 were greatly reduced along with strong
reduction of transcription in neighboring genes. Since active enhancers are enriched
with more ela binding at 6 hours Pl compared to 24 hours PI, ela might have higher

affinity toward P300/CBP with active histone acetyl-transferase activity.
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Interestingly, genes highly repressed by ela binding throughout the gene body
did not initially have high levels of P300/CBP in the gene body. This set of highly
repressed genes at 24 hours PI, gene set rcl from (Ferrari, Gou et al. 2014), also
attracted high frequency of ela binding at 6 and 24 hours PI. Once again, more ela
binding was observed at 6 hours compared to 24 hours PI. Highly levels H3K18ac and
H3K27ac were observed at promoter of this set of genes which suggest ela at 6 hours
target highly active P300/CBP for transcriptional repression through inducing
hyopacetylation of H3K18ac and H3K27ac. Formation of P300-ela-Rb was suggested
to mediate repression at rc1 gene clusters as Rb was shown to associate with HDAC1
and condense chromatin into closed conformation (Ferrari, Gou et al. 2014). However, it
is unclear as to what role does ela binding at 24 hours PI plays in further recruitment of
high levels of P300 proteins to the gene body of rc1 gene cluster at 24 hours Pl as
levels of ela binding at rcl cluster decreased at 24 hours Pl in comparison to 6 hour
ela bindings.

To induce expression of cell cycle genes, k1 clusters in Figure 4A gained high
levels of H3K18ac in infected cells at 24 hours PIl. With high level of Rb binding at k1
gene clusters in mock cells and high affinity binding between LXCXE motif in CR2
region of ela and Rb (Ikeda and Nevins 1993), ela potentially was attracted to
promoter region early in infection starting at 6 hours Pl and continued at 24 hours PI.
Interestingly, H3K18ac and H3K27ac were regulated differently at ela-bound
promoters. While all ela-bound promoters gained p300 binding, only cluster k1 gained
H3K18ac while H3K18ac at k2 promoters was deacetylated. Additionally, H3K27ac was

highly deacetylated at all ela-bound promoters. The underlying mechanism that
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caused this differential regulation in histone acetylation at ela-bound promoter remains
unclear.

Interaction between ela and P400 is essential for ela mediated cell
transformation (Fuchs, Gerber et al. 2001). Recent study discovered ela is capable of
stabilizing Myc protein through P400 binding and over expression of Myc was able to
rescue P400 binding mutant of ela (Tworkowski, Chakraborty et al. 2008).
Furthermore, Myc binds at replication origin and Myc induction increases density of
replication origins (Dominguez-Sola, Ying et al. 2007). By comparing to NS DNA
synthesis sequencing data in growing IMR90 cells, we found that genomic regions
bound by ela at both 6 and 24 hours correlates with sites of NS synthesis and Myc
binding in BJ fibroblast. Comparing ela binding with NS DNA synthesis sequencing
from hela and H9 cell lines suggest ela-bound region overlap with sites of DNA
synthesis in highly proliferative cell lines (H9 and Hela). Since ela is not known to
contain DNA-binding domain and interact directly with DNA, ela potentially interact with
protein complexes bound at pre-determined replication origins. Through binding at
replication origin, ela prevents replication of host genome and promotes viral replication

in host cell S phase environment.
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Figures
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Figure 1. Gene promoters are persistent target regions for ela at 6 and 24 hours
Pl. (A) Pie chart representation of genome-wide distributions of ela peaks at 6h and
24h PIl. Genomic regions at least 3 kb away from start and end of genes were defined
as intergenic regions. (B) Venn diagram of overlapping regions between ela bound at 6
and 24 hours PI (C) Genomic distribution of regions bound by ela at both 6 and 24
hours PI (D) Heat map of ela binding peak intensity centered at binding regions of ela

at 6 and 24 hours PI.
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Figure 2
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Figure 2. Active enhancers are bound by ela at 6 hours PI. (A) Heatmap of P300,
ela binding distributions at active enhancer with histone modifictaions H3K4Mel,
H3K18ac,and H3K27ac plotted across +/- 1kb from ela binding regions. (B)Venn
diagram overlap between ela-bound active enhancer regions at 6 hours and 24 hours
post infection (C) Boxplot of log2 of normalized transcript read counts (FPKM) of genes
neighboring active enhancer regions bound by ela. (D) Gene ontology from GREAT of

genes neighboring active enhancers bound by ela
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Figure 3. Highly represses genes are tiled by ela binding. (A) Bar graph of top 20

highly repressed genes ranked by total number of regions bound by ela at 6 and 24

hours PI. (B) Boxplot of (-log2 FPKM) of ela-bound repressed gene set.

(C) Genome browser view of ChiP-seq and RNAseq result showing Pol I, P300, and

ela binding at different time points in mock and infected IMR9O0 cells.
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Figure 4
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Figure 4. ela binding at Rb-bound gene promoters mediates differential gain of
H3K18ac and loss of H3K27ac at gene promoters. (A) Heat map of ela, p300,
H3k27ac, H3K18ac ChIP-seq results in mock and dI1500 infected cells and Rb,
p107,p130 ChIP seq results from mock infected cells. Plot with significant counts on the
y-axis is centered at transcription start site (TSS) with +/- 3KB tiled in 100 bp windows
(B) Boxplot of log2 ratio of FPKM in infected versus mock cells at 24 hours PI for all

gene clusters. * denotes P-value = 1.251e-08 and ** denotes P-value < 2.2e-16
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Figure 5
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Figure 5. ela-bound genomic regions are associated with sites of nascent strand
(NS) DNA synthesis in asynchronous IMR90 cells. (A) Boxplot of log2 read counts
of nascent strand sequencing in IMR90 versus log2 recounts from ela-bound regions.
(B) Heatmap of ChlP-seq data for ela in dl1500 infected IMR90 cells at 6 and 24
hours PI. Data from nascent strand DNA sequencing is from IMR90, hela, and H9 cells.
ChiP-seq data for Myc is from BJ fibroblast cells under normal or overexpressed (Myc-
dox) condition. ChlP-seq data for LaminB is from IMR90cells. Each row in the heat

map represents +/- 1kb plotted around ela binding region at the center.
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Material and Methods

Cell culture

IMR90, human primary lung embryo fibroblasts from ATCC, was grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 100 U/mL penicillin, 100 pg/mL
streptomycin, and 10% fetal bovine serum (FBS) at 37°C in 5% CO,. Propagation of
the dI1500 virus was done as described in previous study (Ferrari, Su et al. 2012).

Chromatin immunoprecipitation followed by high-throughput sequencing
(ChiP-seq)

Chromatin immunoprecipitation for ChlP-seq was performed as described in (Ferrari, Su
et al. 2012) with modifications. In short, IMR90 cells were grown to confluence in 150
mm tissue culture plates and after 24 hours of contact inhibition, cells were infected with
Adenovirus dI1500 or mock infected (no virus infection) in DMEM with 100 U/mL
penicillin, 100 ug/mL streptomycin, and 2% fetal bovine serum (FBS). Cells were
collected at 6 and 24 hours after infection. Cells were fixed in plate with formaldehyde
at 1% final concentration for 10 min at 37°C. Cell pellet was collected by cell scraper
after PBS washing containing protease inhibitors (Roche). Cells were resuspended in
400 pl of lysis buffer and incubated for 10 min on ice. Pellet spun down at max speed
was resuspended in 400 microL of lysis buffer and sonicated using Misonix cup-horn
sonicator. 100 pl of the lysate was used for each immunoprecipitation with specific
antibody (rabbit anti-ela antibody, gift from Arnold Berk lab; rabbit anti-P400 antibody,
gift from Mike Carey lab; Mouse anti-Pol Il antibody, MMS-126R(Covance)). 10 ul of the
lysate were used as input. Overnight incubation at 65°C was performed to reverse
crosslinking. RNAseA incubation for 1 hour at 37°C followed by 2 hours of proteinase K

digestion for 2 hours at 56 °C. Immunoprecipitated DNA was purified using
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phenol/chloroform extraction and precipitated using EtOH and glycogen. Final DNA
concentration was measured using Qubit (Invitrogen), and 1 ng of dsDNA for both input
and IP were used for library construction according to the manufacturer's instructions for
multiplex library preparation kit (Kapa biosystems) with index adapters from BIOO
Scientific . Libraries were sequenced using lllumina HiSeq 2000 to obtain 50-bp-long
reads.

Stranded total RNA-seq

Total RNA was extracted from mock- and dI1500-infected cells using Trizol (Invitrogen).
1 microgram of total RNA was used to start the library preparation according to the
manufacturer's instructions (lllumina stranded total RNAseq library preparation kit).
Libraries were sequenced using lllumina Hiseq 2000 to obtain 50-bp-long reads.
Alignment of stranded totalRNA-seq reads was performed using TopHat 2 with —g 1
option (Kim, Pertea et al. 2013). Aligned reads were converted to sam format, and
cufflinks software (Trapnell, Williams et al. 2010)was used to determine the transcript
FPKM (fragments per kilo bases of exons for per million mapped reads).

ChIP-seq Analysis

All sequencing data from ChIP-seq and RNA-seq were mapped to human genome
version hgl9. ChlP-seq data was mapped to human genome using Bowtie software
using parameters —m 1 to ensure each read only aligns to single location in the genome.
Genome was split into 50 bp windows for ela and Pol Il ChiP-seq. Windows with P-
value less than 10 was determined to be significant only if its two immediate

neighboring windows were both with P-values less than 107. P-value was calculated
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using Poisson distribution and custom Matlab script. Two sample Kolmogorov—Smirnov
test was used to calculate P-value in boxplots using R software.

Data source for ChlP-seq data

ChIP-seq data on Rb binding in growing or senescent IMR90 cells from previous study
(Chicas, Wang et al. 2010) was downloaded from NCBI GEO (GSE19898). ChlP-seq
data on Rb, p107, p130 in mock infected IMR90 cells and H3K18ac in mock and dI1500
infected IMR90 cells from previous study (Ferrari, Su et al. 2012) was downloaded from
NCBI GEO (GSE32340). ChlP-seq data on H3K27ac, Rb and P300 in mock and
dI1500 infected IMR90 cells from previous study (Ferrari, Gou et al. 2014) was
downloaded from NCBI GEO (GSE59680). ChIP-seq data on Myc and Myc-dox from
previous study (Soufi, Donahue et al. 2012) was downloaded from NCBI GEO
(GSE36570). ChiP-seq data on H3K4Me3 and H3K4Mel in IMR9O0 cells was
downloaded from NCBI GEO (GSE16256). ChIP-seq data on LaminB1 in IMR9O0 cells
from previous study (Sadaie, Salama et al. 2013) was downloaded from NCBI GEO
(GSE49341).

Data source for nascent strand DNAseq

Nascent strand DNA sequencing data for IMR90, H9, and hela cells from previous study

(Besnard, Babled et al. 2012) was download from NCBI GEO (GSE37757).
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Figure S1
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Figure S1. Active enhancer is targeted by ela at 6 hours PIl. (A) Plot of average
significant counts from ChiIP-seq of ela binding at 6 and 24 hours PI centered at all ela
binding sites located within active enhancers. (B) Plot of average significant counts
from H3K27ac ChIP-seq in mock and infected cells at 24 hours PI centered at all ela-
bound active enhancers. (C) Plot of average significant counts from P300 ChlIP-seq in
mock and infected cells at 24 hours PI centered at all ela-bound active enhancers. (D)
Plot of average significant counts from Polymerase Il ChIP-seq in mock and infected
cells at 24 hours PI centered at all ela-bound active enhancers. Analysis plots were

generated by CEAS software.
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Figure S2
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Figure S2 Deacetylation of H3K18ac and H3K27ac at ela-bound active enhancers

occurs at 24 hours PI. (A) Plot of average significant counts from H3K27ac ChlP-seq

in mock and infected cells centered at regions bound by ela at 6 hours. (B) Plot of

average significant counts from H3K27ac ChlP-seq in mock and infected cells centered

at regions bound by ela at 24 hours PI. (C) Plot of average significant counts from

H3K18ac ChIP-seq in mock and infected cells centered at regions bound by ela at 6

hours PI. (D) Plot of average significant counts from H3K18ac ChlIP-seq in mock and

infected cells centered at regions bound by ela at 24 hours Pl. Analysis plots were

generated by CEAS software.
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Figure S3
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Figure S3. Active enhancers neighboring COL6A3 are bound by ela at 6 hours PI.
Intergenic regions with deacetylation of H3K18ac and H3K27ac coincide with ela
and P300 binding sites. Genome browser view of normalized read counts from ChlP-

seq and stranded RNA-seq from mock and infected cells were plotted on the y-axis.
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Figure S4
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Figure S4 Promoters in k1 gene clusters have highest level of Rb binding in
mock-infected cells. Binding levels of p107 and p130 are similar in k1, k2, and k3
gene clusters. (A) Plot of average significant counts from Rb ChlP-seq in mock
infected cells for clusters k1, k2, k3 centered at merged ela binding sites from 6 and 24
hours PI (B) Plot of average significant counts from p107 ChlIP-seq in mock infected
cells for clusters k1, k2, k3 centered at merged ela binding sites from 6 and 24 hours PI
(C) Plot of average significant counts from p130 ChIP-seq in mock infected cells for
clusters k1, k2, k3 centered at merged ela binding sites from 6 and 24 hours PI.

Analysis plots were generated by CEAS software.
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Figure S5
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Figure S5. Cluster k2 has highest level of H3K18ac in mock infected cells but is
deactylated at 24 hours PI. Cluster k1 gains H3K18ac at 24 hours PI. (A) Plot of
average significant counts from H3K18ac ChlP-seq in mock-infected cells centered at
TSS of k1,k2,k3 gene clusters. (B) Plot of average significant counts from H3K18ac
ChIP-seq in infected cells at 24 hours PI centered at TSS of k1, k2, k3 gene clusters.

Analysis plots were generated by CEAS software.
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Figure S6
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Figure S6. With ela binding, H3K27ac at cluster k1, k2, k3 are deactylated at 24
hours PI. (A) Plot of average significant counts from H3K27ac ChlP-seq in mock-
infected cells centered at TSS of k1,k2,k3 gene clusters. (B) Plot of average significant
counts from H3K27ac ChiP-seq in infected cells at 24 hours Pl centered at TSS of k1,

k2, k3 gene clusters. Analysis plots were generated by CEAS software.
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Figure S7
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Figure S7. With ela binding, cluster k1, k2, k3 gain p300 binding at 24 hours PI.
(A) Plot of average significant counts from p300 ChIP-seq in mock-infected cells
centered at TSS of k1,k2,k3 gene clusters. (B) Plot of average significant counts from
p300 ChIP-seq in infected cells at 24 hours Pl centered at TSS of k1, k2, k3 gene

lusters. Analysis plots were generated by CEAS software
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Figure S8
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Figure S8. Cluster k1 is enriched with E2F regulated cell cycle genes. Cluster k2

is enriched with fibroblastic gene functions in cell matrix synthesis and

maintenance. Cluster k3 is enriched with translation and cell metabolic

processes. Bar graph of gene ontology and transcription factor binding motif

enrichments of k1, k2, k3 gene clusters. X-axis represents —log of P-value calculated

for gene ontology term enrichment. Y-axis shows the significantly-enriched gene

ontology term. Gene ontology enrichment was analyzed with GREAT software.

Cluster k1 is enriched with E2F-regulated cell cycle genes. Cluster k2 is enriched with

fibroblast-specific genes responsible for matinenance and synthesis of cellular matrix.

Cluster k3 represents general cell function in translation and energy metabolism.
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Figure S9
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Figure S9. Promoter of CCNEZ2 is bound by ela at both 6 and 24 hours PI. (A)
Genome browser example of ela binding at 6 and 24 hours Pl at TSS of CCNE2. Y-
axis represents normalized total counts from ChIP-seq of Rb, p107, and p130 in mock
cells and ChiP-seq of ela, RNA polymerase Il, and P300 in mock and infected cells.
RNAseq results from in mock and infected cells at 6 and 24 hours PI is shown at top

with Y-axis representing normalized total counts.
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Figure S10
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Figure S10. Binding of ela at 6 hours Pl overlaps with sites of NS DNA synthesis
in growing cells and Myc binding in BJ fibroblasts. (A) Plot of average significant
counts from 6 hour ela ChlP-seq centered at 6 hour ela binding sites versus expected
genome background binding sites. (B) Plot of average significant counts from nascent
strand DNA synthesis-seq in growing IMR90 cells centered at 6 hour ela binding sites
versus expected genome background binding sites. (C)(D) Plot of average significant
counts from Myc ChIP-seq in BJ fibroblast overexpressing Myc (Myc-dox) or mock-
induced cells. centered at 6 hour ela binding sites versus expected genome
background binding sites. (e) Heatmap of significant counts from multiple ChIP-seq

datasets and nascent strand DNA synthesis sequencing in growing IMR90 cells.

184



Figure S11
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Figure S11. Binding of ela at 24 hours Pl overlaps with sites of NS DNA synthesis
in growing cells and Myc binding in BJ fibroblasts. (A) Plot of average significant
counts from 24 hour ela ChlP-seq centered at 24 hour ela binding sites versus
expected genome background binding sites. (B) Plot of average significant counts from
nascent strand DNA synthesis-seq in growing IMR90 cells centered at 24 hour ela
binding sites versus expected genome background binding sites. (C)(D) Plot of average
significant counts from Myc ChlP-seq in BJ fibroblast overexpressing Myc (Myc-dox) or
mock-induced cells. centered at 24 hour ela binding sites versus expected genome
background binding sites. (e) Heatmap of significant counts from multiple ChlP-seq

datasets and nascent strand DNA synthesis sequencing in growing IMR90 cells.
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Figure S12
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Figure S12. Regions bound by ela in IMR9O0 cells has higher overlap with regions
of DNA synthesis in H9 and Hela cells comparing to regions of DNA synthesis in
IMR9O cells. Y-axis plots percentage of ela-bound region in IMR9O0 cells overlapping
with nascent strand DNA synthesis regions in IMR90, H9 and hela cells. The actual

percent overlap was compared to expected background overlap percentage.
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Figure S13
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Figure S13. BrdU-seq reveals 95% of newly synthesized DNA in infected cells
comes from adenoviral genome. Pie charts plot results from BrdU-seq in
asynchronous IMR90 (left) or infected IMR9O0 cells (right). Percentage of BrdU labeled
DNA aligned to human or adenoviral genome is shown in pie chart. BrdU-seq

experiment was performed by Bing Li in Kurdistani Lab.

187



References

Becker, K. A., P. N. Ghule, et al. (2006). "Self-renewal of human embryonic stem cells is
supported by a shortened G1 cell cycle phase." J Cell Physiol 209(3): 883-893.

Berk, A. J. (2005). "Recent lessons in gene expression, cell cycle control, and cell biology from
adenovirus." Oncogene 24(52): 7673-7685.

Besnard, E., A. Babled, et al. (2012). "Unraveling cell type-specific and reprogrammable human
replication origin signatures associated with G-quadruplex consensus motifs." Nat Struct
Mol Biol 19(8): 837-844.

Branton, P. E., S. T. Bayley, et al. (1985). "Transformation by human adenoviruses." Biochim
Biophys Acta 780(1): 67-94.

Burkhart, D. L. and J. Sage (2008). "Cellular mechanisms of tumour suppression by the
retinoblastoma gene." Nat Rev Cancer 8(9): 671-682.

Chakravarti, D., V. Ogryzko, et al. (1999). "A viral mechanism for inhibition of p300 and PCAF
acetyltransferase activity." Cell 96(3): 393-403.

Chan, H. M., M. Krstic-Demonacos, et al. (2001). "Acetylation control of the retinoblastoma
tumour-suppressor protein." Nat Cell Biol 3(7): 667-674.

Chen, P. B., J. H. Hung, et al. (2013). "Hdac6 regulates Tip60-p400 function in stem cells." Elife
2: e01557.

Chicas, A., X. Wang, et al. (2010). "Dissecting the unigue role of the retinoblastoma tumor
suppressor during cellular senescence." Cancer Cell 17(4): 376-387.

Choi, S., H. R. Kim, et al. (2014). "Genomic Alterations in the RB Pathway Indicate Prognostic
Outcomes of Early-Stage Lung Adenocarcinoma.” Clin Cancer Res.

Creyghton, M. P., A. W. Cheng, et al. (2010). "Histone H3K27ac separates active from poised
enhancers and predicts developmental state.” Proc Natl Acad Sci U S A 107(50): 21931-
21936.

Dahiya, A., M. R. Gavin, et al. (2000). "Role of the LXCXE binding site in Rb function." Mol Cell
Biol 20(18): 6799-6805.

Dick, F. A. (2007). "Structure-function analysis of the retinoblastoma tumor suppressor protein -
is the whole a sum of its parts?" Cell Div 2: 26.

Dominguez-Sola, D., C. Y. Ying, et al. (2007). "Non-transcriptional control of DNA replication by
c-Myc." Nature 448(7152): 445-451.

Eckner, R., M. E. Ewen, et al. (1994). "Molecular cloning and functional analysis of the

adenovirus E1A-associated 300-kD protein (p300) reveals a protein with properties of a
transcriptional adaptor.” Genes Dev 8(8): 869-884.

188



Fazzio, T. G., J. T. Huff, et al. (2008). "An RNAI screen of chromatin proteins identifies Tip60-
p400 as a regulator of embryonic stem cell identity." Cell 134(1): 162-174.

Ferrari, R., A. J. Berk, et al. (2009). "Viral manipulation of the host epigenome for oncogenic
transformation.” Nat Rev Genet 10(5): 290-294.

Ferrari, R., D. Gou, et al. (2014). "p300/CBP Function in Repression as well as Activation
Regulated by Adenovirus Small E1A." Cell Host and Microbe 16(5): 663-676.

Ferrari, R., M. Pellegrini, et al. (2008). "Epigenetic reprogramming by adenovirus ela." Science
321(5892): 1086-1088.

Ferrari, R., T. Su, et al. "Reorganization of the host epigenome by a viral oncogene." Genome
Res 22(7): 1212-1221.

Ferrari, R., T. Su, et al. (2012). "Reorganization of the host epigenome by a viral oncogene."
Genome Res 22(7): 1212-1221.

Frisch, S. M. and J. S. Mymryk (2002). "Adenovirus-5 E1A: paradox and paradigm.” Nat Rev
Mol Cell Biol 3(6): 441-452.

Fuchs, M., J. Gerber, et al. (2001). "The p400 complex is an essential E1A transformation
target." Cell 106(3): 297-307.

Fujii, T., T. Ueda, et al. (2010). "Essential role of p400/mDomino chromatin-remodeling ATPase
in bone marrow hematopoiesis and cell-cycle progression." J Biol Chem 285(39): 30214-
30223.

Gayther, S. A., S. J. Batley, et al. (2000). "Mutations truncating the EP300 acetylase in human
cancers." Nat Genet 24(3): 300-303.

Geuvry, N., H. M. Chan, et al. (2007). "p21 transcription is regulated by differential localization of
histone H2A.Z." Genes Dev 21(15): 1869-1881.

Geuvry, N., S. Hardy, et al. (2009). "Histone H2A.Z is essential for estrogen receptor signaling."”
Genes Dev 23(13): 1522-1533.

Ghosh, M. K. and M. L. Harter (2003). "A viral mechanism for remodeling chromatin structure in
GO cells." Mol Cell 12(1): 255-260.

Goodrich, D. W., N. P. Wang, et al. (1991). "The retinoblastoma gene product regulates
progression through the G1 phase of the cell cycle." Cell 67(2): 293-302.

Heintzman, N. D., G. C. Hon, et al. (2009). "Histone modifications at human enhancers reflect
global cell-type-specific gene expression." Nature 459(7243): 108-112.

Horwitz, G. A., K. Zhang, et al. (2008). "Adenovirus small ela alters global patterns of histone
modification.” Science 321(5892): 1084-1085.

189



Howe, J. A., J. S. Mymryk, et al. (1990). "Retinoblastoma growth suppressor and a 300-kDa
protein appear to regulate cellular DNA synthesis." Proc Natl Acad Sci U S A 87(15):
5883-5887.

Huebner, R. J., W. P. Rowe, et al. (1962). "Oncogenic effects in hamsters of human adenovirus
types 12 and 18." Proc Natl Acad Sci U S A 48: 2051-2058.

Ikeda, M. A. and J. R. Nevins (1993). "Identification of distinct roles for separate ELA domains in
disruption of E2F complexes." Mol Cell Biol 13(11): 7029-7035.

Jin, Q., L. R. Yu, et al. (2011). "Distinct roles of GCN5/PCAF-mediated H3K9ac and CBP/p300-
mediated H3K18/27ac in nuclear receptor transactivation." EMBO J 30(2): 249-262.

Kidder, B. L., G. Hu, et al. (2011). "ChlP-Seq: technical considerations for obtaining high-quality
data." Nat Immunol 12(10): 918-922.

Kim, D., G. Pertea, et al. (2013). "TopHat2: accurate alignment of transcriptomes in the
presence of insertions, deletions and gene fusions." Genome Biol 14(4): R36.

Kurdistani, S. K. and M. Grunstein (2003). "Histone acetylation and deacetylation in yeast." Nat
Rev Mol Cell Biol 4(4): 276-284.

Land, H., L. F. Parada, et al. (1983). "Tumorigenic conversion of primary embryo fibroblasts
requires at least two cooperating oncogenes." Nature 304(5927): 596-602.

Liu, X. and R. Marmorstein (2007). "Structure of the retinoblastoma protein bound to adenovirus
E1A reveals the molecular basis for viral oncoprotein inactivation of a tumor suppressor."”
Genes Dev 21(21): 2711-2716.

Macher-Goeppinger, S., J. L. Bermejo, et al. (2013). "Senescence-associated protein p400 is a
prognostic marker in renal cell carcinoma.” Oncol Rep 30(5): 2245-2253.

McLean, C. Y., D. Bristor, et al. (2010). "GREAT improves functional interpretation of cis-
regulatory regions." Nat Biotechnol 28(5): 495-501.

Mechali, M. (2010). "Eukaryotic DNA replication origins: many choices for appropriate answers."
Nat Rev Mol Cell Biol 11(10): 728-738.

Mendoza-Maldonado, R., R. Paolinelli, et al. (2010). "Interaction of the retinoblastoma protein
with Orc1 and its recruitment to human origins of DNA replication." PLoS One 5(11):
e13720.

Moir, R. D., M. Montag-Lowy, et al. (1994). "Dynamic properties of nuclear lamins: lamin B is
associated with sites of DNA replication.” J Cell Biol 125(6): 1201-1212.

Montell, C., E. F. Fisher, et al. (1982). "Resolving the functions of overlapping viral genes by
site-specific mutagenesis at a mRNA splice site." Nature 295(5848): 380-384.

Murphree, A. L. and W. F. Benedict (1984). "Retinoblastoma: clues to human oncogenesis."
Science 223(4640): 1028-1033.

190



Nevins, J. R. (2001). "The Rb/E2F pathway and cancer." Hum Mol Genet 10(7): 699-703.
Rubin, S. M., A. L. Gall, et al. (2005). "Structure of the Rb C-terminal domain bound to E2F1-
DP1: a mechanism for phosphorylation-induced E2F release.” Cell 123(6): 1093-1106.

Ruley, H. E. (1983). "Adenovirus early region 1A enables viral and cellular transforming genes
to transform primary cells in culture." Nature 304(5927): 602-606.

Ruley, H. E. (1990). "Transforming collaborations between ras and nuclear oncogenes." Cancer
Cells 2(8-9): 258-268.

Sadaie, M., R. Salama, et al. (2013). "Redistribution of the Lamin B1 genomic binding profile
affects rearrangement of heterochromatic domains and SAHF formation during
senescence." Genes Dev 27(16): 1800-1808.

Shin, H., T. Liu, et al. (2009). "CEAS.: cis-regulatory element annotation system." Bioinformatics
25(19): 2605-2606.

Soufi, A., G. Donahue, et al. (2012). "Facilitators and impediments of the pluripotency
reprogramming factors' initial engagement with the genome." Cell 151(5): 994-1004.

Srinivasan, S. V., D. Dominguez-Sola, et al. (2013). "Cdc45 is a critical effector of myc-
dependent DNA replication stress." Cell Rep 3(5): 1629-1639.

Trapnell, C., B. A. Williams, et al. (2010). "Transcript assembly and quantification by RNA-Seq
reveals unannotated transcripts and isoform switching during cell differentiation." Nat
Biotechnol 28(5): 511-515.

Tworkowski, K. A., A. A. Chakraborty, et al. (2008). "Adenovirus E1A targets p400 to induce the
cellular oncoprotein Myc." Proc Natl Acad Sci U S A 105(16): 6103-6108.

van den Elsen, P., S. de Pater, et al. (1982). "The relationship between region Ela and E1b of
human adenoviruses in cell transformation.” Gene 18(2): 175-185.

Wang, Z., M. Gerstein, et al. (2009). "RNA-Seq: a revolutionary tool for transcriptomics." Nat
Rev Genet 10(1): 57-63.

Xu, Y., M. K. Ayrapetov, et al. (2012). "Histone H2A.Z controls a critical chromatin remodeling
step required for DNA double-strand break repair.” Mol Cell 48(5): 723-733.

Zentner, G. E., P. J. Tesar, et al. (2011). "Epigenetic signatures distinguish multiple classes of
enhancers with distinct cellular functions." Genome Res 21(8): 1273-1283.

191





