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ABSTRACT OF THE DISSERTATION
Adenovirus small ela regulates host cell transcription
by
Miguel Nava
Microbiology, Immunology & Molecular Genetics
University of California, Los Angeles, 2015
Professor Arnold J. Berk, Chair

The study of adenoviruses has contributed immensely to the understanding of biology.
Adenoviruses have been used as a model system to explore the mechanism of cellular transformation.
To that end, specific viral encoded genes from the E1A and E1B transcriptional units were shown to be
necessary for oncogenic and cellular transformation. Subsequent studies identified E1A and E1B regions
encoded proteins that were necessary for transformation and also identified the cellular factors that
bound to E1A and E1B encoded proteins. A specific E1A isoform, small ela, exerts its oncogenic
potential by co-opting two key cellular factors- P300 and RB.

The advent and wide use of next generation sequencing has facilitated the dissection of
transcriptomic questions. Experiments using this technology have confirmed much of the original work
about the transcriptional changes that occur following infection with adenoviruses. In addition, new
sequencing technology also generates copious amounts of data that can be scrutinized in various
manners and lead to new hypotheses. The majority of the work contained in this dissertation employed
the use of next generation sequencing.

Prior to the wide use of next generation sequencing, researchers utilized tiling array platforms
to determine factor binding to limited regions of the genome (ie promoter regions). Using ChIP-chip
studies our collaborators and we described how ela expression resulted in a redistribution of cellular

factors known as pocket proteins (RB, p107 and p130) and lysine acetylases p300/CBP. Specifically, we



observed that p130, RB and p300 accumulated near the promoters of genes whose expression was
repressed 24 hours p.i. Although ela was no longer present at the promoters of those repressed genes
24 hours p.i., prior data generated by others had found evidence of an ela-p300-RB trimolecular
complex.

With next generation sequencing becoming the norm in analyzing the modulation of
transcription, we applied this technology to address the changes in cellular transcription that occur after
infection with adenoviruses that (of the E1A region) only express small ela (d/1500), an E1A deletion
mutant (d/312), an ela-P300 binding mutant (e1aP300b-) and an RB binding mutant (elaRBb-). Using
these adenoviruses we conducted RNA-seq before and after infection. Concomitantly, we conducted
ChIP-seq for pol2, P300, RB, H3K18ac, H3K27ac, H3K9ac and H3K4mel. We determined that ela-P300
and ela-RB interactions are important for the activation and repression of certain clusters of cellular
genes. We found that ela repression of some genes depended on both e1a-P300 and ela-RB
interactions. Moreover, P300 and RB accumulated through the length of these genes following infection
with an adenovirus that expresses wt ela. These results are described in the insertion of Ferrari et al.
(2014) as chapter 2 of this dissertation.

In Ferrari et al. (2014) we only reported ChIP-seq for pol2 from mock and d/1500 infected cells.
We have extended ChIP-seq for pol2 from cells infected with adenoviruses that express wt small ela,
e1aP300b-, elaRBb- or dI312. Results from these additional pol2 ChlP-seq experiments will be discussed
in chapter 3. Furthermore, the use of next generation sequencing in the context of an adenoviral
infection has also permitted us to map the binding of pol2, histone modifications (e.g. H3K18ac) and
viral transcripts to the viral genome. In chapter 4 of this dissertation we aligned reads from our ChIP-
seq data to the viral genome.

Recently, we transitioned to human foreskin fibroblasts (HFFs) for our studies and as a result

have had to repeat some of the studies originally conducted in IMR90 cells. During *H-thymidine



incorporation experiments to determine whether ela wt and ela mutants drove Go/G; HFF cells into S-
phase, we observed that infection with e1aRBb- resulted in *H-thymidine incorporation similar to ela
wt. This was surprising because elaRBb- failed to induce genes involved in cell cycle progression. We
conducted additional analyses and studies to determine why e1aRBb- caused *H-thymidine

incorporation without induction of S-phase genes. This is the subject of chapter 5.
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Chapter 1

Adenoviruses and ela



Adenoviruses

Adenoviruses were isolated in the 1950s and eventually characterized by two different groups
(Rowe et al., 1953; Hilleman et al., 1954; Huebner et al., 1954; Enders et al., 1956). They were named
adenoviruses based on the their isolation from tonsils (Rowe et al., 1953). Adenoviruses account for a
small portion (5-10%) of acute respiratory illness cases in the United States. Since their discovery,
adenoviruses have facilitated the understanding of cellular processes such as the modulation of
transcription, cellular transformation and probably most famous of all, alternative splicing.
Adenoviruses have also been explored as vectors for gene therapy. By using adenoviruses as a model
organism we have gained a greater understanding of our biology.

Adenoviruses infect a wide range of species and cell types. In humans they typically infect the
respiratory epithelium but have also been reported to cause conjunctivitis and gastroenteritis ( Swenson
et al., 1995; Hakim et al., 2008). Adenoviruses have also been detected from genital swabs of HIV
negative individuals (Swenson et al., 1995). Over 100 adenovirus types have been isolated from
vertebrates. Approximately half of the adenovirus isolates are known to infect humans. These are
divided into seven species (A-G). Classification is based on several characteristics including serology,
hemagglutination, oncogenic potential in rodents, cellular transformation of primary rodent cells and
DNA sequence (Gallimore, 1972).

Adenoviruses are non-enveloped viruses that contain a linear dsDNA genome. Adenoviral
genomes range in size from 25-45kb (Davison et al., 2003). The genome is divided into transcriptional
units, with nearly every pre-mRNA undergoing alternative splicing to give rise to different isoforms. The
genome contains five early transcription units (E1A, E1B, E2, E3 and E4), four intermediate transcription
units (IX, Iva2, L4 intermediate, and E2 late) and one late transcription unit that is processed into five

mMRNA families (L1, L2, L3, L4 and L5)(Davison et al., 2003).



Adenovirus entry into host cells is mediated by attachment of the viral fiber knob to the cellular
coxsackie B adenovirus receptor (CAR) and oy, integrins (Bergelson et al., 1997; Tomko et al., 1997,
2000). The viral particle is transported along microtubules by dynein motors towards the nucleus
(Suomalainen et al.,2001; Bailey et al., 2003). The viral DNA protein VIl mediates nuclear entry by
cellular factors Transportin and Imp7 (Hindley et al., 2007). Protein VIl is removed upon nuclear entry
and the genome becomes associated with histones, presumably a cellular defense against aberrant
transcription of rogue DNA (Chen et al., 2007; Ross et al., 2011). Nonetheless, the viral transcriptional
program commences soon thereafter due to robust enhancer activity from the 5’ end of the viral
genome (Berk and Sharp, 1977; He et al., 1983; Hearing and Shenk, 1983; Sassone-corsi et al., 1983)
Adenoviruses, tumor formation and cellular transformation

About 10 years after the isolation and characterization of adenoviruses, Ad12 was demonstrated
to induce tumor formation in newborn hamsters (Trentin et al., 1962). Thus began the classification of
adenoviruses into different subgroups. Adenoviruses in subgroup A (e.g. Ad12) are oncogenic in
newborn hamsters, subgroup B adenoviruses (e.g. Ad 3) are weakly oncogenic and subgroup C
adenoviruses (e.g. Ad2 and Ad5) are non-oncogenic (Freeman et al., 1967). However, using in vitro
assays to determine transformation capacity by adenoviruses, subgroups A-C were shown to all have
transformation capacity in primary hamster, and rat embryo and kidney cells (Pope and Rowe, 1964;
Freeman et al., 1967; Williams, 1973)

Upon introduction of adenoviral DNA into human cells via transfection or infection, the virus
undergoes lytic infection (Graham and van der Eb, 1973). This is not the case for rodent cells, where no
productive infection occurs. In 1974, Graham et al. (1974) showed that transformation capacity by Ad5
DNA was more resistant to DNA shearing than was infectivity. This suggested that adenoviruses’
transformation capacity resided in a specific region of the viral genome. It also raised the likelihood that

by using the portion of the adenoviral genome that contained the transformation capacity (or the T
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Figure 1-1: Cartoon representation of an adenovirus particle. Not drawn to scale.

segment, as it was referred to) a human cell line could be transformed by adenoviral DNA. By using
exonuclease Il and single strand specific nuclease S1 in combination on either the left or right half of the
adenoviral genome, it was determined that adenoviruses’ transformation capacity was on 1%-6% from
the left end of Ad5 DNA (Graham et al., 1974).

Although adenoviral DNA has never been detected in human tumors, a widely used cell line
HEK293 was developed by transfection of fragmented adenoviral DNA (Graham et al., 1974). HEK293
cells were shown to be suitable for conducting adenoviral plaque assays (better than HelLa and KB cells),

could form tumors in immunocompromised animals upon subcutaneous injection, and RNA from 293



cells hybridized to the left end of Ad5 DNA (Graham et al., 1974). Today HEK293 cells are among the
most widely used cell lines in laboratories around the world.

In vitro transformation studies in baby rat kidney (BRK) cells using fragments from either the left
end of the Ad5 genome or with specific regions (ie lacking E1A or E1B) demonstrated that both E1A and
E1B regions were necessary for transformation (Houweling et al., 1980; Van den Elsen et al., 1983).
Eventually it was shown that a specific isoform of E1A, small ela, could transform primary cells in vitro
in combination with either E1B or oncogenic ras (Montell et al., 1984; Wang et al., 1995).

E1A

The first viral transcript detected following infection maps to the left end of the genome and is
known as Early region 1A (E1A). Transcription from this region is necessary for transformation by Ad2
and Ad5 (Graham et al., 1974; Flint et al., 1976; Harrison et al., 1977; Graham et al., 1978). The E1A pre-
mMRNA is spliced into two major isoforms known as small and large E1A, they are also known as 12S or
13S for their sedimentation coefficients. Small and large E1A encode 243 and 289 amino acid proteins,
respectively. Large E1A contains four regions (CR1-CR4) that are conserved among the primate
adenoviruses (figure 1-2). However, small ela lacks conserved region (CR) 3, which is a 46 amino acid
region that binds to Med23, a subunit of the Mediator complex (Boyer et al., 1999; Stevens et al., 2002;
Wang and Berk, 2002). CR3 also binds to acetyl transferases p300 and PCAF and these interactions
contribute to CR3’s activation function (Pelka et al., 2009a, 2009b). Large E1A is responsible for
activating the early viral promoters of E1A, E1B, E2, E3 and E4 ( Berk et al., 1979; Jones and Shenk,
1979).

Small ela and cellular binding partners required for cellular transformation

The E1A proteins are essential for the viral life cycle and they act in concert during the early

phase of infection to establish a cellular environment that is conducive for viral replication. Whereas

Large E1A is responsible for activating expression of early viral genes, small ela is responsible for
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inducing cell cycle progression and dampening antiviral responses ( Jones and Shenk, 1979; Berk, 2005;
Ferrari et al., 2008, 2014). Small ela also promotes expression from the viral E2A early promoter by
activating E2F (cellular) transcription factors. E2F transcription factors are potent drivers of S-phase
entry and adenovirus evolved to synchronize cellular and viral DNA replication (La Thangue, 1996).

Small ela contains no intrinsic catalytic activity and thus functions by co-opting cellular
regulators of critical networks. Using newly developed anti-E1A monoclonal antibodies Harlow et al.
(1985) showed that immunoprecipitation of E1A from either HEK293 cells or Ad5 infected Hela cells
resulted in co-precipitation of cellular factors ranging from 28kD-300kD. Eluates from
immunoprecipitation of E1A from Ad5 infected Hela cells run on 2D gels resulted in 60 different spots,
suggesting dozens of potential E1A interacting partners.

To determine what cellular partners contributed to E1A’s transformation capacity and at the
same time demarcate the binding surfaces between these interactions, a series of E1A mutants were
developed (Egan et al., 1988; Whyte et al., 1988a). These studies concluded that amino acids 1-85 and
121-127 were necessary for transformation by E1A and oncogenic ras (Whyte et al., 1988a). E1A N-
terminal amino acids 4-25 were shown to be important for E1A’s interaction with a cellular factor with a
molecular weight of 300kD and deletion of E1A amino acids 124-127 resulted in loss of co-precipitation
of cellular factors of 105kD and 107kD (Egan et al., 1988). A deletion o f residues 30-49 diminished the
interaction between E1A and cellular factors of 105kD and 107kD, albeit not to the extent of the 124-
127 deletion (Egan et al., 1988). These results strongly suggested that E1A mediated transformation
required interactions with cellular proteins of 300kD, 107kD and 105kD. Additional experiments
confirmed this hypothesis- E1A mutants that failed to transform primary rodent cells also failed to co-

precipitate cellular proteins of 300kD, 107kD or 105kD (Whyte et al., 1989).
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Analysis of the 105kD E1A interacting protein identified it as the retinoblastoma gene product,
RB (Whyte et al., 1988b). At the time of this discovery it was known that individuals harboring loss of
function alleles at the RB locus developed retinoblastoma, a cancer of the eye and that RB was mutated
in several other cancer types (La Thangue, 1996; Whyte et al., 1988b). Therefore, the identification of
RB as an E1A target became the first example of an interaction between an oncogene and an “anti-
oncogene” (Whyte et al., 1988b). This raised the possibility that E1A achieved its transformation
capacity by inhibiting RB function. RB and the 107kD E1A interacting protein both interacted with E1A
amino acids 121-127 (of sequence DLTCHEA). This suggested that E1A-RB or E1A-107kD interactions
were mutually exclusive and that transformation required either interaction.

In addition to the unknown 107kD E1A interacting protein was another slower migrating 130kD
E1A coprecipitating protein. Like RB and the 107kD protein, the 130kD protein also bound to E1A
through similar regions (Giordano et al., 1991; Dyson et al., 1992). Eventually, the identities of both
107kD and 130kD E1A interacting proteins were uncovered and shown to exhibit extensive similarity to
RB (Ewen et al., 1991; Hannon et al., 1993; Li et al., 1993).They were named RBL1 (p107) and RBL2
(p130). RB, p107 and p130 came to be known as “pocket proteins” for their homologous internal
binding region that bound at least two viral proteins (ie E1A, SV40 Large T or HPV E7) (Kaelin et al.,
1991).

The discovery of pocket proteins as E1A interacting proteins and E2F family transcription factors
as activators of the viral E2 promoter, eventually led researchers to characterize the critical repressive
complex formed in G,/G; between RB and E2Fs (La Thangue, 1994). RB is subject to phosphorylation in
a cell cycle dependent fashion. During the G,/G; phases of the cell cycle RB is in a hypophosphorylated
form and only this form interacts with E2F (Chellappan et al., 1991; Kaelin et al., 1991). Departure from
G; coincides with RB hyperphosphorylation, disruption of RB-E2F complexes and E2F activation function

(La Thangue, 1996). E1A can overcome RB mediated repression of E2F transactivation by physically
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interacting with RB. In addition, RB is capable of recruiting histone deacetylases to E2F bound promoter
regions (Harbour and Dean, 2000; Dick and Rubin, 2013). Genes involved in G;/S transition like
dihydrofolate reductase (DHFR), DNA polymerase a, cdc2, and thymidine kinase all contain functional
E2F binding sites (La Thangue, 1996).

Although RB, and not RBL1 or RBL2, is considered a tumor suppressor because of its high
incidence of mutation in tumors, ectopic expression of p107 and p130 also inhibits cell cycle progression
(Zhu et al., 1993; Wolf et al., 1995). Not surprisingly, due to the homology between pocket proteins,
p107 and p130 were shown to also interact with members of the E2F family. RB preferentially binds to
E2F1-3, whereas p107 and p130 preferentially bind E2F4-5 (Lam and La Thangue, 1994; Hurford et al.,
1997). Furthermore, pocket proteins interact with their E2F targets during different phases of the cell
cycle. RB-E2F and p130-E2F complexes exist predominantly in G./G,, whereas p107-E2F complexes exist
in both G; and S phases (Cobrinik et al., 1993). By studying the function of pocket proteins it became
clear why viral oncoproteins, such as small ela, Large T and HPV E7, evolved to interact with them. It
was less clear why small ela interacted with the previously unknown 300kD protein (p300).

The small ela-p300 interaction is dependent on the ela N-terminus and C-terminal portion of
CR1 (Wang et al., 1993). Using methods similar to those employed to discover the identity of p107 led
researchers to characterize the 300kD E1A interacting protein (Eckner et al., 1994). P300 is closely
related to the CREB binding protein (CBP). As a result, they are typically referred to as p300/CBP but
hereafter they will be referred to as P300. P300 contains a bromodomain, three cysteine-histidine (CH1,
CH2 and CH3) regions, an acetyltransferase (AT) domain and a C-terminal glutamine rich region (Kraus et
al., 1999). The major E1A binding surface on P300 maps to the CH3 region (Eckner et al., 1994).
However another binding surface for E1A on P300 has been described that maps to the CH1 region (Fera
and Marmorstein, 2012). Activators such as E2F, p53 and MyoD also bind to the P300 CH3 region that

contains a transcriptional adaptor motif (TRAM) (Frisch and Mymryk, 2002).

9



P300 can acetylate histones in vitro, and in vivo is responsible for specifically acetylating both
H3K18 and H3K27 (Kraus et al., 1999; Jin et al., 2011). It is believed that by acetylating histone tails,
P300 neutralizes positive charges on H3K18 and H3K27 and this alleviates electrostatic interactions
between the negatively charged DNA backbone and the positively charged histone tails. Therefore by
weakening electrostatic interactions through acetylation of H3K18 and H3K27, P300 makes regulatory
elements at enhancers and promoters more accessible to additional activators. In addition, acetylated
lysines can be bound by bromodomain containing factors and lead to subsequent transcriptional
outcomes.

Due to ela’s interaction with several regulators of chromatin structure, such as P300, PCAF,
GCNS5 and p400 and because the recurrence in patients with low grade prostate cancer is related to
levels of H3K18ac, researchers investigated H3K18ac levels before and after infection with an Ad5
mutant (d/1500) that only expresses ela (Fuchs et al., 2001; Lang and Hearing, 2003; Horwitz et al.,
2008; Seligson et al., 2009). They observed that H3K18ac dropped precipitously following infection of
primary lung fibroblasts (IMR90) cells. Moreover, H3K18 hypoacetylation was dependent on the ela-
P300 interaction because ela mutants defective in P300 binding (A4-25, R2G, and 15G) did not result in
H3K18 hypoacetlyation but RB binding mutants did (Horwitz et al., 2008). To rule out the possibility that
ela inhibits P300 acetyltransferase activity, P300 was immunoprecipitated from either mock or d/1500
infected cells and subjected to in vitro acetylation assays using GST-H3 as a substrate. P300 from both
mock and d/1500 infected cells remained catalytically active in these assays, thus ruling out the
possibility that the H3K18 hypoacetylation phenotype was due to a general inhibition of P300
acetyltransferase activity (Horwitz et al., 2008). H3K18ac and H3K27ac ChlIP-seq has been conducted in
IMR9O cells before and after infection with dl1500 and this data will be the subject of chapter 2 of this

dissertation (Ferrari et al., 2012, 2014).
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P300 also acetylates non-histone proteins such as p53, GATA-1, RB and ela (Gu and Roeder,
1997; Hung et al., 1999; Zhang et al., 2000; Chan et al., 2001; Madison et al., 2002). Specifically, ela was
shown to promote P300 mediated acetylation of RB’s C-terminal lysines 873 and 874 (Chan et al., 2001).
Acetylation of RB lysines 873/874 prevented RB phosphorylation by CDK-cyclin complexes and chemical
mimics 873/874 lysine to glutamine mutants prevented entry into S-phase. This suggested that a
trimolecular complex between ela-RB-P300 resulted in a hypoacetylated RB that was locked into a
transcriptionally repressive form. Such a trimolecular complex would be consistent with earlier findings
that showed that in order for ela to transform rodent cells, both RB and P300 would have to bind
simultaneously to the same ela molecule (Wang et al., 1995). Moreover, molecular modeling has also
provided support for the simultaneous binding of RB and P300’s CH3 domain to E1A’s CR1 region
(Ferreon et al., 2009). Lastly, single molecule fluorescence resonance energy transfer (smFRET) studies
have also provided in vitro evidence in support of a trimolecular complex, albeit with negative
cooperativity (ie ela-RB or ela-P300 interactions are more favorable than a trimolecular complex)
(Ferreon et al., 2013).

Additional E1A cellular interacting partners have been shown to affect E1A mediated cellular
transformation. A 400kD protein coprecipitated with E1A but its identity remained unknown until 2001
( Howe and Bayley, 1992; Barbeau et al., 1994; Fuchs et al., 2001). This factor, p400, was shown to be
necessary for E1A mediated transformation of rat embryonic fibroblasts (Fuchs et al., 2001). E1A
residues 26-35 were necessary for its interaction with p400. The contribution of p400 to E1A mediated
transformation is complicated by the observation that other cellular factors GCN5 and PCAF also fail to
bind E1A when residues 26-35 are deleted (Lang and Hearing, 2003).

Using previously published data, we made ela mutants to abrogate ela-RB or ela-P300
interactions (Lee et al., 1998; Liu and Marmorstein, 2007). An ela-RB binding mutant (elaRBb-) was

designed by mutating ela L43, L46 and Y47 to A (contained in CR1) and deleting ela amino acids 112-
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128 (Ferrari et al., 2014). An e1a-P300 binding mutant (e1aP300b-) was designed by making five point
mutations R2G, E59A, V62A, F66A, and E68A based on the high resolution structure of the ela-TAZ2
(CH3) complex (Ferreon et al., 2009). In chapter 2, these mutants are used to dissect the contribution of
either ela-RB or ela-P300 interactions to changes in host cell transcription (Ferrari et al., 2014).

Up to this point, only ela interacting partners that bind to the region encoded by exon 1 have
been discussed. Cellular factors, such as Forkhead1/2, Dyrk1A, Imp7, DREF and CtBP1/2 bind to E1A’s
region encoded by exon 2. However, E1A’s transformation capacity rests in its first exon and because of
that the region encoded by the second exon has been less characterized. Transcriptomic analyses will
need to be conducted using E1A exon 2 mutants to understand their contribution to the regulation of
host cell transcription. As an indication that E1A exon 2 might play a role in modulating host cell
transcription, recent RNA-seq data (that will be discussed in chapter 2) identified 2 clusters of genes
whose induction or repression are independent of ela-RB or ela-P300 interactions. It is likely that the
regulation of these genes is dependent on ela’s interactions with cellular partners that bind to the

region encoded by exon 2.
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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-ela-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 G;-amested cells to enter S phase (Ghosh and
Harter, 2003). 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; Fattasy
et al., 1993; lkeda and Nevins, 1993), which explains why the
e1a-RB interaction promotes entry into S phase. In contrast,
the explanation for why e1a must bind P300 to transform cells
is less clear.

Interestingly, an e1a mutant defective for binding RBs and a
second e1a 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, e1a promotes acetylation of RB1 KB73/K&874
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-
23 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? Toaddress 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 RMA sequencing (RMA-seq) when in-
fected cells were entering S phase. Mechanisms underying
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 el1a-RB interaction, much more than p130 or p107. This
may help to explain why RB1, and not RBL1 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 e1a. Our data suggest that el1a 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

Smalle1a binds RBs through two interactions: one withthe N-ter-
minal ~10 aa of conserved region 1 (CR1) and one through the
LXCXE region of CR2 (Lee et al.,, 1998; Liu and Mamorstein,
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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Figure 1. ela-Regulated Host Cell Gene
Expression

{#&) Major E1A early mRNAs and proteins and 9 bp
d1500 deletion.

(B) Regions of e1a that bind to RBs (blue) and p300/
CBP (green).

(C) ela mutant interactions with RB1 and P300.
Extracts of Hela cells transfected with expression
wvectors for YFP-RB1 (used in Figure 7) and the
indicated ela mutants (left) or infected with Ad
vectors for the indicated ela mutants (right) were
immunoprecipited with anti-ela mAb M73 and
immunobloted with anti-RB1 (left) or anti-p300
(right) antibody.

(D) Heat map of RNA increased (red) or decreased
(blue) compared to mock-infected cells. See also
Figure S1 and Tables S1, S2, S3, and 54.
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domain interaction, we constructed a
multisite mutant based on the high-resolu-
tion structure of the e1a-CBP TAZ2 com-
plex (Ferreon et al, 2009): R2G, E59A,
V62A, FB66A, and EG8BA. 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 e1a 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 IMRS0 cells but bind the alter-
native interacting protein comparably to WT e1a (Figure 1C; Fig-
ures 1A-51G available online). These mutants were incorporated
into Ad5-vectors in the dI1500 background with a deletion of the
unique E1A 135S 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 S11).

ela-Regulated Cellular mRNA Expression
Contact-inhibited IMR90 cells arrested in G4 weremock infected;
infected with d1312, 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 etaRBb~ and e1aP300b~ vec-
tors. elaRBb™ accumulated to lower level than ela WT or
e1aP300b™ whenthe vectors were infected atthe same multiplic-
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 hrp.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 el1a 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 ela-RB interaction controlled expression of the largest
cluster of activated genes (Figure 1D, ac1). The ac1 geneontology
is overwhelmingly enriched for S phase genes (Figure 2A; Table
S3), amply confirming the generalization that most genes required
for S phase are regulated by E2F activators repressed in G, and
Gg by RB-proteins. Detailed studies of thetime course of changes
in host gene expression following infection with WT Ad2 and
closely related Ad5 have been performed in G1-arrested 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. Qurdata showthat 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 elavectorcompared 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)
tomaximize the opportunity of detecting similar trends in histone
modifications and pol2, p300, and RB1 association among genes
in the individual clusters.

ChiP-seq for pol2 (Figure 2B) showed that at ac1 promoters
in mock-infected, G;-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 dl1500-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 acl
mRMNAs 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 (Bemstein 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., 2003). 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 (Ferrariet al., 2012) showed peaks at ac1 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 CCNEZ (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 acl 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 TSSsdoubled in response to
ela (Figures 2G and S3). H3K18 and H3K27 are acetylated pri-
marily by P300 (Horwitz et al., 2008; Jin et al., 2011). Surprisingly,
although ac1 genes were repressed by RBs in the Gy-arrested
cells, H3K27 was acetylated to a significant extent at ac1 pro-
moters (Figure 2H, 3A, and 53). The average H3K27ac down-
stream peak at ac1 promoters was slightly reduced by e1a, while
the upstream peak fell considerably (Figure 2H). This differs from
the profile in asynchronous IMRS0 cells with ~50% of cellsin S
phase, where the upstream H3K27ac peak was higher (Hawkins
et al, 2010) (Figure S28). In contrast to ac1 genes, ela
decreased H3K27ac at most other promoters (Figures SZ2K,
S2L, and S4C), including promoters of the other e1a-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 G;-amested mock-infected cells and increased greatly in
response to ela, primarily in the downstream direction (Figures
21, 3A, and S3). 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 G;-
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, 53, and 55).

BNA from ac4 genes increased 2-fold or more in response to
WT ela and both of the ela mutants (Figures 1D and S1L). These
genes may be regulated by ela 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
ac1 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 acl 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 ChlP-Seq Data for ac1 Genes
(A) Gene ontology determined by GREAT.

(B-D and F-K) Plots of average —log,, poissonP or tag density relative to TSS for the indicated proteins for ac1 genes in mock and di1500-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). CXCL7 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 IL8, another CXCL cyto-
kine in cluster ac3 (Figure S2E). Remarkably, induction of these
cytokines was not observed after infection with the e1laRBb~ or
e1aP300b™~ vectors or by coinfection of the two vectors (Fig-
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ures 1D, right, and SZ2E). As discussed above, this implies
that induction of these cytokines requires RB and P300 binding
to the same ela molecule.

e1a-Mediated Repression

e1a significantly repressed slightly more host genes than it acti-
vated (Figure 1D). The largest cluster of repressed genes (rcl)
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 for ac1 Genes and Global
H3K27 Hypoacetylation in Response toela
(A) Gene browser plots of H3K18ac, H3K27ac,
H3KSac, and pol2.

(B) Venn diagrams of total significant peaks of
H3K27ac in mock- and dl1500-infected cells and,
for comparison, for H3K18ac and H3KSac (Fermari
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of extracellular matrix is a major function of fibroblasts, repres-
sion of these genes contributes to the dedifferentiation of cells
induced by e1a (Pelka etal., 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, e1a 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 el1a 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 IMRS0 cells, COL1A1, pol2 association with

U R

H3K27ac

et al., 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 intfrons in mock- and di1500-infected
cells.

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

(E) Western 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 COL1A1
RNA fell less than 2-fold (Figure SBA).
This is probably because COLTAT mRNA
is relatively stable, and consequently, the
fall in COL1A7 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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ela 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 (kat),
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 kri (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
10734. 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 E1Band E4 func-
tions (Weitzman and Ornelles, 2005).

H3K27ac
H3
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Figure 4. ela-Induction of CXCL1T and 2 by mRNA Stabilization

(A-D) Average pol2 ChIP-seq signal from mock- {blug) and di1500-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, /c4) versus time of exposure to actinomycin D in 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 (rcl)
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 e1a (Fig-
ure 6A). This surprising association of p300 throughout the tran-
scribed region of repressed genes, in contrastto 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, TGFj, and
interleukin-signaling pathways that might otherwise inhibit fibro-
blast cell cycling and viral replication (Figures 6B and 6E; Table
SE). el1a 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).

At the same time, e1a substantially diminished pol2 association
with these genes (Figure 6D0). Examples of repressed genes in
this group include THBS1 and CTGF, important activators of
TGFg signaling (Figure 6F). The e1aP300b~ and e1aRBb™ mu-
tants failed to cause the increase in RB1 association (Fig-
ure SEB). These results indicate that ela 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 56) in the TGFp 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 IFIT7
and IAT2, repressed much less by e1aP300b™ plus elaRBb™
than by WT ela (Figures S6D and SEE).
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Chromatin Condensation by a P300-e1a-RB Complex,
Dependent on P300 Acetylation of RB1 and el1a

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 (lacO 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 amuch 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 elaRBb™ or e1aP300b™
mutants were fused to NLM, when elaRBb -NLM and
e1aP300b™-NLM were coexpressed, or when elawas not fused
to Lacl (Figures 7D and S7A-S7C). Thus, WT ela binding to

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

(A) Plots of average pol2 ChiP-seq signal relative

AE1A/mock
P300b /mock

wi/mock

RBb /mock

ela-repressed clusters.

(B) Average p300 ChlP-seq —log,q 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 (ka1), ela-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 f{kr1), P300 (kr2), or both (k3) were
required to inhibit repression by E1AA; or whether
repression was not blocked by ela (krd). See also
Table S5.

e

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 e1a p400 bind-
ing region from 25-36 (Fuchs et al,
2001) (e1aP400b7) was fused to NLM
(Figure S7D).

£

3
i We found that HDAC activity also was
0 required for chromatin condensation,
:} as treatment of transfected cells with
-3

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 aray (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 e1a (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

to TSS and Meta-gene plots from TSS to TTS for
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Figure 6. Repressed Genes with p300 and RB1 throughout the Gene Body

(A) Average p300 ChIP-seq signal for rc 1 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 ChIP-seq data for 76 genes (Table S6) that had high p300 ChIP-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 ChiP-seq data from mock- and di1500-infected cells for THBS1 and CTGF.

Q) of log,, fold repression ofrc1 genes from cells infected with the WT e1a vector (red) or coinfected with the elaRBb~ 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 indi d by was using y ANOVA and a Tukey's HSD
post hoc comparison.
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Figure 7. e1a-induced Chromatin Condensation
(A) Confocal micrographs of mCherry fluorescence in RRE.1 cells transfected with vectors for NLS-Lacl-mChermry (NLM) and e 1a-NLS-Lacl-mCherry (e1a-NLM).
(B) Westem bilots 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 toright 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-fiuorescent 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 K8T3Q/KB74Q, chemical mimics of acetylated lysines
(Figure 7G).

P300 acetylates ela at K239 (Zhang et al., 2000; Madison
et al., 2002). ela K239R also prevented condensation, as well
as greatly reducing colocalization of YFP-P300 with ela-NLM
at the amray, while mutant K239Q did not (Figures STE-S7G).
e1a K239 acetylation was reported to inhibit binding of corepres-
sors CtBP1/2 to the e1a Cterminus (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 e1a 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 KB73/K874
and e1a K239 by p300 and the p300 bromodomain.

DISCUSSION

This analysis of host cell gene expression in responseto 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, re). 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 elaRBb™ and
e1aP300b™, suggesting that e 1a regulation 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 e1a-host protein interactions reported (Pelka et al.,
2008).

el1a interactions with RB1 and CBP are examples of binding-
induced folding of an intrinsically unstructured polypeptide (Fer-
reonetal., 2009, 2013). Nonetheless, there is great complexity in
the spatially and chemically complementary interactions at the
e1a-RB and e1a-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 G,-arrested
primary IMRS0 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

e1awas reported toinhibit the histone acetylase (HAT) activity of
P300 invitro (Chakravarti et al., 1999). But this is due to compet-
itive inhibition by e1a, which is also a substrate, as opposed to
allosteric regulation (Madison et al., 2002). Our results indicate
that in the 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 Gy-arrested cells and remained almost
unchanged (Figures 2H and 2J). At ac2, ac3, 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 ela-regulated genes corre-
lated best with H3K18ac at promoters and not with H3KS8ac,
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 TGFptargetgenes (Xiet al., 2011). H3K9 is timethy-
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 e1a-activated ac1 promoters in IMRS0 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 IL8 and CXCL3 re-
quires the ela 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 elaRBb™. 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 (Litschg et al., 2011).
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el1a 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.

e1la Inhibition of Cellular Responses to Viral Infection
may Explain Why the e1a-P300 Interaction and a P300-
ela-RB Complex Are Required for Transformation
Previously, it was not clear why ela 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 CDKN1A 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 FIT1 and [AIT2, interferon-induced proapoptotic
proteins (Reich, 2013) (Figures SED 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-eia-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 ela(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; TGFp; 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 ofthe TGFp 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 IMRS0 cells. This is probably
because elaalso induced RB1 association, H3 hypoacetylation,
and reduced pol2 within these gene bodies (Figures 6B, 6D, 6F,
and S4A-54C). Based on these data, we suggest that one mech-
anism to target ela-repression is for e1ato associate with P300
in genes that have ahigh 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 e1aRBb™ expressed at similar level (Figure 6G).
This suggests that, although the e1a-P300 interaction is primarily
responsible for e1a 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 e1aRBb™ mutantto 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 amray 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 e1a interaction with p400, HDAC ac-
tivity, the KAT activity of P300, the P300 bromo domain, and
P300 acetylated lysines in RB1 and ela. 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 etal., 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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forwhy all pimate Ads express both proteins via altemative RNA
splicing and why a mutant virus that cannot express small ela
because of a point mutation in the 125 mRNA 5’ splice site rep-
licates as well as wild-type virus in cycling primary cells, but not
in G4-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 K23%ac
and/or RB1 K873ac/KB74ac to form of a lattice of multiple P300-
e1a-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 lacO
array in RRE cells (Figures S7F and S7G). Further studies will
be required to test these ideas.

EXPERIMENTAL PROCEDURES

Cell Culture

IMR-80 primary human fetal lung fibroblasts (ATCC Number: CCL-186) wene
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- IMR-80 k-infected or i with AdSE1A-E1B-
substituted, E3-deleted vectors expressing WT Ad2 small E1A proteins from
the di1520 deletion removing the 135 E1A mRNA 5 splice site (Montell
et al., 1884) as described in the text, 2 days after reaching confluence. RNA
was isolated 24 hr p.i. using QIAGEN RMNeasy Plus Mini Kit. Eluted RNA was
treated with Ambion DNase andF Ireagent and then Ambion
TRIzol reagent, precipitated with isopropanol, and dissolved in sterile water.
RNA tration was witha Qubit fl ter. One microgr

of RNA was copied into DNA and PCR amplified with bar-coded primers for
separate samples to prepare sequencing libraries using the llumina TruSeq
RMNA Sample Preparation procedure. Libraries were sequenced using the lllu-
mina Hiseq-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 (Ferrar et al., 2012). ChIP of RB1 was
done using fi yde and DSG 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 ela or ela 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 RE1 in the pCONA expression vector using the
CMV IE enh P with Lip line 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 63 x1.4-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 urrF. 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 "p400b~" mutant fused to SV40 NLS-lac I-mCherry (NLM)
used in Figure 57D has ela mutations E25A, E26A, V2TA, L2BA, D30A,
L32A, P35A, and S36A. The “CtBPb " mutant fused toNLM used in Figure 7D
has ela mutations P233A, D235A, L236A, and S237A.
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Fig. 1 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 IMR0 cells were infected
with Ad5 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 wtela
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 |Ps and inputs were resolved on three gels. One was blotted with anti-p130
(top), one with anti-e1la 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 Gi-arrested cells,
while e1aP300b” and e1aRBb™ did so to a lesser extent. A lower level of p130
and p107 were |Ped 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 3H-thymidine for 2
h, and total TCA-precipitable cpm were measured. () Contact-inhibited IMR90
cells were infected with the wt e1a vector, or the E1A-E1B deletion mutant dl434
(Klessig et al., 1982), or complementin% 293 cells were infected with the Ad
vector 45 , and cells were labeled with “"H-thymidine from 22-24 h p.i. DNA was
isolated and subjected to CsCl 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
di434 (blue). These results show the higher level of cellular DNA synthesis in
cells expressing wt e1a compared to the control dl434, 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 el1a 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 wit
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 ela
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
et al., 2012): HeLa E2F1 (wgEncodeEH000699) and E2F4 (wgEncode
EH000689) 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 IL8, 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 dl1500-infected cells compared to the
same calculated from ChlIP-seq data for asynchronous IMRS0 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 ChIP-seq data for

CCNE?2 (cyclin E) and neighboring gene INTSS.
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Fig. S4 related to Fig 1D: Histone modifications at e1a-regulated genes. (A-
D) Average ChIP-seq signal =3 kb from the TSS (0) for the modification indicated

at the upper left and the e1a-regulated cluster (Table S1) indicated at the upper
right of each plot.
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Fig S6 related to Figs 1D and 6: RNA-seq, ChlP-seq and expression data. (A) pol2
ChlP-seq and RNA-seq data plotted on the genome browser map of the COL7AT 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 ChlP-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 IMRO0 cells (DHS) (GSM1008586 from Duke University), mock-infected contact-
inhibited IMR90 p300, dl1500-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 T0O CBP), and CBP in T98G
cells treated with 20% FBS for 30 min (T98G T30 CBP) at the THBS1, CYR61, and
CTGF genes. ChlP-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: /acO 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 ela
mutants.

47



Table S3 related to Fig 1D: DAVID Gene Ontology of ela-regulated clusters

P-value
acl 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
acd  Glucosef/ribitol dehydrogenase 29 EA4

Short-chain dehydrogenase/reductase SDR 4.3 E-4

rc1  glycosylation site:N-linked (GlcNAc...)
regulation of cell proliferation
regulation of cell migration
wound healing
cell-matrix adhesion

oMM =
whoaN
m
o

rc2 noterm <E-3

rc3  noterm <E-3

rcd  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 E4
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Table S6 related to Fig 6: Genes with high P300 throughout the
gene body in mock-infected IMR90 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
GADDA45A
GADD45B
HCFC1R1
HES1
HIST2ZH2AB
HIST2ZH2AC
HIST2H2BE
ID3

IER2

IL6
IRF2BP2
JUN

JUNB
KDM6B
KLF10
KLF6&
KLHL21
LINCO1011

49



LMNA
MAFF
MAFK
MALAT1
MAP2K3
MCL1
MT2A
MYH9
NEAT1
NFKBIA
NR4A1
NR4A3
PFN1
PHLDA1
PLAU
PLK3
$100A6
SLC2A1
SMAD3
SQSTM1
STC2
TGFB2
TGIF1
THBS1
TIMP3
TIPARP
TNFRSF12A
TPM1
TRIB1
VIM
ZFP36

50



Detailed Experimental Procedures

Cell culture: IMR-90 primary human fetal lung fibroblasts (ATCCe® 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
¥5*) 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 12S mRNA 5’ splice site at
973, a 9 bp deletion encompassing the 13S 5’ 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 [-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 ChlP-seq experiments, cells were
infected at an moi of 200 with dI1500 (Montell et al., 1984) or the ¥5* 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 ng RNA
was then 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 lllumina
Hlseq-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). 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 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 ChlIP-seq signals of the 50 bp
windows 3kb upstream and downstream of annotated TSSs and Meta-Gene
plots of average ChlP-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 ab88395); 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
H3K9%ac in mock- and dl1500-infected two day confluent IMR90 cells 24 h p.i.
and for RB1, RBL1 (p107), and RBL2 (p130) in mock-infected two day confluent
IMRS0 cells were from Ferrari et al. (2012) and can be downloaded from NCBI

GEO accession number GSE32340 at http://mww.ncbi.nlm.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 IMRS0
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 humber 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 A03 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 hitp://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.ncifcrf.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 el1a-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

Genome wide analysis of pol2 binding following infection with vectors expressing ela mutants
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Introduction

In the previous chapter we described the different contributions that ela-P300 and/or e1la-RB
interactions have on the regulation of host cell transcription. We conducted ChlIP-seq for pol2 and
determined that pol2 could explain some of the changes observed in transcription before and after
infection with d/1500. Nonetheless, we did not have ChIP-seq data for pol2 before and after infection
with adenoviral vectors using ela mutants. Therefore, we conducted ChlP-seq for pol2 24 hours post-
infection with d/312 (an ela deletion mutant), an ela wt expressing adenoviral vector (not to be
confused with wt Ad5, this virus does not express Large E1A), an e1la-P300 binding mutant expressing
adenoviral vector (e1ap300b-) and an ela-RB binding mutant expressing adenoviral vector (e1aRBb-).
We also repeated the ChIP-seq for pol2 in mock infected IMR90 cells. Initially, we analyzed pol2
enrichment mainly at the TSS because only highly expressed genes contained viewable pol2 in the gene
body. We divided our analysis using the same clusters established in Ferrari et al. (2014). Asa
reminder, acl-4 are clusters of genes that were activated 2-fold or more by ela wt vector infection and
clustered by whether their activation required ela-RB interaction (acl), ela-P300 interaction (ac2), ela-
RB and ela-P300 interactions (ac3) or were activated regardless of ela-RB and e1a-P300 interactions
(ac4). RC1-4 are clusters of genes that were repressed 2-fold or more by ela wt vector infection and
clustered by whether repression required an ela-P300 interaction (rc1), ela-RB interaction (rc2), ela-RB
and e1a-P300 interactions (rc3), or were repressed regardless of ela-RB and el1a-P300 interactions
(ac4). By counting the number of significant reads in genes contained in our clustering system we

observed that pol2 enrichment data was generally consistent with expression data.
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Results
AC1

Following pol2 ChIP-seq using chromatin from the several conditions described above we
analyzed pol2 enrichment at the TSS of the genes contained in clusters discussed in chapter 2 to
determine whether pol2 enrichment mirrored gene expression. Pol2 at the TSS of acl, where activation
depended on the ela-RB interaction, was consistent with gene expression data. Cells infected with
adenoviruses expressing wt ela or e1aP300b- vectors contained the highest pol2 enrichment at the TSS
of acl genes (Figure 3-1A). Mock infected cells, d/312 and e1aRBb- vector infected cells contained the
least pol2 near the TSS, consistent with earlier data that activation of these genes requires ela-RB
interactions to disrupt the repressive RB-E2F complex (Ferrari et al., 2014).

We examined pol2 enrichment at specific genes. Asreported in Ferrari et al (2014), genes in acl
were enriched for genes involved in driving cell cycle progression. We looked at two genes that are
important for DNA replication initiation, CCNE2 and MCM_2. Pol2 robustly increased near the TSS of
CCNE2 in ela wt and e1aP300b- vector infected cells, but remained low in elaRBb- vector infected cells
(figure 3-1B). In addition, there was a noticeable pol2 peak just downstream and upstream of the
CCNE2 TSS in ela wt and e1aP300b- vector infected cells, consistent with earlier reports of pol2 that
initiates in the sense and antisense direction and then pauses (Core et al., 2008). Pol2 occupancy near
the TSS of CCNE2 in mock and d/312 infected cells remained comparable and lower than pol2
enrichment at the same locus in ela wt and e1aP300b- vector infected cells. Cells infected with elaRBb-

vector had the lowest pol2 enrichment near the TSS of CCNE2.
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We next looked at MCM2, whose gene product participates in DNA replication (figure 3-1B).
Pol2 enrichment near the TSS of this gene was very similar to the enrichment observed near the TSS of
CCNE2. Specifically, the highest pol2 peaks were observed in ela wt and e1aP300b- vector infected
cells. Again, pol2 occupancy at this locus was similar in mock and d/312 infected cells. Cells infected
with the elaRBb- vector again had the lowest pol2 enrichment near the MCM2 TSS. In addition, cells
infected with ela wt and e1aP300b- vectors had a noticeable increase in pol2 just downstream of the
TSS, suggesting that this gene is also regulated at the pause step of transcription.
AC2

Next we analyzed pol2 binding at the TSS of ac2. These genes were activated 2-fold or more by
wt ela and their activation depends on e1a-P300 interactions. Nonetheless, these genes contained
more pol2 in cells infected with the e1aP300b- vector compared to cells infected with the ela wt vector
(figure 3-2A). Pol2 at ac2 genes in both dI312 and mock infected cells was comparable and both were
lower than pol2 in ela wt and e1aP300b- vector infected cells. Again, and unexpected, cells infected
with the elaRBb- contained the lowest pol2 enrichment at the TSS of ac2 genes (figure 3-2A). Itis
important to note that the pol2 peak at the TSS of ac2 genes increased compared to the TSS of acl
genes (V6 (-logi poissP) vs ~1.75 (-log,o poissP), respectively) in cells infected with the elaRBb- vector.

We examined pol2 enrichment at specific genes in ac2. We looked at CXCL1 and NAE1 (figure 3-
2B). Pol2 at CXCL1 in mock and dI312 infected cells were the lowest. Pol2 in ela wt vector and elaRBb-
vector infected cells near the TSS of CXCL1 had the highest pol2 occupancy. Pol2 enrichment in cells
infected with e1aP300b- vector had a peak height between the one observed for d/312 and ela wt
conditions. Whereas pol2 enrichment near the TSS of CXCL1 reflected expression data, pol2 enrichment

at NAE1 did not.
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Cells infected with ela wt vector had the highest pol2 enrichment near the NAE1 TSS. Although
cells infected with the elaRBb- vector induced NAE1 expression by more than 2-fold, this was not
reflected in pol2 enrichment. In fact, cells infected with the elaRBb- vector contained the lowest pol2
enrichment near the NAE1 TSS. Lastly, cells infected with d/312 and the e1aP300b- vector had higher
pol2 occupancy than mock-infected cells.

AC3

Induction of ac3 genes requires ela’s interactions with both P300 and RB. In general, these
genes contained more pol2 near the TSS in cells infected with the ela wt vector (figure 3-3A). However,
the e1aP300b- vector infected cells had statistically similar pol2 occupancy at these genes. Again, cells
infected with the elaRBb- vector contained the lowest level of pol2 near the TSS of these genes. Mock-
infected cells and cells infected with dI312 had slightly less pol2 occupancy near the TSS of ac3 genes
when compared to ela wt vector and e1laP300b- vector infected cells. We looked at specific examples
of genes in ac3, CXCL2 and CXCL3 (figure 3-3B). Chemokines CXCL2 and CXCL3 were induced by ela wt
~3.2-fold and ~2.5-fold over mock, respectively (Ferrari et al., 2014). Pol2 enrichment near the TSS’s of
these genes was highest in ela wt vector infected cells. Furthermore, cells infected with e1aP300b- and
elaRBb- vectors contained more pol2 near the TSS of these genes than mock. Moreover, there was
detectable pol2 in the CXCL3 gene body in elaRBb- infected cells and to a lesser extent in ela wt vector
infected cells (figure 3-3B).

AC4

Genes that were activated by ela wt independent of either ela-RB or ela-P300 interactions
were categorized into ac4 (figure 3-4A). Generally, these genes had more pol2 near the TSS in ela wt
and e1aP300b- vector infected cells and the least Pol2 in elaRBb- vector infected cells. Mock and d/312
infected cells also contained more pol2 near the TSS of ac4 genes than elaRBb- vector infected cells but

less than ela wt vector and e1aP300b- vector infected cells.
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Two prime examples of this trend were CDC25A and FGFR3. In both cases, pol2 enrichment was
highest in both ela wt vector and e1aP300b- vector infected cells (figure 3-4B). elaRBb- vector infected
cells had little to no pol2 enrichment at either CDC25A and FGFR3 . Mock and d/312 infected cells had a
relatively small pol2 peak near the TSS of both genes.

RC1

Genes in rcl were among the highest expressed prior to infection. Consistent with this, these
genes had more pol2 before infection than following infection with the ela wt vector (figure 3-5A).
However, because these genes were repressed depending on the ela-P300 interaction, it was surprising
to see that pol2 did not remain at mock levels in e1aP300b- vector infected cells. On the other hand, as
was the case in all other clusters, elaRBb- vector infected cells contained the lowest pol2 near the TSS.
Pol2 levels in mock and d/312 infected cells were nearly identical. We took a closer look at two specific
genes in this cluster, SERPINE1 and THBS1 (figure 3-5B). Pol2 enrichment was highest near the SERPINE1
TSS in mock and d/312 infected cells. The pol2 peak near the TSS diminished slightly in cells infected
with ela wt, ela-P300b- and ela-RBb- vectors. Next we looked at THBS1. Mock and dI312 infected cells
had slightly higher Pol2 near the TSS than the other conditions and detectable pol2 enrichment in the
gene body. Cells infected with ela wt and e1aP300b- vectors had decreased pol2 peaks near the THBS1
TSS and lower pol2 in the gene body. Finally, elaRBb- vector infected cells had the lowest pol2

occupancy near the THBS1 TSS.

RC2

RC2 was the smallest of the clusters with only 25 genes. These genes were repressed depending
on ela-RB interactions. Mock and e1aP300b- vector infected cells contained the most pol2 occupancy
near the TSS of rc2 genes (figure 3-6A). Cells infected with ela wt vector, elaRBb- vector and d/312 all
contained similar pol2 enrichment near the TSS of these genes. We looked at two specific examples of

genes in rc2, CDK6 and PINK1 (figure 3-6B). Pol2 near the TSS was slightly lower in ela wt vector,
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e1aP300b- vector or elaRBb- vector infected cells compared to mock and d/312 infected cells at both
genes. In addition, pol2 peaks near the TSS of PINK1 in e1aP300b- vector and elaRBb- vector infected
cells also had decreased pol2 at the pause site of transcription.
RC3

Genes in rc3 were repressed by ela wt and depend on both ela-P300 and ela-RB interactions
for repression. In general, there was no clear distinction of pol2 enrichment between mock, ela wt
vector or e1aP300b- vector infected cells near rc3 gene TSS (figure 3-7A). However, cells infected with
the elaRBb- vector contained less pol2 near the TSS of these genes. CITED2 and PTEN were specific
examples of genes in rc3. As reflected in the group analysis of rc3 genes, d/312 infection resulted in
more pol2 occupancy near the TSS of these genes (figure 3-7B). This was observed on both CITED2 and
PTEN.
RC4

Genes in rc4 were repressed by ela wt independent of ela-RB and ela-P300 interactions. Cells
infected with ela wt vector, e1aP300b- vector or elaRBb- vector all had lower pol2 enrichment near the
TSS of these genes (figure 3-8A). As has been the case with all clusters elaRBb- vector infected cells
contained less Pol2 near the TSS of these genes. We looked at specific genes in this cluster, CAV1 and
CCL2 (figure 3-8B). Pol2 enrichment at the TSS of these genes reflected expression data. The pol2 peak
near the TSS of CAV1 and CCL2 decreased following infection with ela wt vector, e1aP300b- vector and
elaRBb- vector.
Pol2 counts in the gene body of clusters

To expand a more quantitative analysis of pol2 through the gene body (TSS to the TTS) of the
various clusters, we enumerated all significant pol2 peaks and plotted this as a log, ratio (infected/mock

infected) for all infections as a heat map. When this heat map is juxtaposed to the expression data, pol2
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enrichment closely mirrors transcriptional trends (figure 3-9A). As an example, acl genes were more
induced by e1aP300b- than ela wt and were not induced by elaRBb-. This is reflected by the pol2 ChIP-
seq data, which clearly demonstrates higher pol2 significant reads in acl for e1aP300b- vector infected
cells than ela wt vector infected cells and much lower reads for with the elaRBb- vector infected cells
(figure 3-9B). Interestingly, we have consistently observed lower levels of RB protein by western blot
following infection with the e1aP300b- vector when compared to ela wt vector infected cells (figure 5-
4). This might help explain why cells infected with the e1aP300b- vector have higher pol2 significant
reads and expression levels of acl genes than cells infected with ela wt vector. RNA-seq data for cells
infected with the elaRBb- vector demonstrates that elaRBb- represses more genes than it activates
(Ferrari et al., 2014 and figure 9A). Pol2 ChIP-seq data for cells infected with e1aRBb- the vector also
reflects this conclusion (figure 9B).
Pol2 peaks genome wide

Thus far we limited analysis of pol2 peaks based on the RNA-seq clustering scheme established
in Ferrari et al. (2014). To observe a non-biased view of pol2 peaks, we mapped all pol2 peaks following
infection with d/312, ela wt vector, e1aP300b- vector, and elaRBb- vector (figure 3-10). Again,
consistent with elaRBb- repressing more genes than activating genes, there were fewer pol2 peaks
genome-wide in elaRBb- vector infected cells (figure 3-10). Using this approach we observed all
possible pol2 peaks that were shared between ela wt vector and e1aP300b- vector infected cells or
elawt vector and elaRBb- vector infected cells (figure 3-11A). There were 1263 shared pol2 peaks
between ela wt vector and e1aP300b- vector infected cells, that were not shared in dI312 or e1laRB-
vector infected cells. Not surprisingly, gene ontology (GO) analysis revealed that pol2 peaks shared
between ela wt vector and e1aP300b- vector infected cells were enriched for genes involved in cell

cycle function (ie, pol2 recruitment required ela-RB interactions, figure 3-11B). On the other hand,
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Figure 3-9: A) RNA-seq data reprint from Ferrari et al. (2014). Data shown is for genes activated

or repressed 2-fold or more by ela wt and clustered by ela interaction necessary for
transcriptional outcome. B) Significant pol2 ChIP-seq peaks of genes shown in A.
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there were only 263 shared pol2 peaks between ela wt vector and elaRBb-vector infected cells, that
were not shared by dI312 or the P300b- vector infected cells (3-11A and B). GO analysis comparison of
similar pol2 peaks between ela wt and elaRBb- showed that these peaks were enriched for genes
involved in viral transcription and translation functions (ie, pol2 recruitment required ela-P300
interactions, figure 3-11B). There were also unique pol2 peaks for each infection. There were 946,
3407, 1443 and 2148 specific pol2 peaks for ela wt vector, d/312, e1aP300b- vector and RBb- vector
infected cells, respectively (figure 3-12A). We also analyzed the GO of genes proximal to those peaks for
all infections (figure 3-12B). Surprisingly, pol2 peaks that were significant for cells infected with ela wt
vector had no significant GO terms. Unique pol2 peaks in d/312 infected cells had significant GO terms
of genes involved in endocytosis, protein heterotrimerization and golgi vesicle processes. Cells infected
with the e1aP300b- vector had significant pol2 peaks near genes involved in DNA strand elongation and
protein homooligomerization. Lastly, unique pol2 peaks in cells infected with the elaRBb- vector had
significant GO terms of genes involved in RNA processing.
Conclusion

Pol2 ChIP-seq following infection of IMR90 cells has allowed us to determine what fluctuations
in gene expression were most likely due to changes in pol2 recruitment to initiation sites. In genes that
were activated depending on ela-RB interactions (acl) we observed a dramatic increase in pol2 near the
TSS in ela wt vector and e1aP300b- vector infected cells. Pol2 profiles near the TSS only clearly
mirrored acl and ac4 for ela wt vector and e1aP300b- vector infected cells. Genes that were activated
depending on the ela-P300 interaction (ac2) or genes that were activated depending on e1la-P300 and
ela-RB interactions (ac3) had insignificant pol2 differences near the TSS in ela wt vector infected cells
compared to mock, d/312, e1aP300b-, and elaRBb- conditions . As was discussed in Ferrari et al. (2014)
some genes in ac2 and ac3 were regulated post-transcriptionally. We are currently investigating the

stabilities of RNAs by next generation sequencing following actinomycin D treatment. Cells infected
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Genomic pol2 enrichment

elawt di312 el1aP300b- elaRBb-

- il

Ji

Figure 3-10: All pol2 peaks observed after infection with indicated ela expressing recombinant
adenovirus. Pol2 peaks are centered and span -/+ 2kb from peak.
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with the elaRBb- vector had the lowest pol2 enrichment in all the infection conditions, even in gene
clusters that became activated 2-fold or more under this condition (ac2 and ac4). Pol2 enrichment was
only slightly generally reduced by ela wt in acl and ac4. Cells infected with the e1aP300b- vector had
statistically identical pol2 enrichment peaks near the TSS even in genes that were repressed depending
on ela-P300 interactions (acl and ac3). Again, cells infected with the elaRBb- vector contained the
lowest pol2 near the TSS of all repressed clusters. Pol2 peaks near the TSS were the most similar for
mock and df312 infected cells for all clusters.

Because pol2 peaks near the TSS did not reflect all expression data, we summed significant pol2
peaks in the gene bodies of our clustering system. Using this approach pol2 enrichment became more
correlated to expression data. Lastly, we identified pol2 peaks that were similar between ela wt vector
infected cells and the other infections, as well as pol2 peaks that were unique to different infections.
With the presence of adenoviral genomes in our sequenced material we realized that this would allow

us to align pol2 reads to it. This will be the topic of the next chapter.
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Unique genomic pol2 enrichment and GO terms

A. B.
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Figure 3-12: A) Unique pol2 peaks observed after infection with indicated ela expressing
recombinantadenovirus. Pol2 peaks are centered and span -/+ 2kb from peak. The number of
peak associated genes is indicated on the right. B) GO terms as reported by GREAT. Notice no
significant GO terms were found for ela wt vector infected cells.
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Materials and Methods

Cell culture

IMR90 primary human fetal lung fibroblasts (ATCC CCL-186) were maintained as reported in Ferrari et al.
(2014).

ChilP-seq

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014). Pol2 antibody
used in ChlP was purchased from Santa Cruz Biotechnology and was used in Ferrari et al. (2014).
Sequencing libraries were constructed with 1 ng of immunoprecipitated and input DNA using the NuGen
Ovation Ultralow DR Multiplex System with DR barcodes 1-10. Analysis of sequenced DNA was as
described in Ferrari et al. (2014).

Statistical Analysis

Analysis was done as reported in Ferrari et al. (2014).
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Chapter 4

Mapping of RNA, H3K18ac and pol2 to the Ad5 genome
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Introduction

In eukaryotic cells the integrity of DNA is in part protected by nucleosomes. Nucleosomes are
the basic unit of chromatin. They are comprised of histone proteins into an octamer containing 2
H2A/H2B dimers and 1 H3/H4 tetramer. Association of DNA with histones permits the compaction of
DNA into the nucleus. These basic proteins have N-terminal tails which are extensively modified by
enzymatic factors. These modifications, such as phosphorylation, acetylation and methylation, are
associated with transcriptional outcomes and can be detected by domains in various regulatory factors.
Hence, in addition to protecting DNA from damage and facilitating compaction, nucleosomes act as an
additional layer of transcriptional regulation. To that end, chromatin is said to carry an epigenome due
to the transmission and inheritance of variation in histone post-transcriptional modifications associated
with an unchanging sequence of nucleotides.

Certain histone modifications have been determined to be prognostic markers for cancer
progression (Fraga et al., 2005; Seligson et al., 2005, 2009). One of these histone modifications is
acetylation of H3 lysine 18 (H3K18ac). Low H3K18ac in prostate cancer is associated with cancer
recurrence and in both lung and kidney cancer (Seligson et al., 2005, 2009). Low H3K18ac levels are also
generally associated with poor clinical outcomes. An important discovery in adenovirus biology was
made when it was demonstrated that infection of primary lung fibroblasts (IMR90 cells) with an
adenovirus that only expresses small ela, d/1500, results in a dramatic decrease in H3K18ac (Horwitz et
al., 2008). The decrease in H3K18ac is dependent on the e1a-P300 interaction. Furthermore, ela
mediated H3K18 hypoacetylation has been quantified using both ChIP-chip and ChIP-seq methods
(Ferrari et al., 2008, 2012). It had previously been reported that the viral genome becomes associated
with histones following infection (Sergeant et al., 1979; Komatsu et al., 2011). Using ChlIP-seq, Ferrari et
al (2012) determined that there were H3K18ac and H3K9ac peaks enriched on the d/1500 viral genome.

We conducted RNA-seq of IMR90 cells infected with dI312, or vectors for ela wt, e1aP300b- and
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elaRBb- (discussed in chapter 2, Ferrari et al., 2014), pol2 ChlIP-seq following infection with the same
panel of ela mutant vectors in IMR90 cells (discussed in chapter 3) and H3K18ac ChIP-seq following
infection with the same viruses in human foreskin fibroblasts (HFFs). We have aligned reads from all
three sequencing runs to the viral genome and for the first time have a viral genome wide view of
expression data, pol2 and H3K18 enrichment depending on ela-RB and el1a-P300 interactions.
Results

Expression of viral genes

The E1A region of adenovirus is located on the left of the genome and typically gives rise to two
major isoforms, small and Large E1A, through alternative splicing. The adenoviral vectors we used in our
RNA-seq studies described in chapter 2 were created using the method described in Hardy et al (1997)
on an adenoviral vector background completely lacking E1A, E1B regions and most of the E3 region. Our
small ela expressing constructs were cloned into the E1A region and only express small ela due to a
9bp deletion at the 5’ splice site which prevents splicing of the mRNA that encodes Large E1A (Montell
et. al., 1984).

IMR9O cells were infected with either an E1A deleted virus d/312, ela wt, e1aP300b- or e1laRBb-
vectors for 24 hours at various multiplicities of infection (MOI) to obtain similar ela protein levels
(Ferrari et al., 2014). Nonetheless, it is clear that even though ela protein levels were similar, ela
mRNA transcript levels were not equal (figure 4-1). ela mRNA levels were slightly higher in e1aP300b-
vector-infected cells compared to ela wt vector-infected cells. ela mRNA from cells infected with the
elaRBb- vector levels appeared to be less than half the level of mRNA levels for ela wt and e1aP300b-.
It is likely that a decrease in mapped reads occurs near the 3’ end of the ela first exon from elaRBb-
vector-infected cells because of the CR2 deletion contained in the elaRBb- vector (figure 4-1). Cells
infected with d/312 contained no mapped reads to the E1A region, consistent with a complete deletion

of that region (figure 4-1). There were also no reads from the E1B region because these vectors were
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also E1B deleted. Overall, there were relatively few viral RNA-seq reads in d/312 infected cells compared
to the other infections (figure 4-2).

It is interesting to note that there were mapped viral RNA reads upstream of the annotated
transcription start site (TSS) (figure 4-1). As was reported by Osborne and Berk (1983), there are
5’capped RNAs from just upstream of the E1A region. Expression of these RNAs is detected soon after
viral DNA replication initiates. Moreover, inhibition of DNA by cytosine arabinoside blocked appearance

of these RNAs (Osborne and Berk, 1983).

RNA-seqreads on E1 region of Ad5 genome

- S B 312
elawt
elaP300b-
elaRBb-

sequencedreads

Figure 4-1: RNA-seq data generated in Ferrari et al. (2014) aligned to the Ad5 genome.
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Figure 4-2: RNA-seq data generated in Ferrari et al. (2014) aligned to the Ad5 genome.

A viral genome-wide view of mapped RNA reads exhibits interesting observations. E2A mRNA is
expressed to much higher levels in ela wt infected cells than in e1aP300b- vector or e1laRBb- vector
infected cells (figure 4-2). E2A encodes the adenovirus single strand DNA binding protein (DBP). E2
expression is regulated by an early and late promoter (Berk and Sharp, 1977;Baker and Ziff, 1981;
Stillman et al., 1981). The E2 early promoter is activated by E2F transcription factors (Kovesdi et al.,
1987). This is surprising because as mentioned in chapter 3 and Ferrari et al. (2014) e1aP300- induced

cell cycle genes (acl) to a higher level than ela wt and many of those genes contain E2F sites.
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Pol2 reads on E1 Region of Ad5 genome
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Figure 4-3: pol2 ChIP-seq reads aligned to the Ad5 genome.

The other salient difference in RNA levels is the high expression of the E4 region in elaRBb-
vector-infected cells (figure 4-2). E4 expression is regulated by its promoter which is approximately
200bp upstream of its TSS (Berk and Sharp, 1977). The promoter contains binding sites for several
cellular activators of the ATF type (Lee and Green, 1987; Lee et al., 1987, 1989). E4 encoded gene
products have diverse functions such as antagonizing the cellular DNA double strand break response,
activating mTOR, stymieing the antiviral interferon response and modulating translation (Tauber and
Dobner, 2001; Weitzman and Ornelles, 2005) . There were reads from ela wt, elaRBb- and e1aP300b-
vector infected cells that map to the L4 and 5’end of the E3 region and were approximately equal in
abundance. However, notice that these vectors are only partially E3 deleted as shown by the absence of

reads (figure 4-2). E3 is not essential for viral propagation in culture.
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Pol2 reads on Ad5 genome
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Figure 4-4: pol2 ChlP-seq reads aligned to the Ad5 genome.

Pol2 enrichment on the viral genome

Next we conducted pol2 ChIP-seq read alignment to the viral genome following infection of
IMR90 cells with the same viruses discussed above. For this experiment all of our infections were done
with an equal MOI of 200. However, it is important to recall that even when a 4-fold higher MOI was
used for the elaRBb- virus in the RNA-seq experiments discussed above, ela mRNA levels were still
lower in elaRBb- vector-infected cells. Pol2 was enriched through the E1A region of all infections except
dl312 (figure 4-3). Recall from figure 4-1, that there were RNA reads upstream of the E1A TSS. By
looking at the pol2 alighment, we observed pol2 enrichment in the same region. Itis likely that pol2 was
transcribing the 5’ capped RNAs that become detected soon after viral DNA replication initiates
(Osborne and Berk, 1983). There was substantially less pol2 enriched throughout the viral genome in

elaRBb- vector-infected cells, including through the E1A region (figures 4-3 and 4-4). Again, notice that
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just as in the RNA-seq data, pol2 reads from the elaRBb- vector-infected cells demonstrated lower reads
near the 3’ end of the first ela exon, likely the CR2 deletion. Only cells infected with d/312 had fewer
pol2 reads map to the viral genome, reflecting lower RNA counts.

The most abundant pol2 enriched region in ela wt vector and e1laP300b- vector infected cells
corresponded to the central region of the viral genome (figure 4-4). It is likely that this pol2 enrichment
is due to transcription of the E2 region located on the “I” strand (the strand transcribed in the left
direction). Even though the pol2 peaks in ela wt vector and e1aP300b- vector infected cells aligned to
the viral genome are of different heights they are consistently enriched on the same regions. The
distinct peaks might be due to pol2 saturation of the viral template or might signify accumulation due to

other factors, such as activators or nucleosomes that block pol2 elongation.

H3K18ac reads on E1 Region of Ad5 genome
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Figure 4-5: H3K18ac ChIP-seq reads aligned to the Ad5 genome.
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The most abundant viral RNA from elaRBb- vector-infected cells was from the E4 region. There
was little detectable pol2 enriched from this region in elaRBb- vector-infected cells and all other
infections. However, the highest pol2 peak on the viral genome in elaRBb- vector infected cells does
correspond to the rightmost end which contains the E4 promoter.

H3K18ac on the viral genome

As was described in Ferrari et al. (2012), H3K18ac and H3K9ac had distinct peaks on the viral
genome following infection of IMR90 cells with d/1500. By aligning H3K18ac ChlIP enriched regions that
were crosslinked 24 hours (pi) to the viral genome, we determined H3K18ac peaks following infection of
HFF with d/312, ela wt, e1aP300b- and e1aRBb- vectors (figures 4-5 and 4-6). Cells infected with d/312
had the lowest detectable H3K18ac enrichment across the viral genome, consistent with little to no
expression of viral genes and pol2 enrichment. H3K18ac enrichment on the viral genome for ela wt
vector, e1aP300b- vector and elaRBb- vector infected cells reflected western blots for H3K18ac from
acid extracted histones following infection (figure 5-4). Of ela expressing viruses, H3K18ac peaks on the
viral genome were highest in e1aP300b- vector infected cells and lowest in elaRBb- infected cells.
H3K18ac peaks on the viral genome from ela wt vector infected cells were lower than the peaks
observed following infection with the e1aP300b- vector but higher than elaRBb- vector infection
conditions. Interestingly, the H3K18ac peaks regardless of the ela expressed (ie wt or mutant) were
consistently in the same regions. Furthermore, some of the H3K18ac peaks were near the same regions
of pol2 peaks, suggesting that pol2 accumulation might be due to the presence of H3K18ac containing
nucleosomes. The low level of H3K18ac in elaRBb- vector infected cells correlates well with less viral
RNAs (figure 4-2) as well as lower pol2 enrichment (figure 4-4). RNA-seq from Ferrari et al. (2014)
indicated that elaRBb- was a general potent inhibitor of transcription. In chapter 3 it was clear that
there were fewer pol2 peaks on the cellular genome following infection with the elaRBb- vector. The

low levels of transcription and low pol2 and H3K18ac from the alighment of the elaRBb- vector infection
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to the Ad5 genome suggests that elaRBb- represses its own expression by binding to P300 (and not RB)
and modulating its lysine acetylase activity. In other words, because the two major ela interacting
protein families are pocket proteins (RB, p107 and p130) and P300/CBP, and elaRBb- cannot bind to
pocket proteins it binds exclusively to P300/CBP and modulates its coactivation functions. By promoting
strong H3K18 hypoacetylation, elaRBb- expression results in a general inhibition of cellular and viral

transcription.

H3K18ac reads on Ad5 genome
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Figure 4-6: H3K18ac ChlP-seq reads aligned to the Ad5 genome.
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Materials and Methods

Cell culture

IMR90 primary human fetal lung fibroblasts (ATCC CCL-186) were maintained as reported in Ferrari et al.
(2014). HFF cells were prepared from tissue and maintained as described in Suh et al. (2012).

ChilP-seq

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014). Pol2 antibody
used in ChlP was purchased from Santa Cruz Biotechnology and was used in Ferrari et al. (2014).
H3K18ac antibody was used in Ferrari et al. (2012). Sequencing libraries were constructed with 1ng of
immunoprecipitated and input DNA using the NuGen Ovation Ultralow DR Multiplex System with DR
barcodes 1-10. Analysis of sequenced DNA was as described in Ferrari et al. (2014).

Statistical Analysis

Analysis was done as reported in Ferrari et al. (2014).
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Chapter 5

Infection with e1laRBb- vector drives cells into S-phase independent of cdk2 kinase activity
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Introduction

Transformation of primary rodent cells by adenoviruses requires the expression of both E1A and
E1B regions. The two most studied tumor suppressors, RB and p53, are key targets of DNA tumor virus
proteins. As discussed in earlier chapters, adenovirus ela binds to and co-opts RB to repress and
activate specific cellular genes (Ferrari et al., 2014). The E1B region encodes 2 major proteins known as
55kD (E1B-55k) and 19kD (E1B-19k) because of how they run on an SDS-PAGE. E1B-19k inhibits
apoptosis by binding to cellular proapoptotic factors BAK and BAX. E1B modulates p53 function by
distinct mechanisms (Berk, 2005). In general, E1B-55k prevents cell cycle arrest by p53 and inhibits the
cellular DNA double-strand break (DSB) response.

One of the most understood pathways of p53 mediated cell cycle arrest is through its strong
activation of CDKN1A in response to upstream signals from the ATM and ATR kinases (Kastan and Lim,
2000). Transactivation function of p53 is dependent on its association with coactivators p300/CBP. Like
ela, p53 binds P300's TAZ2 domain, and ela has been shown to disrupt the p53-P300 interaction
(Ferreon et al., 2009). P53 function is determined by post-translational modifications such as
phosphorylation and acetylation. Following sensing of DNA double stranded breaks (DSBs), ATM
phosphorylates serine 15 on p53. This facilitates oligomerization of p53 and contributes to its activation
function. Once p53 binds to regulatory regions on DNA, p53 recruits coactivators p300/CBP.

CDKN1A encodes p21, a potent cell cycle inhibitor of the G1/S phase transition. p21 functions
by binding to CDK2 and preventing CDK2-cyclin E complex formation. Because CDK2-cyclin E promotes
G1/S transition, p21 upregulation promotes G1 cell cycle arrest. In order for adenoviruses to overcome
p53 mediated p21 cell cycle arrest, E1B evolved to inhibit p53 activation function. As discussed in
Ferrari et al. (2014) d/312 activates CDKN1A, presumably due to the activation of the DNA double-

stranded break response. ela, depending on the ela-P300 interaction, dampens CDKN1A activation.
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Regulation of p21 levels by E1A has been described before (Lill et al., 1997; Somasundaram and
El-Deiry, 1997; Savelyeva and Dobbelstein, 2011). Savelyeva and Dobbelstein (2011) reported
modulation of two p53 targets, p21 and mdm?2, dependent on CR3 of large E1A and the e1a-P300
interaction. They argued that p21 activation was dependent on cellular transcription factor Sp1 and that
large E1A, but not small ela, removed Sp1 from regulatory regions on the p21 proximal promoter as
detected by Sp1 ChIP. The same group also reported that p53 acetylation was abolished by the ela N-
terminus. RNA-seq data discussed in chapter 2 revealed that infection of IMR90 cells by ela deletion
virus d/312 resulted in a robust induction of CDKN1A. Consistent with previous reports, repression of
CDKN1A was dependent on the el1a-P300 interaction (Savelyeva and Dobbelstein, 2011, figure 5-2).
Furthermore, decreased H3K18ac and pol2 enrichment at the CDKN1A locus accompanied
transcriptional dampening of CDKN1A (figure 5-3). Without activation of genes involved in S-phase

induction, elaRBb- drive cells into S-phase by decreasing CDKN1A activation

3H-thymidine incorporation assays following
infection with ela mutants
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Figure 5-1: 2 day arrested HFF cells infected with various ela
mutants for 24 hours. 3H-thymidine was pulsed for 2 hrs at 22hours

p.i.
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Results

In order to determine whether ela wt, e1aP300b- or e1laRBb- could drive cells into S-phase we
conducted *H-thymidine incorporation assays in 2 day arrested HFF cells (figure 5-1). As expected,
infection with the ela wt vector induced the highest *H-thymidine incorporation (~44,000 counts),
compared to mock (~5700 counts), infection with d/312 (~6000 counts), infection with the e1aP300b-
vector (~3700 counts), and infection with the elaRBb- vector (~26000 counts). The low counts for cells
infected with the e1aP300b- vector (~3700 counts) and the high counts for the cells infected with the
elaRBb- vector (~26000 counts) were surprising because infection with the e1aP300b- vector activates
genes involved in cell cycle progression like CCNE2, MCM2 and PCNA, whereas infection with the
elaRBb- vector does not (Ferrari et al., 2014).

However, as we reported in Ferrari (2014), d/312 induced expression of CDKN1A and infections
with ela wt and elaRBb- vectors repressed its induction (figure 5-2). To determine whether H3K18ac
and pol2 also accompanied changes observed at the CDKN1A locus we analyzed our H3K18ac and pol2
ChlP-seq data (figure 5-3). In general, H3K18ac increased following infection with all viruses, but was
slightly decreased in cells infected with either ela wt vector or the e1laRBb- vector. In other words,
decreased H3K18ac in infected cells required the ela-P300 interaction. The increase in H3K18ac in
infected cells was observed near CDKN1A and also upstream at a putative enhancer, as indicated by the
DNase Hypersensitivity Sites (DHSs) (figure 5-3). Pol2 ChIP-seq data mirrored H3K18ac and RNA-seq
data, with the highest pol2 enrichment observed in d/312 infected cells. Consistent with an increase of
H3K18ac in wt ela infected cells, P300 also increased at the CDKN1A locus following infection with
dl1500 (figure 5-3).

Following infection with d/312, ela wt, e1aP300b- and elaRBb- vectors, we immunoblotted for
several proteins of interest. p21 levels were somewhat reflective of the RNA-seq data. Infection with

dI312 resulted in an induction of p21 protein levels and relative to d/312 cells ela wt lowered them
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(figure 5-4). Infection with the e1aP300b- vector resulted in the highest p21 levels, whereas e1laRBb-
slightly reduced them compared to e1aP300b-. As had been reported before, p53 levels were stabilized

by infection at the protein and not mRNA level (figures 5-2 and 5-4, Savelyeva and Dobbelstein (2011)).

ela maintains low p21 levels through P300
interaction and is independent of p53 mRNA levels
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Figure 5-2: RNA-seqdata from each condition is plotted in FPKM (from Ferrari et al (2014)).

CDK2 kinase activity is activated by its association with cyclin E and cyclin A and inhibited by its
association with p21. Moreover, CDK’s play a central role in initiating DNA replication origin firing by
phosphorylating certain factors. In order to determine whether there was detectable CDK2 kinase

activity we conducted in vitro kinase assays using immunoprecipitated CDK2 from mock, d/312, ela wt
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vector, e1aP300b- vector or elaRBb- vector infected lysates. Using purified H1 as a substrate and y32P-
ATP, CDK2 kinase activity was only detected in ela wt and cells split into fresh media (figure 5-4).
Therefore, without detectable CDK2 kinase activity, it remains a mystery as to why elaRBb- induced *H-
thymidine incorporation. This might suggest that a repression of CDKN1A and to an extent CDKN1B

(figure 5-4) is sufficient to drive some cells into S-phase.
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Immunoblots and CDK2 kinase assay using lysates
from infected HFF cells

elaP300b-
elaRBh-

Mock
di312
ela wt
Split

B - & KU-86

— e - P53

B e e o e CDK2-P(Y15)
=== - == CDK2
P27
WS %= ssws = CDKN3
- @ H1-P
- endihan.... P21
R K182
- o a H3

Figure 5-4: whole cell lysates were subjected to immunoblot following
infection of HFF with ela wt and mutants. Purified H1 was used in in
vitro kinase assays using lysates in figure.
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Materials and Methods

Cell culture

IMR90 primary human fetal lung fibroblasts (ATCC CCL-186) were maintained as reported in Ferrari et al.
(2014). HFF cells were prepared from tissue and maintained as described in Suh et al. (2012).

ChilP-seq

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014). Pol2 antibody
used in ChlP was purchased from Santa Cruz Biotechnology and was used in Ferrari et al. (2014).
H3K18ac antibody was used in Ferrari et al. (2012). Sequencing libraries were constructed with 1ng of
immunoprecipitated and input DNA using the NuGen Ovation Ultralow DR Multiplex System with DR
barcodes 1-10. Analysis of sequenced DNA was as described in Ferrari et al. (2014).

Statistical Analysis

Analysis was done as reported in Ferrari et al. (2014).

Thymidine Incorporation Assays

*H-thymidine incorporation assays were conducted as reported in Ferrari et al. (2014) but expanded to
include ela mutants

CDK2 kinase assays

CDK2 kinase assays were performed as described in Ferrari et al. (2014) but expanded to include ela
mutants.

Additional methods

Wiggle file for DHS in IMR90 cells was downloaded from the University of Washington Human Reference

Epigenome Mapping Project GEO (GSM723024).
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Concluding commentary and discussion
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The adenovirus continues to be a fruitful source of knowledge. In chapter 2 of this dissertation,
Ferrari et al (2014) demonstrated that modulations of some host cell genes were dependent on the ela-
P300 interaction, ela-RB interaction or both e1la-P300 and ela-RB interactions. However, some genes
were regulated independent of those interactions altogether (clusters ac4 and rc4). It will be interesting
to determine the transcriptomic phenotype of additional ela mutants, since ela is known to bind other
cellular factors such as P400, FOXK1/2, CtBP1/2 and DYRK1A, some of which are known to have play a
role in transcriptional control. Some of these studies are already under way. We will also need to
address where ela wt and the various mutants are on a genome wide scale following infection with our
vectors. We hypothesize that by conducting ela ChIP-seq experiments we will gain a better
understanding of how ela regulates host cell transcription.

A peculiar co-enrichment of P300 and RB was observed by ChIP-seq on approximately 70 genes
and these genes were repressed (Ferrari et al, 2014). These genes were enriched in genes involved in
the innate immune response by gene ontology (GO) analysis. However, we still have yet to determine
P300 genome wide localization by ChIP-seq in cells infected with the ela mutants. Obtaining that data
will allow us to determine whether P300 also accumulates following infections with our ela mutant
vectors.

Using specialized Chinese hamster ovary (CHO) cells containing an integrated and expanded
LacO array, we demonstrated that upon transfection of a Lacl-elawt-mCherry the LacO array became
condensed. Moreover, this condensation was dependent on ela’s interactions with both e1a-P300 and
ela-RB. In addition, this condensation was dependent on P300’s bromodomain and its KAT domain
because cotransfection of P300 expressing constructs bearing mutations in its bromodomain or KAT
domain reduced condensation when compared to cells cotransfected with Lacl-elawt-mCherry and a
plasmid that expresses WT P300. Again, it will be interesting to see if any other ela mutants not tested

in Ferrari et al. (2014) have an effect on condensation.
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We also showed in Ferrari et al (2014) that pol2 levels at the TSS correlated in some but not all
of our gene clusters. Since we only reported ChIP-seq for pol2 for mock and ela wt vector infected cells
in Ferrari et al (2014), we extended our analysis for ChIP-seq of pol2 to include infections of cells with
dI312, e1aP300b- and elaRBb- vectors. These results were the subject of chapter 3. We demonstrated
that by enumerating significant pol2 peaks within the gene bodies of those genes contained in our RNA-
seq data, pol2 significant peaks generally mirrored our RNA-seq data. A complete correlation between
RNA and pol2 occupancy was not expected because as we reported in Ferrari et al (2014), some RNA's
become stabilized after infection (ie regulated post-transcriptionally). In addition, infection with either
di312, ela wt, e1aP300b-, or elaRBb- vectors resulted in unique pol2 peaks for each condition, as well
as shared peaks. When genes associated with observed pol2 peaks were analyzed for gene ontology,
both unique and shared GO terms were found. We plan on studying the genes contained in those GO
groups to gain a further understanding of how and why ela modulates the host cell environment.

In chapter 4 of the dissertation we successively mapped RNA from Ferrari et al (2014), ChlIP-pol2
and ChIP-H3K18ac to the Ad5 genome. Nonetheless, current location of nucleosomes on the viral
genome is unknown. We plan on aligning MNase RNA-seq data from IMR90 cells infected with d/1500 to
the Ad5 genome to determine the exact position of nucleosomes. Furthermore, it will be interesting to
determine whether ela partner, P300, is also enriched on the viral genome given the extensive H3K18ac
observed on the Ad5 genome.

Lastly, in chapter 5 of the dissertation we found that infection with elaRBb- vector resulted in
incorporation of *H-thymidine. This was surprising because as we demonstrated in Ferrari et al (2014)
infection of IMR90 cells by the elaRBb- vector failed to activate cell cycle genes, but it did repress
CDKN1A expression. *H-thymidine incorporation was independent of detectable CDK2 kinase activity. It
is likely that even in the absence of detectable CDK2 kinase activity and activation of cell cycle genes,

elaRBb- can induce some *H-thymidine incorporation through repression of COKN1A. CDKN1A
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contained the lowest H3K18ac levels in cells infected with the elaRBb- vector. Perhaps by conducting
P300 ChiIP-seq in mock-infected cells, and cells infected with d/312, ela wt vector, e1aP300b- vector, or
elaRBb- vector we will observe lower P300 levels in the elaRBb- vector infected cells at the CDKN1A
locus. This would be consistent with a model where elaRBb- removes P300 at the CDKN1A locus to a

greater extent than ela wt.
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