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Adenovirus small e1a 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 e1a, 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 e1a expression resulted in a redistribution of cellular 

factors known as pocket proteins (RB, p107 and p130) and lysine acetylases p300/CBP.  Specifically, we 
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observed that p130, RB and p300 accumulated near the promoters of genes whose expression was 

repressed 24 hours p.i.  Although e1a 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 e1a-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 e1a (dl1500), an E1A deletion 

mutant (dl312), an e1a-P300 binding mutant (e1aP300b-) and an RB binding mutant (e1aRBb-).  Using 

these adenoviruses we conducted RNA-seq before and after infection.  Concomitantly, we conducted 

ChIP-seq for pol2, P300, RB, H3K18ac, H3K27ac, H3K9ac and H3K4me1.  We determined that e1a-P300 

and e1a-RB interactions are important for the activation and repression of certain clusters of cellular 

genes.  We found that e1a repression of some genes depended on both e1a-P300 and e1a-RB 

interactions.  Moreover, P300 and RB accumulated through the length of these genes following infection 

with an adenovirus that expresses wt e1a.  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 dl1500 infected cells.  

We have extended ChIP-seq for pol2 from cells infected with adenoviruses that express wt small e1a, 

e1aP300b-, e1aRBb- or dl312.  Results from these additional pol2 ChIP-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 3H-thymidine 
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incorporation experiments to determine whether e1a wt and e1a mutants drove G0/G1 HFF cells into S-

phase, we observed that infection with e1aRBb- resulted in 3H-thymidine incorporation similar to e1a 

wt.  This was surprising because e1aRBb- failed to induce genes involved in cell cycle progression.  We 

conducted additional analyses and studies to determine why e1aRBb- caused 3H-thymidine 

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

 

Adenoviruses and e1a 
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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 

mRNA families (L1, L2, L3, L4 and L5)(Davison et al., 2003).   
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Adenovirus entry into host cells is mediated by attachment of the viral fiber knob to the cellular 

coxsackie B adenovirus receptor (CAR) and V 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 VII mediates nuclear entry by 

cellular factors Transportin and Imp7 (Hindley et al., 2007).  Protein VII 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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segment, as it was referred to) a human cell line could be transformed by adenoviral DNA.  By using 

exonuclease III 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 HeLa and KB cells), 

could form tumors in immunocompromised animals upon subcutaneous injection, and RNA from 293 
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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 e1a, 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-

mRNA 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 e1a 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 e1a 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 e1a 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 e1a 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 e1a 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 Go/G1 between RB and E2Fs (La Thangue, 1994).  RB is subject to phosphorylation in 

a cell cycle dependent fashion.  During the Go/G1 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 

G1 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 G1/S transition like 

dihydrofolate  reductase (DHFR), DNA polymerase , 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 Go/G1, whereas p107-E2F complexes exist 

in both G1 and S phases (Cobrinik et al., 1993).  By studying the function of pocket proteins it became 

clear why viral oncoproteins, such as small e1a, Large T and HPV E7, evolved to interact with them.  It 

was less clear why small e1a interacted with the previously unknown 300kD protein (p300).   

The small e1a-p300 interaction is dependent on the e1a 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).  



10 
 

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 e1a’s interaction with several regulators of chromatin structure, such as P300, PCAF, 

GCN5 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 (dl1500) that only expresses e1a (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 e1a-

P300 interaction because e1a mutants defective in P300 binding (4-25, R2G, and I5G) did not result in 

H3K18 hypoacetlyation but RB binding mutants did (Horwitz et al., 2008).  To rule out the possibility that 

e1a inhibits P300 acetyltransferase activity, P300 was immunoprecipitated from either mock or dl1500 

infected cells and subjected to in vitro acetylation assays using GST-H3 as a substrate.  P300 from both 

mock and dl1500 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 ChIP-seq has been conducted in 

IMR90 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 e1a (Gu and Roeder, 

1997; Hung et al., 1999; Zhang et al., 2000; Chan et al., 2001; Madison et al., 2002).  Specifically, e1a 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 e1a-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 e1a to transform rodent cells, both RB and P300 would have to bind 

simultaneously to the same e1a 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 e1a-RB or e1a-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 e1a mutants to abrogate e1a-RB or e1a-P300 

interactions (Lee et al., 1998; Liu and Marmorstein, 2007).  An e1a-RB binding mutant (e1aRBb-) was 

designed by mutating e1a L43, L46 and Y47 to A (contained in CR1) and deleting e1a 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 e1a-TAZ2 

(CH3) complex (Ferreon et al., 2009).  In chapter 2, these mutants are used to dissect the contribution of 

either e1a-RB or e1a-P300 interactions to changes in host cell transcription (Ferrari et al., 2014).    

Up to this point, only e1a 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 e1a-RB or e1a-P300 interactions.  It is likely that the 

regulation of these genes is dependent on e1a’s interactions with cellular partners that bind to the 

region encoded by exon 2.   
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Genome wide analysis of pol2 binding following infection with vectors expressing e1a mutants 
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Introduction 

In the previous chapter we described the different contributions that e1a-P300 and/or e1a-RB 

interactions have on the regulation of host cell transcription.  We conducted ChIP-seq for pol2 and 

determined that pol2 could explain some of the changes observed in transcription before and after 

infection with dl1500.  Nonetheless, we did not have ChIP-seq data for pol2 before and after infection 

with adenoviral vectors using e1a mutants.  Therefore, we conducted ChIP-seq for pol2 24 hours post-

infection with dl312 (an e1a deletion mutant), an e1a wt expressing adenoviral vector (not to be 

confused with wt Ad5, this virus does not express Large E1A), an e1a-P300 binding mutant expressing 

adenoviral vector (e1ap300b-) and an e1a-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).  As a 

reminder, ac1-4  are clusters of genes that were activated 2-fold or more by e1a wt vector infection and 

clustered by whether their activation required e1a-RB interaction (ac1), e1a-P300 interaction (ac2), e1a-

RB and e1a-P300 interactions (ac3) or were activated regardless of e1a-RB and e1a-P300 interactions 

(ac4).  RC1-4 are clusters of genes that were repressed 2-fold or more by e1a wt vector infection and 

clustered by whether repression required an e1a-P300 interaction (rc1), e1a-RB interaction (rc2), e1a-RB 

and e1a-P300 interactions (rc3), or were repressed regardless of e1a-RB and e1a-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 ac1, where activation 

depended on the e1a-RB interaction, was consistent with gene expression data.  Cells infected with 

adenoviruses expressing wt e1a or e1aP300b- vectors contained the highest pol2 enrichment at the TSS 

of ac1 genes (Figure 3-1A).  Mock infected cells, dl312 and e1aRBb- vector infected cells contained the 

least pol2 near the TSS, consistent with earlier data that activation of these genes requires e1a-RB 

interactions to disrupt the repressive RB-E2F complex (Ferrari et al., 2014).    

  We examined pol2 enrichment at specific genes.  As reported in Ferrari et al (2014), genes in ac1 

were enriched for genes involved in driving cell cycle progression.  We looked at two genes that are 

important for DNA replication initiation, CCNE2 and MCM2.  Pol2 robustly increased near the TSS of 

CCNE2 in e1a wt and e1aP300b- vector infected cells, but remained low in e1aRBb- vector infected cells 

(figure 3-1B).  In addition, there was a noticeable pol2 peak just downstream and upstream of the 

CCNE2 TSS in e1a 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 dl312 infected cells remained comparable and lower than pol2 

enrichment at the same locus in e1a wt and e1aP300b- vector infected cells.  Cells infected with e1aRBb- 

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 e1a wt and e1aP300b- vector infected 

cells.  Again, pol2 occupancy at this locus was similar in mock and dl312 infected cells.  Cells infected 

with the e1aRBb- vector again had the lowest pol2 enrichment near the MCM2 TSS.  In addition, cells 

infected with e1a 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 e1a 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 e1a wt vector 

(figure 3-2A).  Pol2 at ac2 genes in both dl312 and mock infected cells was comparable and both were 

lower than pol2 in e1a wt and e1aP300b- vector infected cells.  Again, and unexpected, cells infected 

with the e1aRBb- contained the lowest pol2 enrichment at the TSS of ac2 genes (figure 3-2A).  It is 

important to note that the pol2 peak at the TSS of ac2 genes increased compared to the TSS of ac1 

genes (~6 (-log10 poissP) vs ~1.75 (-log10 poissP), respectively) in cells infected with the e1aRBb- 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 dl312 infected cells were the lowest.  Pol2 in e1a wt vector and e1aRBb- 

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 dl312 and e1a 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 e1a wt vector had the highest pol2 enrichment near the NAE1 TSS.  Although 

cells infected with the e1aRBb- vector induced NAE1 expression by more than 2-fold, this was not 

reflected in pol2 enrichment.    In fact, cells infected with the e1aRBb- vector contained the lowest pol2 

enrichment near the NAE1 TSS.  Lastly, cells infected with dl312 and the e1aP300b- vector had higher 

pol2 occupancy than mock-infected cells.   

AC3 

 Induction of ac3 genes requires e1a’s interactions with both P300 and RB.  In general, these 

genes contained more pol2 near the TSS in cells infected with the e1a wt vector (figure 3-3A).  However, 

the e1aP300b- vector infected cells had statistically similar pol2 occupancy at these genes.  Again, cells 

infected with the e1aRBb- vector contained the lowest level of pol2 near the TSS of these genes.   Mock-

infected cells and cells infected with dl312 had slightly less pol2 occupancy near the TSS of ac3 genes 

when compared to e1a wt vector and e1aP300b- 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 e1a 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 e1a wt vector infected cells.   Furthermore, cells infected with e1aP300b- and 

e1aRBb- vectors contained more pol2 near the TSS of these genes than mock. Moreover, there was 

detectable pol2 in the CXCL3 gene body in e1aRBb- infected cells and to a lesser extent in e1a wt vector 

infected cells (figure 3-3B).   

AC4 

 Genes that were activated by e1a wt independent of either e1a-RB or e1a-P300 interactions 

were categorized into ac4 (figure 3-4A).  Generally, these genes had more pol2 near the TSS in e1a wt 

and e1aP300b- vector infected cells and the least Pol2 in e1aRBb- vector infected cells.  Mock and dl312 

infected cells also contained more pol2 near the TSS of ac4 genes than e1aRBb- vector infected cells but 

less than e1a 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 e1a wt vector and e1aP300b- vector infected cells (figure 3-4B).  e1aRBb- vector infected 

cells had little to no pol2 enrichment at either CDC25A and FGFR3 .  Mock and dl312 infected cells had a 

relatively small pol2 peak near the TSS of both genes.   

RC1 

 Genes in rc1 were among the highest expressed prior to infection.  Consistent with this, these 

genes had more pol2 before infection than following infection with the e1a wt vector (figure 3-5A).  

However, because these genes were repressed depending on the e1a-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, e1aRBb- vector infected cells contained the lowest pol2 near the TSS.  

Pol2 levels in mock and dl312 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 dl312 infected cells.  The pol2 peak near the TSS diminished slightly in cells infected 

with e1a wt, e1a-P300b- and e1a-RBb- vectors.  Next we looked at THBS1.  Mock and dl312 infected cells 

had slightly higher Pol2 near the TSS than the other conditions and detectable pol2 enrichment in the 

gene body.   Cells infected with e1a wt and e1aP300b- vectors had decreased pol2 peaks near the THBS1 

TSS and lower pol2 in the gene body.  Finally, e1aRBb- 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 e1a-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 e1a wt vector, e1aRBb- vector and dl312 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 e1a wt vector, 
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e1aP300b- vector or e1aRBb- vector infected cells compared to mock and dl312 infected cells at both 

genes.  In addition, pol2 peaks near the TSS of PINK1 in e1aP300b- vector and e1aRBb- vector infected 

cells also had decreased pol2 at the pause site of transcription.  

RC3 

 Genes in rc3 were repressed by e1a wt and depend on both e1a-P300 and e1a-RB interactions 

for repression.  In general, there was no clear distinction of pol2 enrichment between mock, e1a wt 

vector or e1aP300b- vector infected cells near rc3 gene TSS (figure 3-7A).  However, cells infected with 

the e1aRBb- 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, dl312 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 e1a wt independent of e1a-RB and e1a-P300 interactions.  Cells 

infected with e1a wt vector, e1aP300b- vector or e1aRBb- vector all had lower pol2 enrichment near the 

TSS of these genes (figure 3-8A).  As has been the case with all clusters e1aRBb- 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 e1a wt vector, e1aP300b- vector and 

e1aRBb- 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 log2 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, ac1 genes were more 

induced by e1aP300b- than e1a wt and were not induced by e1aRBb-.  This is reflected by the pol2 ChIP-

seq data, which clearly demonstrates higher pol2 significant reads in ac1 for e1aP300b- vector infected 

cells than e1a wt vector infected cells and much lower reads for with the e1aRBb- 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 e1a 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 ac1 genes than cells infected with e1a wt vector.  RNA-seq data for cells 

infected with the e1aRBb- vector demonstrates that e1aRBb- 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 dl312, e1a wt vector, e1aP300b- vector, and e1aRBb- vector (figure 3-10).  Again, 

consistent with e1aRBb- repressing more genes than activating genes, there were fewer pol2 peaks 

genome-wide in e1aRBb- vector infected cells (figure 3-10).  Using this approach we observed all 

possible pol2 peaks that were shared between e1a wt vector and e1aP300b- vector infected cells or 

e1awt vector and e1aRBb- vector infected cells (figure 3-11A).  There were 1263 shared pol2 peaks 

between e1a wt vector and e1aP300b- vector infected cells, that were not shared in dl312 or e1aRB- 

vector infected cells.   Not surprisingly, gene ontology (GO) analysis revealed that pol2 peaks shared 

between e1a wt vector and e1aP300b- vector infected cells were enriched for genes involved in cell 

cycle function (ie, pol2 recruitment required e1a-RB interactions, figure 3-11B).  On the other hand,  
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there were only 263 shared pol2 peaks between e1a wt vector and e1aRBb-vector infected cells, that 

were not shared by dl312 or the P300b- vector infected cells (3-11A and B).  GO analysis comparison of 

similar pol2 peaks between e1a wt and e1aRBb- showed that these peaks were enriched for genes 

involved in viral transcription and translation functions (ie, pol2 recruitment required e1a-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 e1a wt vector, dl312, 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 e1a wt 

vector had no significant GO terms.  Unique pol2 peaks in dl312 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 e1aRBb- 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 e1a-RB interactions (ac1) we observed a dramatic increase in pol2 near the 

TSS in e1a wt vector and e1aP300b- vector infected cells.   Pol2 profiles near the TSS only clearly 

mirrored ac1 and ac4 for e1a wt vector and e1aP300b- vector infected cells.  Genes that were activated 

depending on the e1a-P300 interaction (ac2) or genes that were activated depending on e1a-P300 and 

e1a-RB interactions (ac3) had insignificant pol2 differences near the TSS in e1a wt vector infected cells 

compared to mock, dl312, e1aP300b-, and e1aRBb- 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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with the e1aRBb- 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 e1a wt in ac1 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 e1a-P300 interactions (ac1 and ac3).  Again, cells infected with the e1aRBb- vector contained the 

lowest pol2 near the TSS of all repressed clusters.  Pol2 peaks near the TSS were the most similar for 

mock and dl312 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 e1a 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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Materials and Methods 

Cell culture 

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

(2014). 

ChIP-seq 

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014).  Pol2 antibody 

used in ChIP 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 e1a, dl1500, results in a dramatic decrease in H3K18ac (Horwitz et 

al., 2008).  The decrease in H3K18ac is dependent on the e1a-P300 interaction.  Furthermore, e1a 

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 ChIP-seq, Ferrari et 

al (2012) determined that there were H3K18ac and H3K9ac peaks enriched on the dl1500 viral genome.  

We conducted RNA-seq of IMR90 cells infected with dl312, or vectors for e1a wt, e1aP300b- and 
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e1aRBb- (discussed in chapter 2, Ferrari et al., 2014), pol2 ChIP-seq following infection with the same 

panel of e1a 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 e1a-RB and e1a-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 e1a expressing constructs were cloned into the E1A region and only express small e1a due to a 

9bp deletion at the 5’ splice site which prevents splicing of the mRNA that encodes Large E1A  (Montell 

et.  al., 1984).  

IMR90 cells were infected with either an E1A deleted virus dl312, e1a wt, e1aP300b- or e1aRBb- 

vectors for 24 hours at various multiplicities of infection (MOI) to obtain similar e1a protein levels 

(Ferrari et al., 2014).  Nonetheless, it is clear that even though e1a protein levels were similar, e1a 

mRNA transcript levels were not equal (figure 4-1).  e1a mRNA levels were slightly higher in e1aP300b- 

vector-infected cells compared to e1a wt vector-infected cells.  e1a mRNA from cells infected with the 

e1aRBb- vector levels appeared to be less than half the level of mRNA levels for e1a wt and e1aP300b-.  

It is likely that a decrease in mapped reads occurs near the 3’ end of the e1a first exon from e1aRBb- 

vector-infected cells because of the CR2 deletion contained in the e1aRBb- vector (figure 4-1).  Cells 

infected with dl312 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 dl312 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).   
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A viral genome-wide view of mapped RNA reads exhibits interesting observations.   E2A mRNA is 

expressed to much higher levels in e1a wt infected cells than in e1aP300b- vector or e1aRBb- 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 (ac1) to a higher level than e1a wt and many of those genes contain E2F sites. 
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The other salient difference in RNA levels is the high expression of the E4 region in e1aRBb- 

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 e1a wt, e1aRBb- 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 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 e1aRBb- virus in the RNA-seq experiments discussed above, e1a mRNA levels were still 

lower in e1aRBb- 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 alignment, we observed pol2 enrichment in the same region.  It is 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 

e1aRBb- 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 e1aRBb- vector-infected cells demonstrated lower reads 

near the 3’ end of the first e1a exon, likely the CR2 deletion.  Only cells infected with dl312 had fewer 

pol2 reads map to the viral genome, reflecting lower RNA counts.   

The most abundant pol2 enriched region in e1a wt vector and e1aP300b- 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 “l” strand (the strand transcribed in the left 

direction).  Even though the pol2 peaks in e1a 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.   
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The most abundant viral RNA from e1aRBb- vector-infected cells was from the E4 region.  There 

was little detectable pol2 enriched from this region in e1aRBb- vector-infected cells and all other 

infections.  However, the highest pol2 peak on the viral genome in e1aRBb- 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 dl1500.  By aligning H3K18ac ChIP enriched regions that 

were crosslinked 24 hours (pi) to the viral genome, we determined H3K18ac peaks following infection of 

HFF with dl312, e1a wt, e1aP300b- and e1aRBb- vectors (figures 4-5 and 4-6).  Cells infected with dl312 

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 e1a wt 

vector, e1aP300b- vector and e1aRBb- vector infected cells reflected western blots for H3K18ac from 

acid extracted histones following infection (figure 5-4).  Of e1a expressing viruses, H3K18ac peaks on the 

viral genome were highest in e1aP300b- vector infected cells and lowest in e1aRBb- infected cells.  

H3K18ac peaks on the viral genome from e1a wt vector infected cells were lower than the peaks 

observed following infection with the e1aP300b- vector but higher than e1aRBb- vector infection 

conditions. Interestingly, the H3K18ac peaks regardless of the e1a 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 e1aRBb- 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 e1aRBb- 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 e1aRBb- vector.  The 

low levels of transcription and low pol2 and H3K18ac from the alignment of the e1aRBb- vector infection 
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to the Ad5 genome suggests that e1aRBb- represses its own expression by binding to P300 (and not RB) 

and modulating its lysine acetylase activity.  In other words, because the two major e1a interacting 

protein families are pocket proteins (RB, p107 and p130) and P300/CBP, and e1aRBb- cannot bind to 

pocket proteins it binds exclusively to P300/CBP and modulates its coactivation functions.  By promoting 

strong H3K18 hypoacetylation, e1aRBb- expression results in a general inhibition of cellular and viral 

transcription.   
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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).   

ChIP-seq 

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014).  Pol2 antibody 

used in ChIP 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 e1aRBb- 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 e1a 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 

e1a, p53 binds P300's TAZ2 domain, and e1a 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) dl312 activates CDKN1A, presumably due to the activation of the DNA double-

stranded break response.  e1a, depending on the e1a-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 mdm2, 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 e1a, 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 e1a N-

terminus.  RNA-seq data discussed in chapter 2 revealed that infection of IMR90 cells by e1a deletion 

virus dl312 resulted in a robust induction of CDKN1A.  Consistent with previous reports, repression of 

CDKN1A was dependent on the e1a-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, e1aRBb- drive cells into S-phase by decreasing CDKN1A activation 
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Results 

 In order to determine whether e1a wt, e1aP300b- or e1aRBb- could drive cells into S-phase we 

conducted 3H-thymidine incorporation assays in 2 day arrested HFF cells (figure 5-1).  As expected, 

infection with the e1a wt vector induced the highest 3H-thymidine incorporation (~44,000 counts), 

compared to mock (~5700 counts), infection with dl312 (~6000 counts), infection with the e1aP300b- 

vector (~3700 counts), and infection with the e1aRBb- 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 

e1aRBb- 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 

e1aRBb- vector does not (Ferrari et al., 2014).  

 However, as we reported in Ferrari (2014), dl312 induced expression of CDKN1A and infections 

with e1a wt and e1aRBb- 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 

ChIP-seq data (figure 5-3).   In general, H3K18ac increased following infection with all viruses, but was 

slightly decreased in cells infected with either e1a wt vector or the e1aRBb- vector.    In other words, 

decreased H3K18ac in infected cells required the e1a-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 dl312 infected cells.  Consistent with an increase of 

H3K18ac in wt e1a infected cells, P300 also increased at the CDKN1A locus following infection with 

dl1500 (figure 5-3).   

Following infection with dl312, e1a wt, e1aP300b- and e1aRBb- vectors, we immunoblotted for 

several proteins of interest.   p21 levels were somewhat reflective of the RNA-seq data.  Infection with 

dl312 resulted in an induction of p21 protein levels and relative to dl312 cells e1a wt lowered them 
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(figure 5-4).  Infection with the e1aP300b- vector resulted in the highest p21 levels, whereas e1aRBb- 

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)).      

  

 

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, dl312, e1a wt 
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vector, e1aP300b- vector or e1aRBb- vector infected lysates.  Using purified H1 as a substrate and 32P-

ATP, CDK2 kinase activity was only detected in e1a wt and cells split into fresh media (figure 5-4).  

Therefore, without detectable CDK2 kinase activity, it remains a mystery as to why e1aRBb- induced 3H-

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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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).   

ChIP-seq 

Preparation of cross-linked chromatin was conducted as reported in Ferrari et al. (2014).  Pol2 antibody 

used in ChIP 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 

3H-thymidine incorporation assays were conducted as reported in Ferrari et al. (2014) but expanded to 

include e1a mutants 

CDK2 kinase assays 

CDK2 kinase assays were performed as described in Ferrari et al. (2014) but expanded to include e1a 

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 e1a-

P300 interaction, e1a-RB interaction or both e1a-P300 and e1a-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 e1a mutants, since e1a 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 e1a wt and the various mutants are on a genome wide scale following infection with our 

vectors.  We hypothesize that by conducting e1a ChIP-seq experiments we will gain a better 

understanding of how e1a 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 e1a mutants.  Obtaining that data 

will allow us to determine whether P300 also accumulates following infections with our e1a mutant 

vectors.  

Using specialized Chinese hamster ovary (CHO) cells containing an integrated and expanded 

LacO array, we demonstrated that upon transfection of a LacI-e1awt-mCherry the LacO array became 

condensed.  Moreover, this condensation was dependent on e1a’s interactions with both e1a-P300 and 

e1a-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 LacI-e1awt-mCherry and a 

plasmid that expresses WT P300.  Again, it will be interesting to see if any other e1a 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 e1a wt vector infected cells 

in Ferrari et al (2014), we extended our analysis for ChIP-seq of pol2 to include infections of cells with 

dl312, e1aP300b- and e1aRBb- 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 

dl312, e1a wt, e1aP300b-, or e1aRBb- 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 e1a modulates the host cell environment.     

 In chapter 4 of the dissertation we successively mapped RNA from Ferrari et al (2014), ChIP-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 dl1500 to 

the Ad5 genome to determine the exact position of nucleosomes.  Furthermore, it will be interesting to 

determine whether e1a 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 e1aRBb- vector resulted in 

incorporation of 3H-thymidine.  This was surprising because as we demonstrated in Ferrari et al (2014) 

infection of IMR90 cells by the e1aRBb- vector failed to activate cell cycle genes, but it did repress 

CDKN1A expression.  3H-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, 

e1aRBb- can induce some 3H-thymidine incorporation through repression of CDKN1A.  CDKN1A 
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contained the lowest H3K18ac levels in cells infected with the e1aRBb- vector.  Perhaps by conducting 

P300 ChIP-seq in mock-infected cells, and cells infected with dl312, e1a wt vector, e1aP300b- vector, or 

e1aRBb- vector we will observe lower P300 levels in the e1aRBb- vector infected cells at the CDKN1A 

locus.  This would be consistent with a model where e1aRBb- removes P300 at the CDKN1A locus to a 

greater extent than e1a wt. 




