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Adenovirus e1a expression in contact-inhibited cells forces G1 to S phase 

transition in preparation to create suitable cellular environment for viral replication. To 

determine genomic regions targeted by e1a to bind and manipulate chromatin 

landscape of host cells, ChIP-seq of e1a was performed in e1a-expressing primary 

fibroblast cells at 6 and 24 hours post infection. Critical regions in the genome are 

occupied by e1a proteins since early in infection including active enhancers, gene body 

of growth inhibition genes, and cell cycle gene promoters. Binding of e1a at active 

enhancers results in drastic reduction of H3K18ac and H3K27ac histone modifications. 

Through co-localization with massive levels of P300/CBP, activators of TGF-beta 

pathway are strongly repressed with high density of e1a binding throughout gene 
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promoter and gene body to prevent G1 arrest.  Finally, promoters of cell cycle genes 

bound by Rb in contact-inhibited cells are targeted by e1a at both 6 and 24 hours post 

infection to relieve Rb repression of E2F-regulated cell cycle genes. Overall, highly-

expressed cell-type-specific genes are repressed by e1a binding and genes promoting 

S phase entry are stimulated by e1a.  Surprisingly, e1a binding sites at both 6 and 24 

hours PI are also early replication origin found in growing normal fibroblast cells.  

Furthermore, e1a represses host cell replication as 95% of newly synthesized DNA in 

e1a expressing cells originated from viral genome.  By binding to host cell chromatin, 

e1a creates S phase environment in host cell to stimulate viral replication.  
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CHAPTER 1 

 

Introduction: 

Host cell reprogramming toward S phase entry 

by 

Adenovirus e1a 
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Tumorigenic Adenovirus 

Human adenovirus type 12 was found capable of inducing tumor formation in 

Hamsters (Huebner, Rowe et al. 1962). Additionally, the adenoviral protein e1a was 

shown to collaborate with G12V HRAS oncogene and transform primary rat embryonic 

fibroblast cells (Land, Parada et al. 1983; Ruley 1983; Ruley 1990).  The co-expression 

of Adenovirus type 5 early region genes E1A and E1B were also able to transform Baby 

rat kidney (BRK) cells (van den Elsen, de Pater et al. 1982; Branton, Bayley et al. 1985) 

By observing dynamic changes in molecular processes leading to cellular 

transformation in normal human cells, adenovirus e1a stands as a very useful tool in 

enhancing our understanding of tumorigenesis with its capacity to cooperate with either 

viral or host cell proteins to accomplish cellular transformation and immortalization.   

Adenovirus e1a 

Adenovirus early region 1A expresses two alternatively spliced mRNAs 12S and 

13S which encodes two highly related proteins of 289 and 243 amino acids.  Large and 

small e1a differs by small e1a lacking the CR3 (conserved region 3) region (Figure 1-1) 

(Berk 2005).  Expression of adenovirus small e1a alone is sufficient in forcing stationary 

contact-inhibited fibroblastic cells into S phase of the cell (Howe, Mymryk et al. 1990; 

Ghosh and Harter 2003).  This oncogenic event is driven by small e1a through its 

interaction with multiple key cellular proteins in the infected host cell including Rb family 

of pocket proteins (Nevins 2001; Burkhart and Sage 2008; Choi, Kim et al. 2014), 

P300/CBP(Gayther, Batley et al. 2000; Berk 2005), and P400 (Dick 2007; Macher-

Goeppinger, Bermejo et al. 2013). 

Rb Family of Pocket Proteins 
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Rb is the first tumor suppressor being isolated through study of cancerous retina 

tissue, Retinoblastoma (Murphree and Benedict 1984). The primary function of Rb is to 

regulate cell cycle progression from G1 to S phase by binding to the transactivation 

domain of E2F transcription factors through its pocket domain and inhibit induction of 

E2F target genes (Goodrich, Wang et al. 1991).  E2F transcription factors promote 

expression of genes required for S phase entry.  Therefore, Rb is regarded as the 

primary protein guarding the G1 to S cell cycle checkpoint.   In addition to Rb, RBL1 

(p107) and RBL2 (p130) both contain homology in the pocket domain with Rb protein.  

The pocket domain mediates interaction with members of the E2F family of transcription 

factors.  In normal cell cycle progression from G1 to S phase, Rb family proteins are 

phosphorylated sequentially by CDK4/6 and CDK2 (Rubin, Gall et al. 2005).  

Phosphorylated Rb family proteins are then disassociated from E2F binding and relieve 

repression on E2F activation (Figure 1-2).  Activation of E2F transcription factors lead to 

transcription of cell cycle genes required for S phase entry.  

LXCXE Motif 

Forcing contact-inhibited primary cells into S phase entry can be accomplished 

by expressing small e1a in contact-inhibited primary cells.  The LXCXE peptide motif 

located in the CR2 region of small e1a protein enables high affinity binding between e1a 

and Rb.  The LXCXE motif is shared among multiple viral oncoproteins including HPV 

E7 and SV40 large T antigen (Dahiya, Gavin et al. 2000; Liu and Marmorstein 2007).  

The LXCXE motif is important in oncogenesis induced by DNA tumor viruses as viral 

oncoproteins use LXCXE motif to bind Rb family of proteins and disable regulation of 

cell cycle progression.  Small e1a with LXCXE motif is one of the DNA tumor viral 
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protein equipped of such function. Through interaction with Rb family of proteins, small 

e1a can bind and remove Rb family of proteins from E2F transcription factors and 

induce expression of cell cycle genes.  The ability to bind Rb is essential for viral 

replication since small e1a with mutations at CR2 regions are incapable of binding to Rb 

family of proteins, therefore are unable to displace Rb from Rb-bound E2F promoters to 

force contact-inhibited normal cells into S phase (Figure 1-3).   

The LXCXE motif can also be found in a number of cellular proteins including 

histone deacetylases HDAC1, HDAC2 (Dahiya, Gavin et al. 2000).  Histone proteins 

H2A, H2B, H3, H4 forms nucleosomes which are protein octamers that allows genomic 

DNA to wrap around and organize the DNA- bound nucleosomes into chromatin 

structure.  Chromatin can be further rearranged into higher order structures through 

interaction with linker histones, histone chaperones, and histone modifying enzymes.  

By removing acetyl group from lysine residues of N-terminus histone tails, HDAC 

proteins remodel chromatin structure into closed and more condensed conformation 

which prevents access and binding of transcriptional activator (Kurdistani and Grunstein 

2003). Rb interacts with HDAC1 and HDAC2 through binding to the LXCXE motif.  

Histone deactylase activity of HDAC1 and HDAC2 was shown to be important in Rb 

mediated repression of transcription (Dahiya, Gavin et al. 2000).  Recent studying using 

microscopy and DNA array in CHO cells (Ferrari, Gou et al. 2014) showed that complex 

formed between P300, e1a, and RB (P300-e1a-Rb) is able to condense chromatin and 

the inhibitor of histone deacetylase activity prevented chromatin condensation which 

revealed that repression mediated by Rb-e1a-P300 required active histone deacetylase 

activity.     
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P300/CBP 

P300 and CBP are structurally-similar transcription co-activators.  P300 was 

discovered through its binding to adenovirus e1a (Eckner, Ewen et al. 1994).  

P300/CBP participates in regulation of transcription through its function as a histone 

acetyltransferase (HAT).  By adding acetyl groups to N-terminus tails of histone H3, 

P300/CBP remodels and relaxes the chromatin structure which permits more binding of 

activator proteins leading to transcription activation.  In MEF cells, Jin Q et al. showed 

that P300/CBP is the main histone acetyl transferase enzyme responsible for the 

acetylation of lysine at position 18 (H3K18) and 27 (H3K27) on histone (Jin, Yu et al. 

2011).  Abundance of H3K18ac and H3K27ac near the transcription start site is 

associated with open chromatin and active transcription.  In addition to its co-activator 

function at transcriptional start site, P300/CBP also plays essential roles in process of 

cell differentiation through its requirement for the maintenance of active enhancers.   

Role of P300/CBP at enhancers    

Enhancers are short stretches of genomic DNA regions which permit binding of 

activators to induce gene transcription through long range interaction with gene 

promoters.  The interaction can be either intra-chromosomal or inter-chromosomal.  

Enhancer regions can be defined epigenetically by regions in the genome bound by 

nucleosomes with presence of histone modification H3K4Me1 and simultaneously lack 

H3K4Me3 (Heintzman, Hon et al. 2009; Creyghton, Cheng et al. 2010).   Enhancer 

regions can be in either active or poised state.  Enhancers in poised state are 

characterized with binding of nucleosomes with H3K27Me3 and H3K4Me1 histone 

modifications.  Additionally, poised enhancers are incapable of influencing expression of 
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target genes.   Active enhancer regions are open and relaxed regions of chromosome 

characterized by its sensitivity to DNAse I enzyme digestion which only digests highly 

accessible regions of the chromatin (Gevry, Hardy et al. 2009).  In these highly 

accessible regions, activator proteins are allowed to bind and interact with mediator 

complex to promote activation of transcription on.  By acetylating H3K18ac and 

H3K27ac on nucleosomes at enhancer regions, EP300 maintains the accessibility of the 

enhancer region.  Therefore, genes neighboring enhancers bound by nucleosomes with 

highly acetylated H3K18ac or H3K27ac are associated with higher levels of gene 

expression (Creyghton, Cheng et al. 2010; Zentner, Tesar et al. 2011).   

Interaction between P300/CBP and e1a 

In e1a expressing IMR90 cells, e1a causes global deacetylation of H3K18ac 

(Horwitz, Zhang et al. 2008) and H3K27ac (Ferrari, Gou et al. 2014) by binding to TAZ2 

domain of P300/CBP. Regions with high level of H3K18ac and H3K27ac are locate 

within important functional regions in the genome such as enhancers and gene 

promoters, e1a induced histone deacetylation in these regions resulted in reduction of 

gene transcription (Ferrari, Su et al. 2012). Furthermore, complex formed by e1a and 

P300/CBP interaction was found to mediate strong gene repression and interaction 

between e1a and P300/CBP at TAZ2 domain is essential in maintaining such repressive 

complex (Ferrari, Gou et al. 2014).  Mutants of e1a unable to bind to TAZ2 domains 

were less effective in exerting strong gene repression (Ferrari, Gou et al. 2014). 

Remodeling of epigenetic landscape at gene promoters by e1a 

High-throughput DNA microarray technology in combination with chromatin 

immune-precipitation (ChIP-on-chip) permitted monitoring of e1a binding and epigenetic 
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changes at wide range of genomic regions.  Focusing on genomic regions 5 kb 

upstream of transcription start site (TSS) to 2 kb downstream of TSS, the study in 

Ferrari et al. 2007 unveiled the dynamic binding pattern of small e1a on promoter 

regions of infected IMR90 cells.  Small e1a induced relocation of Rb and EP300/CBP to 

antiviral response genes and resulted in reduction of antiviral gene expression.  Most 

importantly, epigenetic changes through gaining of H3K18ac at promoter of cell cycle 

genes after e1a removes Rb from E2F regulated genes was revealed.  By gaining 

activating histone modification, H3K18ac, transcription of cell cycle genes became 

highly activated (Ferrari, Pellegrini et al. 2008). Recent advances in DNA sequencing 

technology such as ChIP-sequencing (ChIP-seq) and RNA-sequencing (RNAseq) 

enabled genome-wide studies to have unprecedented resolution and coverage.       

ChIP-sequencing and RNA-seq 

Chromatin immunoprecipitaiton inconjunction with cDNA microarray (ChIP on 

chip) allowed detailed genome-wide studies in species with small genomes.  However, 

ChIP-on-chip is not a cost-effective solution for high resolution mapping of protein-DNA 

interactions for species with large genomes such as human and mouse.  Enabled by 

recent advances in high-throughput sequencing, genome-wide mapping of protein-DNA 

interaction at unparalleled resolution is now possible using ChIP-seq technology. Briefly, 

cells are treated with crosslinking agent to fix protein-DNA complexes.  After cell lysis 

and shearing of genomic DNA into smaller pieces through sonication, antibody targeting 

protein of interest is used to immune-precipitate (IP) protein-DNA complex of interest.  

Also an aliquot of the sonicated sample was used as input sample to control for 

background level of DNA enrichment.   The crosslinking between protein and DNA is 
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then reversed and DNA species in region of interest is isolated.  Adapter required for 

sequencing process is attached to purified DNA through ligation reactions to make high-

throughput DNA sequencing library.  Sequencing libraries are then amplified with PCR 

reactions and purified for subsequent sequencing reaction.  Each sequencing reaction 

currently generates around 200 million reads.  The generated data was then aligned to 

human genome using aligner software.  Reads that map to multiple locations in the 

genome are usually discarded to ensure unique identification of genomic location.  To 

determine genomic regions bound by protein of interest, enrichment of protein binding 

region is determined through comparing reads obtained from input and IP samples 

using statistical software.   

 For RNA-sequencing, total RNA is isolated from cells and ribosomal RNAs are 

isolated and discarded from total RNA.  The total RNAs free of ribosomal RNAs are 

then fragmented through chemical cleavage.  The fragmented RNA are then reverse 

transcribed into cDNA and tagged with sequencing adapters to make DNA sequencing 

libraries.  Sequencing libraries are then amplified with PCR reactions and purified for 

subsequent sequencing reaction.  Data generated from sequencing machines are then 

aligned to genome with software that permits gap alignment to accommodate spliced 

RNAs.   

Genome-wide study of e1a biology using ChIP-seq and RNA-seq methods  

ChIP-on-chip method revealed the gain of H3K18ac histone modification on cell 

cycles active by H3K18ac and decrease in H3K18ac at gene promoters being 

repressed by e1a binding (Ferrari, Pellegrini et al. 2008).  Since promoter region 

accounts for small percentage of the genome, global loss of H3K18ac in infected cells 
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remained partially explained using ChIP-on-chip method.  Study in dl1500 infected 

IMR90 cells by Ferrari et al. 2012  (Ferrari, Su et al. 2012) performed ChIP-seq on 

H3K18ac and Rb family of proteins (Rb, p107, p130) and mRNA-seq was used to 

measure global changes in gene expression.  The study found that majority of genomic 

regions enriched with H3K18ac histone modifications are located within enhancer.  

Additionally, e1a expression greatly reduced H3K18ac levels in enhancer regions to 

decrease expression of its neighboring genes composed of mostly fibroblast-specific 

genes.   Reduction of cell-type specific gene expression implied de-differentiation and 

loss of cell-specific function (Frisch and Mymryk 2002). ChIP-seq of Rb family members 

precisely defined binding positions of Rb, p107, and p130 on gene promoters and 

promoters of cell cycle genes bound by Rb was found to gain H3K18ac at 24 hours after 

infection.      

Through ChIP-seq and RNAseq method, recent study on e1a mediated gene 

repression through formation of P300-e1a-Rb complex in infected cells revealed a 

cluster of TGF- activator genes being bound by the repressive complex throughout the 

promoter and gene body (Ferrari, Gou et al. 2014).  Mutants of e1a incapacitated with 

ability to bind to either P300 or Rb were generated.  Global expression profiles of cells 

infected with different e1a mutants were measured using RNA-seq and different gene 

clusters requiring different interactions between e1a and host proteins were generated 

as P300 binding mutant of e1a was unable to effectively repress TGF- activator genes. 

ChIP-seq of H3K27ac revealed differential regulation of H3K18ac and H3K27ac in 

infected cells.  Even though P300/CBP is responsible for acetylation of both H3K18ac 

and H3K27ac, while both modifications decreased dramatically in infected cells, 
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differential regulation of H3K18ac and H3K27ac levels were observed in infected cells.  

H3K27ac was abundant at most promoters in mock infected cells including cell cycle 

genes.  At 24 hours PI, H3K27ac decreased greatly at most gene promoters except for 

cell cycle genes. In contrast, H3K18ac levels are low in most promoters especially at 

cell cycle genes, but promoter of cell cycle genes gained H3K18ac at 24 hours PI.  

ChIP-seq and RNA-seq methods enabled detailed observations on dynamic changes 

incurred by e1a in cellular chromatin environment of host cells. 

Rb and DNA replication 

ChIP-seq study of Rb binding in growing and senescent IMR90 cells identified 

unique role of Rb in binding and repressing replication genes in senescent condition 

induced by elevated levels of ras (Chicas, Wang et al. 2010).   In the study, DNA 

replication was detected cells with RNAi knockdown of Rb but not p107 or p130 protein.  

DNA replication requires assembling of pre-Replication Complex (pre-RC).  Pre-

replication complex is composed of Orc (1-6), CDC6, CDT1, and MCM (2-7) proteins 

and the complex is bound at replication origins (Mechali 2010).  Pre-RC components 

were expressed and found on chromatin only in Rb-knockdown senescent cells.  This 

study suggests Rb binding in senescent cells regulates expression of genes required in 

DNA replication.  Study by Mendoza-Maldonado et al. (Mendoza-Maldonado, Paolinelli 

et al. 2010) showed a more direct relationship between Rb and pre-RC, as direct 

binding between hypo-phosphorylated Rb and Orc1 was observed and E2F1 competes 

binding to Rb with Orc1 at replication origins.  

Myc and e1a 
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Another protein recently found to bind at replication origin is Myc (Dominguez-

Sola, Ying et al. 2007).  Elevated level of Myc protein was found to cause increased 

activity at replication origins.  However, Myc levels are usually low in normal cells but 

are elevated in cancer cells.  Interestingly, e1a was found to stabilize Myc through 

binding with P400 (Tworkowski, Chakraborty et al. 2008).  P400 was originally isolated 

through binding with e1a as P400 binding mutant of e1a was unable to mediate cell 

transformation (Fuchs, Gerber et al. 2001)  However, transformation defect of e1a P400 

mutant was able to be overcame by over-expressing Myc suggesting Myc regulates the 

downstream effectors of e1a-P400 interactions.  While e1a was shown to interact with 

Myc through P400, the relationship between e1a and Myc interaction on chromatin 

remains unclear. 

P400 and e1a 

Interaction between P400 and N-terminus of e1a is required for e1a induced cell 

transformation.  A part of SWI/SNF (SWItch/Sucrose NonFermentable) chromatin 

remodeling family of proteins, P400 functions by exchange histone variant H2A.Z into 

nucleosomes to activate transcription (Gevry, Hardy et al. 2009) or facilitate DNA repair 

(Xu, Ayrapetov et al. 2012).  Additionally, function of P400 is essential in keeping stem 

identity as P400 was shown to repressing developmental genes in stem cells (Fazzio, 

Huff et al. 2008).   With multitude of functional roles being discovered for P400, the 

molecular changes exerted by interaction between P400 and e1a on host cell chromatin 

to induce oncogenic transformation is still unclear.    
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Figure 1-1 Schematic structure of small e1a and its interactions with cellular 

proteins required for S phase entry. Compare to large E1A, splicing isoform, small 

E1a lacks Conserved Region 3 (CR3).  Small e1a binds to P300/CBP through its N 

terminus and CR1 region.  Binding to RB family of proteins (RB, p107, p130) requires 

CR2 region and parts of CR1 region.  Figure from (Ferrari, Berk et al. 2009) 
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Figure 1-2  Rb binding in normal versus viral induced S phase. 

Rb in normal S phase gets phosphorylated by CDKs and relieve from binding to E2F.  

Rb in e1a expressing cells are bound and sequestered by e1a to induce activation of 

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

In repressive state, Rb interacts with histone deacetylases such as HDAC1 and HDAC2 

and binds at cell cycle gene promoters to repress transcription.  In viral infected cells, 

Rb is seized by viral oncoproteins such as e1a to allow host cell entry into S phase. 

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

Proteins-DNA complexes are crosslinked and sonicated  to smaller pieces.  Protein-

DNA complex of interest is isolated by immunoprecipitation using target-specific 

antibody.  DNA from protein-bound region is purified and tagged with sequencing 

adapters to make DNA sequencing library for high-throughput sequencing.  Figure from 

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

RNA species free of ribosomal RNA (mRNA or total RNA) are fragmented and 

converted into cDNA.  Sequencing adapters are ligated cDNA fragments to make 

sequencing libraries.  After amplification and purification, sequencing libraries are sent 

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

 
Adenovirus small e1a  

 
employs the lysine acetylases 

 
p300/CBP and tumor suppressor Rb 

 
to repress select host genes and  

 
promote productive virus infection 

 

 

This chapter was originally published in Cell Host and Microbe, 2014 

Nov;16:663-676 with supplemental material.  Mutants of e1a that are unable to bind to 

Rb or P300 was generated and mRNAseq was performed in contact-inhibited IMR90 

cells infected with various e1a mutants.  Through comparing differential gene 

expression between IMR90 cells infected with different e1a mutants, gene clusters 

requiring e1a-p300 or e1a-Rb interaction for modulation of gene expression was 

revealed. Furthermore, by mapping genome-wide distribution of Rb, P300, H3K27ac, 

H3K4Me1 using ChIP-seq method, host cell gene repression requiring simultaneous 

binding of e1a to both Rb and p300 was revealed. The p300-e1a-Rb complex was 

shown acetylate Rb and condense DNA-arrays in microscopy through HDAC activity.  

This study revealed that simultaneous interaction between Rb, e1a, and P300 is 

required for strong repression of host cell gene transcription. 
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Chapter 3 

  
 

A unique epigenetic signature 

Is associated with active DNA replication loci 

in human embryonic stem cells  

 

This chapter was originally published in Epigenetics, 2014 Feb;9(2):257-67. with 

supplemental material.  This study performed BrdUseq by labeling actively replicating 

DNA with BrdU followed by high throughput sequencing in both H1 human embryonic 

stem (ES) cells and IMR90 human primary lung fibroblast cells. By comparing 

epigenetic histone modification patterns with BrdUseq results, BrdU peaks common 

between all cell lines were found to associate with H3K18ac, H3K56ac, and H4K20me1 

histone marks in human ES cells. However, the same histone modifications did not 

correlate with BrdU peaks in normal fibroblasts or cancer cell lines.  Furthermore, by 

knocking down EP300 and CBP in human ES cells, the number of BrdU incorporating 

peaks decreased drastically suggesting that epigenetic signature found in ES cells 

might be required for normal replication in ES cells.  
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Chapter 4 

  
Histone acetylation  

regulates intracellular pH. 

  

This chapter was originally published in Molecular Cell 2013 Jan 24;49(2):310-21. with 

supplemental material.  This chapter describes the relationship between intracellular pH 

and global histone acetylation.  Low pH treatment in human hela cells induced global 

reduction of histone acetylation.  The reduction in histone acetylation was coupled with 

proton excretion from cell membrane through monocarboxylate transporter (MCT) 

proteins.  Global reduction in histone acetylation resulted in dramatic redistribution of 

histone acetylation marks. This study characterizes the first functional link 

betweenhistone deactylation and regulation of intracellular pH. 
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Chapter 5 

  
 

 
Reorganization of the host epigenome  

by a viral oncogene  

 

This chapter was originally published in Genome Research. 2012 Jul;22(7):1212-21. 

with supplemental material.  This chapter describes changes in epigenetic landscape of 

primary human lung fibroblast cells after infection with Adenovirus dl1500.  Adenovirus 

dl1500 forces expression of small e1a oncoprotein in primary cells.  As previous shown 

by Ferrari etl al and Horwitz et al. (Ferrari, Pellegrini et al. 2008; Horwitz, Zhang et al. 

2008), small e1a causes drastic reduction in global H3K18ac levels.  Using ChIP-seq 

method, changes in global distribution of H3K18ac was revealed.  Drastic reduction of 

H3K18ac was observed in the intergenic region and new peaks of H3K18ac were 

gained at Rb-E2F binding site at promoter of cell cycle genes.  This study provided the 

first genome-wide observation of viral oncogene induced global redistribution of 

H3K18ac and H3K9ac in relationship to guardians of G1/S transition, Rb family of 

proteins, in normal contact-inhibited cells.   
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Chapter 6 

  
 

Genome-wide binding map  

of 

 the HIV-1 Tat protein to the human genome  

  
  
  

This chapter was originally published in PLOS One. 2011;6(11):e26894.  with 

supplemental material.  HIV-1 Tat protein functions in promotion of viral transcription. 

However, genome-wide distribution of HIV-1 Tat binding is still unclear.  Using ChIP-seq 

in HIV-1 Tat expressing Jurkat cells, Tat protein was found to preferentially target 

genomic regions with Alu repeat.  Additionally, gene promoters occupied by CBP in 

control Jurkat cells were also favored binding sites for HIV-1 Tat protein.  This study 

provided the first observation of genome-wide binding pattern of HIV-1 Tat protein on 

chromatin of human cell line. 
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Chapter 7 
 

Dynamics of Host Cell Transcriptome 

 in DNA Tumor Virus Infection 

 
This chapter includes my recent findings that further examined molecular 

mechanisms involved in e1a reprogramming of stationary host cell into proliferative 

state.  To elucidate genome-wide distribution of viral oncoproteins, e1a, on host cell 

chromatin, we mapped temporal-based binding of e1a by carrying out ChIP-seq 

experiments in IMR90 cells infected with Adenovirus dl1500.  To characterize the 

impact of e1a-binding on host cell gene expression, global RNA transcript levels were 

measured by RNA sequencing method.  This study reveals the genome-wide mapping 

of e1a binding patterns at 6 and 24 hour time point after viral infection.  We found that 

through interactions with P300/CBP, binding of e1a at active enhancers and gene 

bodies of anti-proliferative genes results in strong transcriptional repression.  In 

contrast, interactions between e1a and Rb at promoter of cell cycle genes induce strong 

transcriptional activation.  Most surprisingly, we observed that replication origins defined 

by nascent strand DNA synthesis sequencing in normal cycling IMR90 cells are bound 

by e1a in infected cells.  Furthermore, these e1a-bound regions overlaps better with 

sites of nascent DNA synthesis in highly proliferative cell lines (H9 and hela) compare to 

overlap with IMR90 cells. 
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Summary 

Viral oncogene small e1a, a 243 amino acid protein, is capable of forcing 

contact-inhibited G1 cells into S phase.   Through binding with P300/CBP and Rb family 

of pocket proteins, Rb, p107, and P300, e1a modulates global gene expression to 

reprogram host cells into replicative state.  To understand the full extent of e1a’s 

influence on rewiring the chromatin state of infected host cells, ChIP-seq and RNAseq 

was performed at 6 and 24 hours post infection to follow the progress of e1a induced 

cellular changes.  We found that e1a targeted active enhancer regions enriched with 

H3K18ac and H3K27ac and gene bodies of activator proteins in the TGF- pathway 

early in infection for the purpose of transcriptional repression.  Promoter region of cell 

cycle genes bound by Rb is jointly targeted by e1a at 6 and 24hours post infection to 

relieve Rb-mediate transcriptional repression.  Potential role of e1a participating in 

regulation of host cell DNA replication was observed as genomic regions with binding of 

e1a was found to be in common with replication origin sites in normal cycling cells.  

Introduction 

Adenovirus oncoproteins small e1a, when expressed alone in contact-inhibited 

fibroblast cells, is sufficient in forcing stationary cells into S phase (Howe, Mymryk et al. 

1990; Ghosh and Harter 2003).  This oncogenic process is accomplished through 

interactions between e1a and multiple key cellular proteins in the infected host cell 

including Rb family of pocket proteins (Rb, p107, p130), P300/CBP, and P400.  

Previous study showed that within 24 hours after infection, e1a binds to gene promoter 

regions and modulate host cell gene expression toward its replicative advantage 
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through inducing re-distribution of P300/CBP and Rb (Ferrari, Pellegrini et al. 2008).  

However, gene promoters only accounts for a small percentage of the genome. To 

examine whether e1a binds and reorganizes chromatin landscape for the rest of the 

human genome, we performed ChIP-seq assay to map genome-wide binding regions of 

e1a in contact-inhibited IMR90 cells infected with Adenovirus mutant dl1500.  

Adenovirus dl1500 only expresses small e1a as the major viral protein product since 

large e1a is responsible for activating expression of rest of the Adenoviral proteins 

(Montell, Fisher et al. 1982).   Contact-inhibited IMR90 cells infected with dl1500 is 

characterized with global hypoacetylation of histone modifications H3K18 and H3K27 at 

active enhancers (Ferrari, Su et al. 2012), repression of growth inhibition genes (Ferrari, 

Gou et al. 2014),  and activation of cell cycle genes (Frisch and Mymryk 2002; Ferrari, 

Pellegrini et al. 2008).   With e1a binding mapped genome-wide in the same cell model 

system, we will examine the consequence of direct e1a binding at these important 

genomic regions.  

Results 

Promoter region is a common target of e1a binding at both 6 and 24 hours post 

infection 

Previous studies have shown that small e1a is capable of forcing G1 contact-

inhibited normal human lung fibroblast IMR90 cells into S phase through multiple 

interacting partners including P300, P400 and Rb family of proteins.  Through its 

interaction with proteins bound on chromatin of host cells, e1a was able to remodel the 

epigenetic landscape of host cells at both promoter regions and active enhancer 

regions.  However, it is still unclear whether changes in histone modifications at key 
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functional regions were resulted from direct binding of e1a or through secondary 

pathways.  To map genome-wide distribution of small e1a binding after viral infection, 

high throughput ChIP-seq method was utilized in mock infected IMR90 cells and IMR90 

cells infected with Adenovirus dl1500, which only expresses small e1a at low MOI 

(Ferrari, Pellegrini et al. 2008; Horwitz, Zhang et al. 2008).  At 6 hours and 24 hours 

after dl1500 infection, samples were collected using previously described methods 

(Ferrari, Pellegrini et al. 2008; Ferrari, Su et al. 2012).  18 million and 21 million reads 

aligned to human genome version hg19 were randomly sampled from input reads and 

ChIPed DNA reads for both 6 hours and 24 hours post infection samples to normalize 

total read counts between two different time points.  Human genome was segmented 

into 50 bp windows and ChIP enrichment P-value between input and ChIPed DNA 

reads was calculated using Poisson distribution as previous described (Ferrari, Su et al. 

2012).  Significant peaks were defined in 50 bp windows with P-value < 10−3 and 

requiring both neighboring windows to have P-value < 10−2.5.  Using cis-regulatory 

element annotation system (CEAS) software (Shin, Liu et al. 2009), distribution pattern 

of e1a binding was determined and represented in pie charts (Figure 1A).  Over 70% of 

e1a binding regions were located inside the intron and intergenic regions at both 6 

hours and 24 hours PI.  Only 9% and 12% of e1a binding events occurred near 

transcription start site (TSS) at 6 and 24 hours PI.  As shown in Figure 1B, 15% of 

regions bound by e1a at 6 hours PI overlaps with 21.5% of e1a bound regions at 24 

hours PI.  Interestingly, genomic regions targeted by e1a at both 6 and 24 hours PI has 

a higher portion of regions located near TSS and lower portion of reads located inside 

intergenic regions when compared to e1a’s binding pattern at individual time points.  As 
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much as 26% of the shared binding sites between 6 and 24 hour e1a are located near 

TSS (Figure 1C) which suggested that e1a maintained strong interaction with host 

proteins bound near TSS especially since e1a lacks the ability to bind DNA directly 

(Frisch and Mymryk 2002).  The dynamic binding of e1a at different time points after 

infection is reflected in the heat map of e1a binding patterns at 6 and 24 hours PI.    

 

Binding of e1a leads to global deacetylation at active enhancers 

   Enhancers regions are characterized with high levels of H3K4Me1 and low levels 

of H3K4Me3.  Additionally, active enhancers have high abundance of H3K27ac or 

H3K18ac which are both acetylated by presence of P300/CBP (Heintzman, Hon et al. 

2009).  Previous studies have shown that e1a caused global decrease of H3K18ac 

(Horwitz, Zhang et al. 2008).  Most of the reduction in H3K18ac levels took place in the 

intergenic region (Ferrari, Su et al. 2012).  However, it is unclear whether e1a directly 

binds to active enhancers to mediate reduction of H3K18ac levels.  To define active 

enhancer regions in IMR90 cells, we analyzed previously- published H3K4Me1, 

H3K18ac, H3K27ac, and P300 ChIP-seq data from contact-inhibited IMR90 cells and 

dl1500 infected IMR90 cells (Ferrari, Su et al. 2012; Ferrari, Gou et al. 2014). Heatmap 

of significant peak intensity centered at e1a-bound regions was generated for all 

downloaded ChIP-seq data.  Consequence of e1a binding at active enhancers was 

examined.  Consistent with previous findings, majority of active enhancers in mock 

infected cells showed strong reduction in H3K18ac and H3K27ac levels after dl1500 

infection and subsequent e1a binding (Figure 2A).  Additionally, we found that active 

enhancers were early targets of e1a with more than twice as many regions being bound 
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at 6 hours PI compared to 24 hours PI by e1a (Figure 2A, Figure S1A).  Interestingly, 

different sets of active enhancers were targeted by e1a at 6 and 24 hours PI, as only 

295 regions are bound by e1a at both 6 and 24 hours PI (Figure 2B).  Small set of 

active enhancer regions overlap between e1a binding at 6 and 24 hours implies e1a 

targeted different sets of active enhancer regions at different time point.  Figure S2 plots 

average significant read counts of e1a binding at active enhancers during 6 and 24 hour 

PI.  Interestingly, with temporal difference in e1a binding, the degree of hypoacetylation 

for H3K18 and H3K27 was similar at active enhancers bound.  Overall, binding of e1a at 

active enhancer region led to drastic reduction of H3K18ac and H3K27ac (Figure 1A, 

S1B, S1D) while the level of P300 binding remained unchanged in both mock and 

dl1500 infected cells (Figure S1C).   

 

Active enhancers bound by e1a leads to reduction of neighboring gene 

expression  

To determine functional consequence of e1a induced H3K18 and H3K27 

hypoacetylation at active enhancer regions, stranded RNA-seq was performed to 

measure level of strand-specific transcripts at 6 and 24 hours PI in both mock-infected 

and dl1500 infected IMR90 cells.  RNAseq data were aligned to human genome version 

hg19 using Tophat2 v2.0.8 (Kim, Pertea et al. 2013) and read counts were normalized 

among different samples using Cufflinks v2.0.2 (Trapnell, Williams et al. 2010).  To 

associate e1a binding regions at active enhancers to single closest gene within 1000 

kb, Genomic Region Annotation Tool (GREAT) (McLean, Bristor et al. 2010) was 

utilized for neighboring gene assignment.  Figuer 2C shows boxplot of log2 of 
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normalized transcript levels for genes neighboring active enhancers in both mock and 

dl1500 infected cells at 6 and 24 hours PI.  Genes that maintained H3K18ac and 

H3K27ac levels at active enhancers in mock infected cells did not have significant 

changes in transcript levels.  However, e1a binding at active enhancers and subsequent 

H3K18 and H3K27 hypoacetylation caused significantly reduced transcription levels of 

neighboring genes when compare to same gene set in mock infected cells (Figure 2C).  

Gene ontology (GO) of genes neighboring e1a-bound active enhancers were 

determined using GREAT (McLean, Bristor et al. 2010).  Gene ontology analysis 

indicated that genes associated with hypoacetylated enhancers were involved in 

fibroblastic cell type specific cellular processes such as production and maintenance of 

extracellular matrix and collagen (Figure 2D).  An genome browser example of e1a 

binding at active enhancer leading to hypoacetylation of H3K18ac and H3K27ac and 

reduced transcription of neighboring gene, COL6A3, is shown in Figure S3.   

 

Multiple binding of e1a throughout gene body mediates strong gene repression 

Recent study by Ferrari et al. 2014 (Ferrari, Gou et al. 2014) revealed that in e1a 

expressing IMR90 cells, genes with high levels of P300 and Rb binding throughout the 

gene body resulted in strong repression of gene expression.  Additionally, through 

confocal microscopy of e1a- LacI-mCherry DNA array, e1a was observed to induce 

chromatin condensation through interaction with Rb and P300.  Furthermore, the 

chromatin condensation process required HDAC activity as HDAC inhibitor prevented 

e1a-mediated chromatin condensation.  In the same study, a list of glycoprotein genes 

(cluster rc1) highly repressed by wild type e1a but not by P300 binding mutant of e1a 
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was found to contain high levels of Rb and P300 binding throughout the genic region.  

However, it was unclear whether e1a participated in the recruitment of Rb and P300 

binding at these highly repressed genes through direct interaction with Rb and P300.  

From analyzing e1a ChIP-seq at 6 and 24 hours PI, Figure 3A shows that rc1 genes are 

enriched with very high frequency of e1a binding.  The bar graph in Figure 3A also 

illustrated that e1a binding at 6 hours is the main driver of e1a’s effort in orchestrating 

strong repression at rc1 genes as more binding peaks from 6 hour e1a were found at 

gene bodies of rc1 genes in comparison to 24 hour e1a binding.   Genes in rc1 cluster 

play essential roles in TGF- pathway to regulate G1/S transition.  Gene bodies of 

TGFB2 and SMAD3 in the rc1 cluster contained over 10 e1a binding sites.  Boxplot of 

RNA-seq measurement of transcript levels (log2 of FPKM) from RC1 genes bound by 

e1a (Figure 3B) showed that RC1 genes were expressed at significantly higher levels in 

mock infected cells compare to average genes (p-value = 0.000131).  While 

transcription levels did not change significantly at 6 and 24 hours after mock infection 

(p-value=0.99).  Expression of e1a in IMR90 cells and binding to rc1 cluster genes 

caused significant reduction in gene expression levels at 24 hours PI (p-value= 

0.004445) (Figure 3B).  Genome browser example of e1a binding throughout THBS1 

gene from rc1 gene cluster is shown in Figure 3C.  Binding of e1a on THBS1 gene was 

primarily detected at 6 hours PI suggesting THBS1 as an early target of e1a-mediated 

repression.  High levels of P300 binding detected at 24 hours PI is associated with 

drastic reduction in Pol II binding throughout the transcribed region which correlated 

with radical decrease of transcript levels at 24 hours PI detected through RNAseq 

(Figure 3C).   
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Promoter binding of e1a at cell cycle genes leads to gain of H3K18ac 

To examine e1a binding pattern near gene promoters, ChIP-seq binding of e1a 

at 6 and 24 hours PI was separated into 3 clusters according to levels of H3K18ac 

enrichment at +/- 3kb around the TSS.  In the heat map (Figure 4A), cluster k1 was 

assigned with promoters having more than 50 percent gain in H3K18ac levels at TSS in 

infected versus mock cells while cluster k2 was assigned with genes deacetylated at 

least 50 percent of H3K18ac at TSS in infected vs mock cells.  The rest of the genes 

bound by e1a around TSS were assigned to cluster k2.  Clusters k1, k2, and k3 are 

genes with promoters bound by e1a at either 6 or 24 hours PI.  ChIP-seq data of Rb, 

P107, P130 in mock infected IMR90 cells and  H3K18ac in mock and dl1500 infected 

IMR90 cells were downloaded and analyzed from previous study (Ferrari, Su et al. 

2012).  ChIP-seq data of P300 and H3K27ac was downloaded and analyzed from 

recent publication on P300 mediated repression in e1a expressing IMR90 cells (Ferrari, 

Gou et al. 2014).  Figure S4 displays the average significant counts profile of Rb, p107, 

p130 binding at k1, k2, and k3 gene promoters.  The plots confirmed findings from 

previous study as gene clusters gaining H3K18ac (cluster k1) in infected cells contained 

highest level of Rb binding in mock cells (Ferrari, Su et al. 2012) while differential 

binding for p107 and p130 was not observed between different clusters.  In accordance 

with clustering method, Figure S5 showed that H3K18ac level in k2 cluster was highest 

among all three clusters in mock cells.  In infected cells, cluster k1 became the cluster 

with highest level of H3K18ac while H3K18ac in cluster k2 as highly deacetylated. As 

acetylation of H3K18 was known to correlate with activation of transcription, 

transcription of k2 gene clusters decreased significantly (p-value < 2.2e-16) compared 
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to k3 gene cluster while transcription of k1 gene clusters were up-regulated when 

comparing to k3 gene cluster as shown in Figure 4B where FPKM ratios at 24 hours PI 

between infected cells over mock infected cells were compared.  Interestingly, while 

H3K18ac and H3K27ac were all known to be acetylated by P300/CBP, differential levels 

of H3K18ac and H3K27ac was observed at promoters bound by e1a. 

Differential regulation of H3K18ac and H3K27ac at e1a-bound promoters 

  In Figure S6, all promoters bound by e1a had high levels of H3K27ac in mock 

cells.  With highest level of H3K18ac in mock cells, cluster k2 also has highest level of 

H3K27ac in mock cells (Figures S6).  However, after dl1500 infection, all three clusters 

were hypoacetylated at H3K27ac while differential levels of H3K18ac between k1, k2, 

and k3 was observed (Figure S5, Figure S6).  To further investigate whether this 

differential regulation between H3K18ac and H3K27ac was caused by differential 

binding of P300, histone acetyltransferase for H3K18 and H3K27, average binding of 

P300 for k1, k2, and k3 was plotted (Figure S7).  Interestingly, all three clusters gained 

P300 binding which was unable to explain the differential regulation of H3K18ac and 

H3K27ac at e1a-bound gene promoters.  The molecular mechanism behind this 

differential regulation of H3K18ac and H3K27ac at e1a-bound gene promoters is 

currently unclear.   Using GREAT software for gene ontology enrichment analysis, E2F 

motif and cell cycle function was observed for cluster k1(Figure S8) which gained 

H3K18ac and increased gene expression at 24 hours PI  (Figure 4A, Figure 4B).  For 

genes repressed at 24 hours, activators of TGF-beta pathway and genes highly 

expressed in fibroblast cell types were observed in cluster k2 (Figure S8).  Genes in k3 

cluster were expressed before and after infection.  This gene cluster was enriched with 



161 
 

genes with roles in translation and metabolic process which was not inhibited by e1a 

binding.  With requirement to translate newly-transcribed cell cycle genes, uninterrupted 

translation and metabolic process may be critical in promoting S phase entry. 

Genome browser view of e1a binding peaks at TSS of cell cycle gene, CCNE2, 

co-localized with binding peaks of Rb, p107, and p130 in mock infected cells.  At 24 

hours PI, gain of P300 and Pol II was observed at CCNE2 promoter which aligned with 

Rb binding region in mock infected cells and in close proximity with e1a binding peaks 

at both 6 and 24 hours PI (Figure S9A).   

Genomic regions bound by e1a are sites of nascent strand DNA synthesis in 

asynchronous IMR90 cells 

By forcing contact-inhibited G1 cells into S phase entry, the primary function of 

e1a is to create the proper cellular environment for viral replication.  By comparing e1a 

binding regions to recent nascent strand (NS) DNA synthesis sequencing data 

conducted in asynchronous IMR90 cells (Besnard, Babled et al. 2012), we found that 

e1a binding regions contained significant overlap with sites of NS DNA synthesis as 

shown in Figure 5A.  Furthermore, e1a binding sites overlap with sites of higher levels 

of NS DNA synthesis activity as shown in boxplot of Figure 5A.  Heatmap centered at 

genome-wide e1a binding sites in Figure 5B was generated through analysis from 

multiple ChIP-seq experiments from previous studies (Chicas, Wang et al. 2010; 

Besnard, Babled et al. 2012; Soufi, Donahue et al. 2012; Ferrari, Gou et al. 2014) and 

clustered by binding of e1a at 6 and 24 hours PI.  The order within each cluster was 

sorted based on total sum of significant counts from NS DNA synthesis sequencing 

experiment in asynchronous IMR90 cells.  Binding regions of e1a at both 6 and 24 
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hours PI are significantly enriched with sites of NS DNA synthesis when compared to 

genome background (Figure S10B, Figure S11B).   

Myc binds at sites of NS DNA synthesis 

The purpose of NS DNA synthesis sequencing study was to map sites of 

replication origin genome-wide (Besnard, Babled et al. 2012).   Interestingly, Myc was 

found to bind at replication origin and over-expression of Myc increased the density of 

replication origins (Dominguez-Sola, Ying et al. 2007).  Furthermore, e1a was found to 

stabilize Myc protein through binding with P400 (Tworkowski, Chakraborty et al. 2008).  

To examine whether e1a shares any global associations with Myc, ChIP-seq data of 

Myc and over-expressed Myc in BJ fibroblast cells was downloaded and analyzed 

(Soufi, Donahue et al. 2012).  Myc and nascent strand DNA synthesis sites are both 

enriched at e1a binding sites in 6 and 24 hours PI (Figure 5A, Figure S10E, Figure 

S11E).  Additionally, Myc binding levels are also significantly enriched over background 

at e1a binding sites for both normal and over expressed Myc in BJ fibroblast cells 

(Figure S10CD, Figure S11CD).  Myc-bound replication origins are known to be early-

firing replication origins (Srinivasan, Dominguez-Sola et al. 2013).  By comparing 

binding patterns of NS DNA in IMR90 cells and Myc binding in BJ fibroblast cells, Figure 

S10 and Figure S11 suggests sites of NS DNA synthesis in e1a-bound regions are 

associated with early-firing replication origins.  In contrast, since Lamin B1 is known to 

associate with replication in late S phase (Moir, Montag-Lowy et al. 1994) and Lamin B1 

ChIP-seq data of Lamin B1 in IMR90 cells was analyzed (Sadaie, Salama et al. 2013).  

Figure 5B shows that very low levels of Lamin B1 binding in IMR90 cells overlap with 
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NS DNA synthesis sites in growing IMR90 cells and e1a binding sites in mock and 

infected cells, which further suggests e1a binding overlaps with early replication origins. 

Binding of e1a overlap with sites of nascent DNA synthesis in highly proliferative 

cell lines 

To compare e1a binding site to sites of NS DNA synthesis in other cell lines, NS 

DNA synthesis sequencing data for hela and H9 human stem cell line was downloaded 

and analyzed  (Becker, Ghule et al. 2006).  Unexpectedly, higher overlap between NS 

DNA synthesis sites from highly proliferative cell lines (hela, H9) and e1a binding sites 

in IMR90 was observed (Figure 5B).  NS DNA synthesis sequencing results form hela 

and H9 cell lines also have higher percentage of overlap with e1a-bound regions 

compared to NS DNA synthesis experiment conducted in IMR90 cells (Figure S12).    

Since nascent DNA synthesis maps replication origins, our analysis suggests e1a binds 

to genomic regions that are potentially replication origins in multiple cell lines. 

Host replication is inhibited in e1a expressing cells to promote viral replication 

 To determine the effect of e1a expression on host cell replication, BrdU-seq was 

performed by pulse-labeling newly synthesized DNA with BrdU and followed by high-

throughput sequencing.  In normal asynchronous IMR90 cells, all sequencing data from 

BrdU-seq aligned to human genome version hg19.  In contrast, BrdU-seq  data 

collected from e1a-expressing cells at 24 hours post infection, only 5% of the data was 

aligned to human genome version hg19 and 95% of the data only aligned to adenoviral 

Ad5 genome (Figure S13).  Since e1a binds to replication origins of normal cycling cells, 

e1a binding potentially inhibits proper replication of host genome to promote replication 

of viral genome. 
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Discussion 

Through binding with P300/CBP, e1a was known to induce reduction of global 

H3K18ac and H3K27ac genome-wide (Ferrari, Su et al. ; Ferrari, Pellegrini et al. 2008; 

Horwitz, Zhang et al. 2008; Ferrari, Gou et al. 2014).  Using ChIP-seq method, the 

genome-wide binding patterns of e1a at 6 and 24 hours PI were examined for the first 

time.  We now provide evidence of direct e1a binding at active enhancers, cell cycle 

gene promoters, gene body of highly transcribing genes, and replication origins in 

IMR90 cells.  All of which are regions in the genome with essential and critical functions.  

With an ultimate goal of promoting viral replication, e1a reprograms the host cell 

environment to promote viral replication.   

In contact-inhibited cells, highly-transcribed cell-type specific genes such as 

collagen and extracellular matrix genes in fibroblast cells maintained elevated levels of 

transcription through interaction between activator proteins at active enhancers and 

transcriptional machinery at gene promoters.  Active enhancers contain histone 

modifications H3K18ac and H3K27ac which maintains open chromatin structure at 

active enhancers.  Through binding to P300/CBP located in active enhancers, e1a 

aimed for inhibition of P300/CBP activity as early as 6 hours PI.  At 24 hours PI, histone 

acetylation levels at H3K18 and H3K27 were greatly reduced along with strong 

reduction of transcription in neighboring genes.  Since active enhancers are enriched 

with more e1a binding at 6 hours PI compared to 24 hours PI, e1a might have higher 

affinity toward P300/CBP with active histone acetyl-transferase activity.   
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Interestingly, genes highly repressed by e1a binding throughout the gene body 

did not initially have high levels of P300/CBP in the gene body.  This set of highly 

repressed genes at 24 hours PI, gene set rc1 from (Ferrari, Gou et al. 2014), also 

attracted high frequency of e1a binding at 6 and 24 hours PI.  Once again, more e1a 

binding was observed at 6 hours compared to 24 hours PI.  Highly levels H3K18ac and 

H3K27ac were observed at promoter of this set of genes which suggest e1a at 6 hours 

target highly active P300/CBP for transcriptional repression through inducing 

hyopacetylation of H3K18ac and H3K27ac.  Formation of P300-e1a-Rb was suggested 

to mediate repression at rc1 gene clusters as Rb was shown to associate with HDAC1 

and condense chromatin into closed conformation (Ferrari, Gou et al. 2014). However, it 

is unclear as to what role does e1a binding at 24 hours PI plays in further recruitment of 

high levels of P300 proteins to the gene body of rc1 gene cluster at 24 hours PI as 

levels of e1a binding at rc1 cluster decreased at 24 hours PI in comparison to 6 hour 

e1a bindings. 

To induce expression of cell cycle genes, k1 clusters in Figure 4A gained high 

levels of H3K18ac in infected cells at 24 hours PI.  With high level of Rb binding at k1 

gene clusters in mock cells and high affinity binding between LXCXE motif in CR2 

region of e1a and Rb (Ikeda and Nevins 1993), e1a potentially was attracted to 

promoter region early in infection starting at 6 hours PI and continued at 24 hours PI.  

Interestingly, H3K18ac and H3K27ac were regulated differently at e1a-bound 

promoters.  While all e1a-bound promoters gained p300 binding, only cluster k1 gained 

H3K18ac while H3K18ac at k2 promoters was deacetylated.  Additionally, H3K27ac was 

highly deacetylated at all e1a-bound promoters.  The underlying mechanism that 
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caused this differential regulation in histone acetylation at e1a-bound promoter remains 

unclear.   

Interaction between e1a and P400 is essential for e1a mediated cell 

transformation (Fuchs, Gerber et al. 2001).  Recent study discovered e1a is capable of 

stabilizing Myc protein through P400 binding and over expression of Myc was able to 

rescue P400 binding mutant of e1a (Tworkowski, Chakraborty et al. 2008).  

Furthermore, Myc binds at replication origin and Myc induction increases density of 

replication origins (Dominguez-Sola, Ying et al. 2007).  By comparing to NS DNA 

synthesis sequencing data in growing IMR90 cells, we found that genomic regions 

bound by e1a at both 6 and 24 hours correlates with sites of NS synthesis and Myc 

binding in BJ fibroblast.  Comparing e1a binding with NS DNA synthesis sequencing 

from hela and H9 cell lines suggest e1a-bound region overlap with sites of DNA 

synthesis in highly proliferative cell lines (H9 and Hela).  Since e1a is not known to 

contain DNA-binding domain and interact directly with DNA, e1a potentially interact with 

protein complexes bound at pre-determined replication origins.  Through binding at 

replication origin, e1a prevents replication of host genome and promotes viral replication 

in host cell S phase environment.  
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Figures

 

Figure 1.  Gene promoters are persistent target regions for e1a at 6 and 24 hours 

PI. (A) Pie chart representation of genome-wide distributions of e1a peaks at 6h and 

24h PI.  Genomic regions at least 3 kb away from start and end of genes were defined 

as intergenic regions. (B) Venn diagram of overlapping regions between e1a bound at 6 

and 24 hours PI (C) Genomic distribution of regions bound by e1a at both 6 and 24 

hours PI (D) Heat map of e1a binding peak intensity centered at binding regions of e1a 

at 6 and 24 hours PI.   
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Figure 2.  Active enhancers are bound by e1a at 6 hours PI.   (A) Heatmap of P300, 

e1a binding distributions at active enhancer with histone modifictaions H3K4Me1, 

H3K18ac,and H3K27ac plotted across +/- 1kb from e1a binding regions. (B)Venn 

diagram overlap between e1a-bound active enhancer regions at 6 hours and 24 hours 

post infection (C) Boxplot of log2 of normalized transcript read counts (FPKM) of genes 

neighboring active enhancer regions bound by e1a. (D) Gene ontology from GREAT of 

genes neighboring active enhancers bound by e1a 
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Figure 3.   Highly represses genes are tiled by e1a binding.  (A) Bar graph of top 20 

highly repressed genes ranked by total number of regions bound by e1a at 6 and 24 

hours PI.  (B) Boxplot of (-log2 FPKM) of e1a-bound repressed gene set. 

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

e1a binding at different time points in mock and infected IMR90 cells. 
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Figure 4.  e1a binding at Rb-bound gene promoters mediates differential gain of 

H3K18ac and loss of H3K27ac at gene promoters.  (A) Heat map of e1a, p300, 

H3k27ac, H3K18ac ChIP-seq results in mock and dl1500 infected cells and Rb, 

p107,p130 ChIP seq results from mock infected cells.  Plot with significant counts on the 

y-axis is centered at transcription start site (TSS) with +/- 3KB tiled in 100 bp windows 

(B) Boxplot of log2 ratio of FPKM in infected versus mock cells at 24 hours PI for all 

gene clusters.  * denotes P-value =  1.251e-08 and ** denotes P-value < 2.2e-16 
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Figure 5.  e1a-bound genomic regions are associated with sites of nascent strand 

(NS)  DNA synthesis in asynchronous IMR90 cells.  (A) Boxplot of log2 read counts 

of nascent strand sequencing in IMR90 versus log2 recounts from e1a-bound regions.  

(B)  Heatmap of ChIP-seq data for  e1a in dl1500 infected IMR90 cells at 6 and 24 

hours PI.  Data from nascent strand DNA sequencing is from IMR90, hela, and H9 cells.  

ChIP-seq data for Myc is from BJ fibroblast cells under normal or overexpressed  (Myc-

dox) condition.    ChIP-seq data for LaminB is from IMR90cells.  Each row in the heat 

map represents +/- 1kb plotted around e1a binding region at the center.   
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Material and Methods 

Cell culture 
 
IMR90, human primary lung embryo fibroblasts from ATCC, was grown in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 100 U/mL penicillin, 100 μg/mL 

streptomycin, and 10% fetal bovine serum (FBS) at 37°C in 5% CO2.  Propagation of 

the dl1500 virus was done as described in previous study (Ferrari, Su et al. 2012).   

Chromatin immunoprecipitation followed by high-throughput sequencing  
(ChIP-seq) 
 
Chromatin immunoprecipitation for ChIP-seq was performed as described in (Ferrari, Su 

et al. 2012) with modifications.  In short, IMR90 cells were grown to confluence in 150 

mm tissue culture plates and after 24 hours of contact inhibition, cells were infected with 

Adenovirus dl1500 or mock infected (no virus infection) in DMEM with 100 U/mL 

penicillin, 100 μg/mL streptomycin, and 2% fetal bovine serum (FBS).  Cells were 

collected at 6 and 24 hours after infection.  Cells were fixed in plate with formaldehyde 

at 1% final concentration for 10 min at 37°C.  Cell pellet was collected by cell scraper 

after PBS washing containing protease inhibitors (Roche).  Cells were resuspended in 

400 μl of lysis buffer and incubated for 10 min on ice.  Pellet spun down at max speed 

was resuspended in 400 microL of lysis buffer and sonicated using Misonix cup-horn 

sonicator.  100 μl of the lysate was used  for each immunoprecipitation with specific 

antibody (rabbit anti-e1a antibody, gift from Arnold Berk lab; rabbit anti-P400 antibody, 

gift from Mike Carey lab; Mouse anti-Pol II antibody, MMS-126R(Covance)). 10 μl of the 

lysate were used as input.  Overnight incubation at 65°C was performed to reverse 

crosslinking. RNAseA incubation for 1 hour at 37°C followed by 2 hours of proteinase K 

digestion for 2 hours at 56 °C.  Immunoprecipitated DNA was purified using 
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phenol/chloroform extraction and precipitated using EtOH and glycogen.   Final DNA 

concentration was measured using Qubit (Invitrogen), and 1 ng of dsDNA for both input 

and IP were used for library construction according to the manufacturer's instructions for 

multiplex library preparation kit (Kapa biosystems) with index adapters from BIOO 

Scientific .  Libraries were sequenced using Illumina HiSeq 2000 to obtain 50-bp-long 

reads.  

Stranded total RNA-seq  

Total RNA was extracted from mock- and dl1500-infected cells using Trizol (Invitrogen).  

1 microgram of total RNA was used to start the library preparation according to the 

manufacturer's instructions (Illumina stranded total RNAseq library preparation kit).  

Libraries were sequenced using Illumina Hiseq 2000 to obtain 50-bp-long reads.  

Alignment of stranded totalRNA-seq reads was performed using TopHat 2 with –g 1 

option (Kim, Pertea et al. 2013).  Aligned reads were converted to sam format, and 

cufflinks software (Trapnell, Williams et al. 2010)was used to determine the transcript 

FPKM (fragments per kilo bases of exons for per million mapped reads). 

ChIP-seq Analysis 

All sequencing data from ChIP-seq and RNA-seq were mapped to human genome 

version hg19.  ChIP-seq data was mapped to human genome using Bowtie software 

using parameters –m 1 to ensure each read only aligns to single location in the genome.  

Genome was split into 50 bp windows for e1a and Pol II ChIP-seq.  Windows with P-

value less than 10-3 was determined to be significant only if its two immediate 

neighboring windows were both with P-values less than 10-3. P-value was calculated 
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using Poisson distribution and custom Matlab script. Two sample Kolmogorov–Smirnov 

test was used to calculate P-value in boxplots using R software.  

Data source for ChIP-seq data 

ChIP-seq data on Rb binding in growing or senescent IMR90 cells from previous study 

(Chicas, Wang et al. 2010) was downloaded from NCBI GEO (GSE19898).  ChIP-seq 

data on Rb, p107, p130 in mock infected IMR90 cells and H3K18ac in mock and dl1500 

infected IMR90 cells from previous study (Ferrari, Su et al. 2012)  was downloaded from 

NCBI GEO (GSE32340).  ChIP-seq data on H3K27ac, Rb and P300 in mock and 

dl1500 infected IMR90 cells from previous study (Ferrari, Gou et al. 2014) was 

downloaded from NCBI GEO (GSE59680).  ChIP-seq data on Myc and Myc-dox from 

previous study (Soufi, Donahue et al. 2012) was downloaded from NCBI GEO 

(GSE36570).  ChIP-seq data on H3K4Me3 and H3K4Me1 in IMR90 cells was 

downloaded from NCBI GEO (GSE16256).  ChIP-seq data on LaminB1 in IMR90 cells 

from previous study (Sadaie, Salama et al. 2013) was downloaded from NCBI GEO 

(GSE49341).  

Data source for nascent strand DNAseq 

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

(Besnard, Babled et al. 2012) was download from NCBI GEO (GSE37757). 
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Figure S1.  Active enhancer is targeted by e1a at 6 hours PI.  (A) Plot of average 

significant counts from ChIP-seq of e1a binding at 6 and 24 hours PI centered at all e1a 

binding sites located within active enhancers.  (B) Plot of average significant counts 

from H3K27ac ChIP-seq in mock and infected cells at 24 hours PI centered at all e1a-

bound active enhancers.  (C) Plot of average significant counts from P300 ChIP-seq in 

mock and infected cells at 24 hours PI centered at all e1a-bound active enhancers.  (D) 

Plot of average significant counts from Polymerase II ChIP-seq in mock and infected 

cells at 24 hours PI centered at all e1a-bound active enhancers. Analysis plots were 

generated by CEAS software. 
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Figure S2 Deacetylation of H3K18ac and H3K27ac at e1a-bound active enhancers 

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

in mock and infected cells centered at regions bound by e1a at 6 hours. (B) Plot of 

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

at regions bound by e1a at 24 hours PI. (C) Plot of average significant counts from 

H3K18ac ChIP-seq in mock and infected cells centered at regions bound by e1a at 6 

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

infected cells centered at regions bound by e1a at 24 hours PI.  Analysis plots were 

generated by CEAS software. 
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Figure S3. Active enhancers neighboring COL6A3 are bound by e1a at 6 hours PI.  

Intergenic regions with deacetylation of H3K18ac and H3K27ac coincide with e1a 

and P300 binding sites.  Genome browser view of normalized read counts from ChIP-

seq and stranded RNA-seq from mock and infected cells were plotted on the y-axis. 
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Figure S4 Promoters in k1 gene clusters have highest level of Rb binding in 

mock-infected cells.  Binding levels of p107 and p130 are similar in k1, k2, and k3 

gene clusters.  (A) Plot of average significant counts from Rb ChIP-seq in mock 

infected cells for clusters k1, k2, k3 centered at merged e1a binding sites from 6 and 24 

hours PI (B) Plot of average significant counts from p107 ChIP-seq in mock infected 

cells for clusters k1, k2, k3 centered at merged e1a binding sites from 6 and 24 hours PI   

(C) Plot of average significant counts from p130 ChIP-seq in mock infected cells for 

clusters k1, k2, k3 centered at merged e1a binding sites from 6 and 24 hours PI.  

Analysis plots were generated by CEAS software.  
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Figure S5. Cluster k2 has highest level of H3K18ac in mock infected cells but is 

deactylated at 24 hours PI.  Cluster k1 gains H3K18ac at 24 hours PI. (A) Plot of 

average significant counts from H3K18ac ChIP-seq in mock-infected cells centered at 

TSS of k1,k2,k3 gene clusters. (B) Plot of average significant counts from H3K18ac 

ChIP-seq in infected cells at 24 hours PI centered at TSS of k1, k2, k3 gene clusters. 

Analysis plots were generated by CEAS software. 
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Figure S6.  With e1a binding, H3K27ac at cluster k1, k2, k3 are deactylated at 24 

hours PI.  (A) Plot of average significant counts from H3K27ac ChIP-seq in mock-

infected cells centered at TSS of k1,k2,k3 gene clusters. (B) Plot of average significant 

counts from H3K27ac ChIP-seq in infected cells at 24 hours PI centered at TSS of k1, 

k2, k3 gene clusters. Analysis plots were generated by CEAS software. 



181 
 

 

Figure S7. With e1a binding, cluster k1, k2, k3 gain p300 binding at 24 hours PI.  

(A) Plot of average significant counts from p300 ChIP-seq in mock-infected cells 

centered at TSS of k1,k2,k3 gene clusters. (B) Plot of average significant counts from 

p300 ChIP-seq in infected cells at 24 hours PI centered at TSS of k1, k2, k3 gene 

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

is enriched with fibroblastic gene functions in cell matrix synthesis and 

maintenance.  Cluster k3 is enriched with translation and cell metabolic 

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

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

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

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

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

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

Cluster k3 represents general cell function in translation and energy metabolism.     
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Figure S9.   Promoter of CCNE2 is bound by e1a at both 6 and 24 hours PI.  (A) 

Genome browser example of e1a binding at 6 and 24 hours PI at TSS of CCNE2.  Y-

axis represents normalized total counts from ChIP-seq of Rb, p107, and p130 in mock 

cells and ChIP-seq of e1a, RNA polymerase II, and P300 in mock and infected cells.  

RNAseq results from in mock and infected cells at 6 and 24 hours PI is shown at top 

with Y-axis representing normalized total counts.  
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Figure S10. Binding of e1a at 6 hours PI overlaps with sites of NS DNA synthesis 

in growing cells and Myc binding in BJ fibroblasts.  (A) Plot of average significant 

counts from 6 hour e1a ChIP-seq centered at 6 hour e1a binding sites versus expected 

genome background binding sites.  (B) Plot of average significant counts from nascent 

strand DNA synthesis-seq in growing IMR90 cells centered at 6 hour e1a binding sites 

versus expected genome background binding sites.  (C)(D) Plot of average significant 

counts from Myc ChIP-seq in BJ fibroblast overexpressing Myc (Myc-dox) or mock-

induced cells. centered at 6 hour e1a binding sites versus expected genome 

background binding sites. (e) Heatmap of significant counts from multiple ChIP-seq 

datasets and nascent strand DNA synthesis sequencing in growing IMR90 cells.    
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Figure S11. Binding of e1a at 24 hours PI overlaps with sites of NS DNA synthesis 

in growing cells and Myc binding in BJ fibroblasts.  (A) Plot of average significant 

counts from 24 hour e1a ChIP-seq centered at 24 hour e1a binding sites versus 

expected genome background binding sites.  (B) Plot of average significant counts from 

nascent strand DNA synthesis-seq in growing IMR90 cells centered at 24 hour e1a 

binding sites versus expected genome background binding sites.  (C)(D) Plot of average 

significant counts from Myc ChIP-seq in BJ fibroblast overexpressing Myc (Myc-dox) or 

mock-induced cells. centered at 24 hour e1a binding sites versus expected genome 

background binding sites. (e) Heatmap of significant counts from multiple ChIP-seq 

datasets and nascent strand DNA synthesis sequencing in growing IMR90 cells. 
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Figure S12. Regions bound by e1a in IMR90 cells has higher overlap with regions 

of DNA synthesis in H9 and Hela cells comparing to regions of DNA synthesis in 

IMR90 cells. Y-axis plots percentage of e1a-bound region in IMR90 cells overlapping 

with nascent strand DNA synthesis regions in IMR90, H9 and hela cells.  The actual 

percent overlap was compared to expected background overlap percentage.  
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Figure S13. BrdU-seq reveals 95% of newly synthesized DNA in infected cells 

comes from adenoviral genome.  Pie charts plot results from BrdU-seq in 

asynchronous IMR90 (left) or infected IMR90 cells (right).  Percentage of BrdU labeled 

DNA aligned to human or adenoviral genome is shown in pie chart.  BrdU-seq 

experiment was performed by Bing Li in Kurdistani Lab.   
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