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Abstract of the Dissertation 

Exploring the Role of Interferons in Adenovirus Replication and Establishment of 

Persistent Infection in Normal Human Cells 

By 

Yueting Zheng 

Doctor of Philosophy in 

Molecular Genetics and Microbiology 

Stony brook University 

2015 

 

Adenoviruses (Ad) are ubiquitous pathogens that infect a wide range of 

vertebrates and have been recognized in recent years as significant pathogens in 

immunocompromised patients. Interferons (IFNs) are cytokines that have pleiotropic 

effects and play important roles in innate and adaptive immunity. IFNs have broad 

antiviral properties and function by different mechanisms. IFNs fail to inhibit wild-type Ad 

replication in established cancer cell lines. In this study, I analyzed the effects of IFNs on 

Ad replication in normal human cells. The results demonstrated that both IFNα and IFNγ 

blocked wild-type Ad5 replication in primary human bronchial epithelial cells (NHBEC) 

and TERT-immortalized normal human diploid fibroblasts (HDF-TERT). IFNs inhibited 

the replication of divergent adenoviruses. The inhibition of Ad5 replication by IFNα and 

IFNγ is the consequence of repression of transcription of the E1A immediate early gene 

product. Both IFNα and IFNγ impede the association of the transactivator GABP with the 

E1A enhancer region during the early phase of infection. The repression of E1A 

expression by IFNs requires a conserved E2F binding site in the E1A enhancer, and 

IFNs increased the enrichment of the E2F-associated pocket proteins, Rb and p107, at 
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the E1A enhancer in vivo. PD0332991 (Pabociclib), a specific CDK4/6 inhibitor, 

dephosphorylates pocket proteins to promote their interaction with E2Fs and inhibited 

wild-type Ad5 replication dependent on the conserved E2F binding site. Consistent with 

this result, expression of the small E1A oncoprotein, which abrogates E2F/pocket protein 

interactions, restored Ad replication in the presence of IFNα or IFNγ.  

Ads establish latent infections in T lymphocytes in tonsil and adenoid tissues yet 

the molecular mechanisms by which Ads establish and maintain the latent state are 

completely unknown.  Here, I established a persistent Ad infection model in vitro and 

demonstrated that IFNγ suppresses productive Ad replication in a manner dependent on 

the E2F binding site in the E1A enhancer. These results reveal a novel mechanism by 

which adenoviruses utilize IFN signaling to suppress lytic virus replication and promote 

persistent infection. 
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Chapter 1 General Background 

 

Adenovirus (Ad), a DNA virus, was first isolated and characterized in the 1950's 

as a pathogen causing acute respiratory infections (1, 2). So far there are more than 50 

different serotypes of human Ad identified, and they are further categorized into six 

different subgroups, A, B, C, D, E and F on the basis of their neutralization properties 

with specific antisera. Ad is a ubiquitous pathogen. It primarily infects the respiratory 

tract causing mild flu-like symptoms and is normally cleared within two weeks by the 

immune system. Ad infection is only involved in rare cases of acute respiratory morbidity 

in the general population and approximately 10% of respiratory illnesses in children. 

However, important exceptions exist. Infection of conjunctiva by Ad can also cause 

conjunctivitis and pharyngeal conjunctival fever; especially subgroup D Ad is responsible 

for epidemic keratoconjunctivitis (EKC) worldwide. Ad serotypes 4 (Ad4) and 7 (Ad7), 

both belonging to subgroup E, are the cause of acute respiratory diseases (ARD) 

syndrome in military recruits. Ad also causes significant morbidity and mortality among 

immunosuppressed individuals, including the recipients of both solid organs and stem 

cell transplantation, and patients with immunodeficiency diseases. 

Ad was the first DNA tumor virus discovered. It was found that Ad12 and Ad9 

were able to cause malignant tumors after inoculation of rodents (3). Ad encodes 

multiple oncogenes to transform cultured cells. However, no evidence indicates that Ad 

is associated with malignant disease in humans (4, 5). 

Ad is a well-characterized oncolytic viruse. Almost every individual gene of Ad 

has been studied for their functions, and oncolytic viruses can be easily engineered to 

exhibit tumor targeting, as well as tumor clearance though virus-induced cell lysis and/on 
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enhanced immune response by viral-delivered cytokines. A recombinant Ad that 

expresses the wild-type p53 gene product has been approved by the Chinese State 

Food and Drug Administration for use in combination with chemotherapy to treat head 

and neck cancer. Many ongoing clinical trials use Ad-based therapy to target both 

localized cancers and metastatic cancers. 

1.1 Ad virion structure and genome organization 

Ad has a non-enveloped, icosahedral particle approximately 70-100 nm in 

diameter. It contains a linear double-stranded viral DNA genome (~36kb) (6) surrounded 

by a protein-based capsid. Hexon is the most abundant protein in the capsid. Each 

triangular facet of the icosahedron contains 12 hexon trimers and 3 penton bases at the 

vertexes (7, 8). Fiber protein projects from each penton base outwards. Inside the 

capsid, the Ad genome is associated with more than 800 copies of core protein VII (9), 

and the 5'-ends of the genome are covalently attached to the terminal protein (TP). Core 

protein VII is a histone-like protein, and it can wrap and condense Ad DNA to form a 

beads-on-string structure. Core protein V forms a shell tethering VII-DNA core to the 

interior of the capsid (10, 11). 

The Ad genome encodes more than 40 viral proteins; they are roughly divided 

into the early or late class based on their expression kinetics. There are five early 

transcription units (E1A, E1B, E2, E3, and E4) and one late transcription unit that 

expresses a large pre-mRNA that is further processed to generate five different families 

of late mRNAs (L1, L2, L3, L4, and L5). Two inverted terminal repeats (ITRs) are located 

at very ends of the Ad genome and are involved in the initiation of bi-directional Ad 

replication. The packaging sequence was mapped to the left-end of the genome 

adjacent to the left ITR. 
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1.2 Ad lytic life cycle 

1.2.1 Virus Entry 

The attachment of Ad to the host cell is initiated by the fiber protein. The C-

terminal knob domain of the fiber protein binds to coxsackie B virus and adenovirus 

receptor (CAR) on the cell surface (12-15), followed by Ad penton base interaction with 

the cellular integrins, αvβ3 and αvβ5 (16-18). The penton-integrin interaction results in 

the detachment of fiber proteins from the capsid and stimulates viral entry through 

endocytosis (19, 20). Cell surface protein CD46 is also used as the receptor for 

subgroup B Ad infection, while Ad37 from subgroup D uses sialic acid as the receptor 

(21). Following the internalization, virion-containing vesicles mature into the endosome, 

where the viral particle is further disassembled by the low pH environment. Viral 

protease processing cleaves protein VI that bridges the interaction between V and 

hexon, releasing the virion into the cytosol (22). Viral particles are transported to the 

nuclear pore complex (NPC) on microtubules (23-26). At the NPC, the uncoating 

process is accomplished, the Ad core enters the nucleus, including the viral genome 

along with proteins VII, TP, and a small portion of hexon and µ proteins (27). 

1.2.2 The Early Stage of Infection 

Protein VII protects the input genome from a DNA damage response at the early 

stage of infection (28). Cellular histone proteins replace protein VII to form a chromatin-

like structure (29, 30). However, the role of protein VII in regulating transcription of early 

genes still controversial. It has been shown that VII represses transcription (31, 32). The 

association of VII to the parent genome is negatively correlated with the onset of E1A 

transcription (32). The opposite observation is also described (30). Evidence suggested 

that a chromatin remodeling protein, template activating factor I (TAF-I), interacts with  
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protein VII (33-35). In the absence of VII, both TAF-I and acetylated histone H3 fail to 

accumulate on the viral genome (30).  

There are three major functions of early Ad proteins. The first is to induce the cell 

to enter S phase, providing the optimal environment for viral replication. The second is 

antagonizing and escaping from various antiviral responses. The third is to synthesize 

viral proteins required for viral DNA replication. E1A is the first transcription unit activated 

during Ad infection (36). E1A transcription is controlled by a constitutively active 

enhancer region localized at Ad nt 194-350. The E1A protein is a transcription factor that 

is critical and indispensable for Ad replication. It is responsible for activating transcription 

of both early and late genes. However, E1A does not directly bind to DNA, rather it 

influences transcription by binding to a variety of cellular transcription factors and 

cofactors. E1A can also regulate IFN signaling, as well as alter the cell cycle progression 

and promote the G1/S phase transition. In cooperation with the E1B55k protein, E1A is 

known to induce the transformation of primary cells. More details of E1A functions, as 

well as the regulation of E1A transcription, can be found in Chapter 3. The E1B region 

encodes two proteins, E1B19k and E1B55k. The former one is homologous to cellular 

Bcl-2 proteins and exhibits anti-apoptosis property (37, 38), while E1B55k is involved in 

both inactivation of p53 protein and p53 protein degradation as part of an E3 ubiquitin 

ligase (39-42). The E2 region encodes three viral proteins, ssDNA binding protein (DBP), 

precursor terminal protein (pTP) and Ad DNA polymerase (Adpol). They are all directly 

involved in viral DNA replication. Viral proteins from the E3 region are immune response 

modulators, but deletion of E3 region has no effect on Ad replication in cell culture. The 

E4 region products E4ORF1 and E4ORF4 cooperatively activate the protein kinase 

mammalian target of rapamycin (mTOR), leading to enhanced translation. E4ORF3 and 

E4ORF6 are functionally redundant for the inactivation of a cellular DNA damage 

response (43-45). E4ORF3 has also been shown to counteract a promyelocytic 
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leukemia nuclear bodies (PML-NBs)-mediated, IFN-induced antiviral response in cancer 

cell lines (46, 47). 

1.2.3 DNA Replication 

As E2 proteins accumulate, the stage is set for viral DNA replication. The ITRs 

serve as the replication origins. Adpol and pTP form a complex and bind to the first 20 nt 

of the Ad genome (48). Cellular nuclear factor I (NFI) and nuclear factor III (NFIII, also 

known as Oct-1) bind to Ad nt 25-48. They also interact with Adpol and pTP, respectively, 

to stabilize the entire replication initiation complex (49-52). The priming reaction begins 

with the transfer of a deoxycytidine monophosphate (dCMP) to pTP at serine 580 (53) by 

Adpol. Then the pTP-dCMP complex is used as a protein primer for the synthesis of the 

nascent strand. After adding the first three or four nucleotides, the Adpol leaves pTP and 

continues to precede through the entire viral genome, with the help of DBP and cellular 

topoisomerase I(54). 

1.2.4 The Late Stage of Infection 

Once viral replication is initiated, E1A activates the major late promoter (MLP) to 

express viral structure proteins. All Ad late genes are transcribed from the MLP as a 

single large transcript, and randomly terminated at one of 5 different polyadenylation 

sites to generate 5 late families of transcripts (L1 to L5). All of these late mRNAs have an 

identical 201 nt untranslated 5'-end, the tripartite leader (TPL), generated from the 

splicing of three short exons to a longer exon containing the coding regions. Each pre-

mRNA gives rise to multiple mRNAs by alternatively splicing.  

The current model of Ad packaging is described as the formation of an empty 

procapsid which serves as the substrate for viral DNA encapsidation. Before being 

packaged into the capsid, newly synthesized viral DNA is coated by core protein VII and 

then inserted into the procapsid driven by a protein motor, Ad IVa2 (55, 56). Within the 
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virion, the L3-encoded protease is activated, and it proteolyzes the precursors of 

proteins VI, VII, VII, u, and TP to complete the maturation of the virion. At the end of the 

infection, Ad protease disrupts the cellular cytoskeleton, and the Ad death protein (ADP) 

induces cell death (57, 58). As a result, progeny virions are released to infect adjacent 

cells. Free fiber proteins that are released from the infected cells also bind to CAR at the 

tight junctions of epithelial cells. This interaction prevents oligomerization of CAR, and 

facilitates the release of progeny virions to the airway lumen (59). 

1.3 IFN signaling pathway 

Interferons (IFNs) are widely expressed cytokines that have pleiotropic effects on 

cells. IFNs play important roles in both innate and adaptive immunity (60). There are 

three types of IFNs: I, II and III classified basing on the cell surface receptors they are 

engaged. Briefly, they bind to the cell surface receptors, triggering the JAK-STAT 

pathway and ultimately inducing the expression of IFN-stimulated genes (ISGs)(61). 

Type I IFNs (α, β, ε, κ and ω) are produced by multiple cell types following the 

activation of pathogen pattern recognitions receptors (PRRs) and function in both an 

autocrine and paracrine manner. They bind to the IFNα receptor (IFNAR) complex, a 

heterodimer of IFNAR1 and IFNAR2, and induce the autophosphorylation of receptor-

associated Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) (62). These kinases 

phosphorylate and activate signal transducer and activator of transcription (STAT) 

proteins, including STAT1, STAT2, STAT3 and STAT5. The heterodimer of STAT1 and 

STAT2 associates with IFN-regulatory factor 9 (IRF9) to form a transcription factor 

complex, IFN-stimulated gene factor 3 (ISGF3), which translocates into the nucleus and 

active ISG expression from ISREs (IFN-stimulated response elements) (63). Type II IFN 

(IFNγ) is only produced by Th1, Tc and NK cells. It has broad antimicrobial activity 

primarily acting through regulation of adaptive immunity. The dimer of IFNγ binds to a 
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tetrameric receptor which consists of two IFNGR1 and IFNGR2 proteins, leading to the 

autophosphorylation of JAK1 and JAK2 (64), and the formation of a STAT1 homodimer 

(also known as IFNγ-activating factor, GAF) (63, 65). GAF binds to the IFNγ-activating 

sequence (GAS) and induces downstream gene expression. Type III IFNs (λs) play an 

important role in mucosal cell immunity. They bind to a distinct receptor, a dimer of IL-28 

receptor α (IL-28Rα, or IFNLR1) and IL-10 receptor 2 (IL-10Rβ), but trigger a type-I IFN-

like response (66). This class of IFN signaling is less well understood. For this reason, I 

did not include type III IFNs in the study. 

Type I IFN signaling is the first line of defense against the invading virus. Many 

ISGs induced by type I IFNs have been shown directly target viral components by 

controlling translation, regulation of RNA stability and editing, as well as protein transport 

and turnover (67). For example, 2', 5'-oligoadenylate synthetase (OAS) and ribonuclease 

L (RNaseL) mediate RNA degradation in response to viral infection. Viral dsRNA can 

activates monomeric OAS to forms a tetramer that can synthesize 2', 5'-linked 

oligoadenylates (2-5A) (68). In turn, this unique 2'-to-5' linked oligoadenylate binds to 

and activate RNaseL by inducing dimerization. Activated RNaseL cleaves both cellular 

and viral RNAs. Moreover, the cleavage product of dsRNA by RNaseL can also be 

recognized by pattern recognition receptors (PRRs), retinoic acid-inducible gene-I (RIG-

1 or DDX58) and melanoma differentiation associated gene-5 (MDA5 or IFIH1), leading 

to the induction of IFNβ and amplification of antiviral innate immunity (69). Similar to 

OAS, protein kinase R (PKR) is also activated by viral dsRNA. As a serine/threonine 

kinase, PKR phosphorylates eukaryotic translation initiation factor 2A, a subunit of the 

translation initiation complex(70, 71). PKR results in a global shutdown of protein 

synthesis. Lastly, IFN stimulated gene 15 (ISG15) is an ubiquitin-like protein that is 

conjugated to target proteins and regulates protein function. It can also be secreted by 

monocytes and lymphocytes and function as a cytokine. 
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Divergence from the canonical IFN signaling pathways can occur. Type I IFNs 

also induce the formation of STAT homodimers, leading to expression of GAS-driven 

ISGs. JAK and TYK can phosphorylate signaling molecules involved in other pathways. 

It is well known that IFN signaling has extensive crosstalk with MAPK and PI3K signaling 

pathways (61). In addition to antiviral activities, IFNs also have antitumor properties. 

IFNα, β and γ are used for treatment of various cancers in clinical settings, such as 

chronic myeloid leukemia, hairy-cell leukemia, malignant melanoma, and severe 

malignant osteoporosis (72). 

1.4 Induction of IFN by Ad infection 

When a virus invades a host cell, it is sensed by various PRRs, leading to the 

induction of type I IFN, proinflammatory cytokines, and chemokines. These molecules 

recruit the immune cells of innate and adaptive immunity to the site of infection, aiming 

for clearance of the virus. So far there are at least five different types of dsDNA sensors 

identified for their ability to detect the intracellular viral DNA and trigger innate immune 

response. Toll-like receptors 9 (TLR9) was the first DNA virus sensor identified. It 

recognizes CpG DNA in the endosome and activates transcription factor IRF7 and NF-

κB through adaptor protein MyD88 (73). Ultimately, this signaling cascade leads to IFN 

expression and inflammation response (74). In 2007, the first cytosolic DNA sensor was 

identified, DNA-dependent activator of IFN-regulatory factor (DAI, also known as ZBP1 

and DLM-1) (75). It has been shown that DAI recognizes human cytomegalovirus 

(HCMV) and herpes simplex virus type I (HSV-1) and induces the expression of type I 

IFNs through the STING/TBK1/IRF3 cascade. PYHIN/HIN-200 family proteins, a class of 

IFN-inducible proteins, were known for their abilities to control myeloid differentiation, 

activate the inflammasome and induce type I IFN expression in response to cytosolic 

dsDNA (76). Four human HIN-200 proteins have been identified, IFI16, AIM2, IFIX and 
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MNDA (77). It is known that AIM2 binds to cytosolic vaccinia virus and induces activation 

of caspase-1, leading to the activation of IL1β (78, 79). In contrast, the function of IFI16 

in regulating innate immune responses during virus infection is case-dependent. 

Cytoplasmic IFI16 protein recognizes HSV-1 viral DNA resulting in the induction of IFNs 

(80). IFI16 detects kaposi sarcoma associated herpresvirus (KSHV) in the nucleus and 

traffics to the cytoplasm where it induces inflammasome formation (81). Moreover, IFI16 

also represses HSV-1 gene expression through modulating histone modifications (82, 

83). More recently, DEAD box polypeptide 41 (DDX41) and cyclin GMP-AMP synthase 

(cGAS) were found to induce IFN expression in response to a variety of DNA virus 

infections (84-86). IFI16, DDX41 and cGAS all signal through the STING/TBK1/IRF3 

cascade to elicit innate immunity, but it is not clear whether they target STING 

independently. It is possible that IFI16 and DDX41 feed the cytosolic DNA to cGAS, and 

cGAMP produced by cGAS functions as a second messenger to trigger downstream 

signaling. 

Ad infection can induce type I IFN expression in both a TLR9-dependent and 

TLR9-independent manner. Ad triggers TLR9/MyD88 signaling in plasmacytoid dendritic 

cells (pDCs), but not in conventional DCs and macrophages (87, 88). Loss-of-function 

studies suggests that cGAS, DDX41 and AIM2 sense Ad DNA in RAW264.7 macrphage-

like cells and induce phosphorylation of IRF3 (89, 90). However, in non-antigen 

presenting cells, including the murine endothelial cell line MS1 and the hepatocyte cell 

line FL83B, the stimulation of IFN expression is severely dampened or completely lost, 

implying that the signaling cascade might be disrupted in both cell lines (91). In addition 

to dsDNA sensors, OAS protein is also activated by adenovirus-associated type I RNA 

(VAI RNA), a late viral product, presumably leading to IFN expression (92).
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Chapter 2 Materials and Methods 

 

2.1 Cells 

Normal human bronchial epithelial cells (NHBEC) were purchased from Lonza 

and maintained in Bronchial Epithelial Cell Growth Medium containing BulletKitsTM 

(Lonza) according to manufacturer’s instructions. HDF-TERT cells (93) were kindly 

provided by Dr. Kathleen Rundell (Northwestern University, Chicago, IL) and maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum 

(HyClone Laboratories). A549 cells (ATCC) were grown in DMEM containing 10% bovine 

calf serum. 293FT cells (Life Technologies) were used for the generation of lentivirus 

stocks and were maintained in DMEM containing 10% fetal bovine serum, 2 mM L-

Glutamine, 0.1 mM MEM non-essential amino acids and 1 mM MEM sodium pyruvate. 

293-TP cells (Schaack et al., 1995) were used to propagate mutant virus ΔTP-GFP and 

were maintained in DMEM containing 10% fetal bovine serum and 400 µg/ml G418. 

N52Cre cells were kindly gifted by G. Schiedner and S. Kochanek, University of Ulm, 

Germany, and maintained in DMEM containing 10% Fetalclone III serum (HyClone). 

Lymphocytes Jurkat (lymphoblastoid cell line derived from an acute T cell leukemia) and 

BJAB (human burkitt lymphoma B cell line) were obtained from ATCC, and maintained in 

RPMI/1640 medium containing 10% FBS. PM1, a cutaneous T lymphocyte derived from 

HUT 78, was obtained from the NIH AIDS reagent program, and also maintained in 

RPMI/1640 medium containing 10% FBS. All cell growth media were supplemented with 

100 U/ml penicillin and 100 µg/ml streptomycin.  
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2.2 Antibodies and Reagents 

For detection of viral proteins, the following antibodies were used: anti-E1A (sc-

430, Santa Cruz Biotechnology), anti-DBP (clone B6-8 or A1-6, Arnold Levin, Princeton 

Univeristy)(94), anti-E4ORF3 (clone 6A11)(95), anti-E1B55K (clone 2A6)(96)(Sarnow et 

al., 1982), anti-IVa2 (Gustin, K. E., 1996), anti-pVII (gift of Daniel Engel, University of 

Virginia), anti-Hexon (sc-58085, Santa Cruz Biotechnology, and 65H6, Abnova), anti-

Penton (gift of Dr. Carl Anderson, Brookhaven National Laboratory, Upton, NY). For 

detection of PML-NB components, anti-PML (H-238, Santa Cruz Biotechnology), anti-

Daxx (25C12, Cell Signaling Technology) and anti-Sp100 (AB1380, Chemicon 

International) antibodies were used. Anti-STAT1 (Cat. No. #9172), anti phospho-STAT1 

(Cat. No. #9171) anti anti-phospho-STAT6 (Cat. No. 9364) were purchased from Cell 

Signaling Technology. Anti-STAT1 and anti-STAT6 serum were kindly provided by Dr. 

Nancy Reich, Stony Brook University. Anti-γ-Tubulin (T5192) and anti-α-Tubulin (T5168) 

were obtained from Sigma-Aldrich. For EMSA antibody supershift reactions, anti-E2F-3 

(C-20), anti-E2F-4 (C-20 and C-108), anti-E2F-5 (C-20), anti-Rb (C-15), anti-p107 (C-18 

and SD9X), anti-p130 (C-20X) and anti-DP-1 (K-20) were from Santa Cruz 

Biotechnology and anti-E2F-1 (KH95) was from Lab Vision/NeoMarkers. For 

immunoprecipitation and chromatin immunoprecipitation reactions, anti-GABPα (Η-180), 

anti-GABPβ (E-7), anti-Rb (C-15), and anti-p107 (C-18) were from Santa Cruz 

Biotechnology; anti-HA were from Rockland. Anti-Histone H3 (Cat No. ab1791) and anti-

Histone H3 K9me3 (Cat No. ab8898) were purchased from Abcam; anti-H3K4me3 (Cat 

No. 39915) and anti-Histone H3K27me3 (Cat No. 39155) was purchased from Active 

Motif. Anti-Histone H3.3 (17-10245) and anti-Sp1 (17-601) were from Millipore. 

Human IFNα (universal type I interferon 11200-2) and human IFNγ (11500-2) 

were from PBL Assay Science, dissolved in phosphate-buffered saline (PBS) containing 

0.1% BSA according to the manufacturer’s instructions. Human IL4 and mouse IFNγ 
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were provided by Dr. Nancy Reich, Stony Brook University. PD 0332991 (Palbociclib) 

was from APExBIO and dissolved in DMSO.  

2.3 Viruses 

The replication defective adenovirus, ΔTP-GFP, was generously provided by Dr. 

Jerry Schaack (University of Colorado, Denver, CO; unpublished data). With ΔTP-GFP, 

the Ad5 terminal protein coding region is disrupted by the GFP gene. It was propagated 

in 293-TP complementing cell lines. Mutant viruses, in340, in340-A5, in340-B1, dl309-

21, dl309-3 and dl309-317/358, were previously described (97, 98). In340-Δ2-CMV, 

dl309-273/371, and pTG3602 mutants 1 through 5 (Ad5-mut1 to -mut5) were generated 

by PCR and recombination using parent viruses in340 (98), dl309 (99), and pTG3602 

(100).Virus particle concentration was determined by measuring the optical density at 

260 nm, and multiplied by 1 X 1012 particles per milliliter. 

2.4 Replication Assay 

HDF-TERT cells were incubated with 500 U/ml IFNα, 1000 U/ml IFNγ or left 

untreated for 24 hr, followed by Ad infection at 37 °C for 1 hr at the multiplicities of 

infection indicated in the text and figure legends. The infection mixture was removed and 

medium with or without IFNs was added to the culture. Nuclear DNA and total cell DNA 

were purified at 6 and 48 hr post-infection, respectively, using a QIAGEN DNeasy Blood 

& Tissue Kit. Both viral and cellular genome copy numbers were determined by qPCR 

using primer pairs that recognize either the Ad5 genome or cellular glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene with DyNAmo HS SYBR Green qPCR Kit (F-

410XL, Thermo). The relative viral copy numbers of each time point were normalized to 

GAPDH. The fold-increase of viral copy number was calculated by normalizing to input 

viral DNA at 6 hr post-infection samples. Relative viral replication efficiency in IFN-

treated cells was presented as the relative value compared to untreated cells. In the 
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case of infection in A549 and NHBEC cells, nuclear and total DNA was harvested at 2 

and 24 hr post-infection, respectively.  

2.5 Isolation of Nuclear DNA 

At 6 hr post-infection, HDF-TERT cells were washed with ice-cold PBS twice, 

then scraped and transferred into a cleaned 1.7 ml microfuge tubes. Cells were pelleted 

by centrifugation at 1,000 X g for 7.5 min. The supernatant was aspired, and cell pellets 

were resuspended in 1 ml isotonic buffer (150 mM NaCl, 10 mM Tris pH7.4, 1.5 mM 

MgCl2) containing 0.6 % NP-40. The samples were incubated on ice for 10 min, followed 

by centrifugation at 2,000 X g for 7.5 min to pellet nuclei. The nuclear pellet was subject 

to a QIAGEN DNeasy Blood & Tissue Kit for DNA isolation. 

2.6 RT-qPCR 

At 48 hr post-infection, total RNA from infected cells was isolated using a 

QIAGEN RNeasy kit. Equal amounts of RNA from each sample were used to synthesize 

the first strand of cDNA using SuperScript® II Reverse Transcriptase. Then equal 

amounts of cDNA were subjected to qPCR using primer pairs that recognize different 

Ad5 early mRNAs or cellular GAPDH mRNA. The Pfaffl method of relative quantification 

was used to convert the resulting threshold cycle data for each sample to relative fold 

change information (101). Viral mRNA levels were normalized to internal control, 

GAPDH mRNA. 

2.7 Immunoprecipitation (IP) 

HDF-TERT cells were treated with 500U/ml IFNα, 1000U/ml IFNγ or left 

untreated for 24 hr, then infected with dl309 at 200 particles/cell or left uninfected for 

additional 18 hr. Cell pellets were resuspended in 1 ml lysis buffer (50 mM Tris pH7.5, 

150 mM NaCl, 0.5% NP-40, 1 µg/ml aprotinin, 1 µg/ml pepstatin A, 1 mM Leupeptin, 1 
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mM sodium orthovanadate [Na3VO4], 1 mM sodium fluoride [NaF], 1 mM 

phenylmethanesulfonyl fluoride [PMSF]) each 10 cm plate, incubated on ice for 10 min, 

and sonicated by brief pulses five times. After centrifugation at 16,100 X g for 10 min, the 

supernatant was precleared with protein A-agarose beads (Roche) for 1 hr and then 

incubated with 2 µg of anti-GABPα (Η-180) overnight. Immunocomplexes were pulled 

down by the addition of protein A-agarose for 1 hr. They beads were washed five times 

with lysis buffer and analyzed by western blot. 

2.8 Chromatin Immunoprecipitation (ChIP) 

ChIP was performed as described previously (102) with modification. HDF-TERT 

cells were pre-treated with 500 U/ml IFNα, 1,000 U/ml IFNγ or left untreated for 24 hr, 

followed by Ad infection at 37 °C for 1 hr at 200 virus particles/cell. At 18 hr post-

infection, cells were cross-linked by adding serum-free DMEM containing 1% 

formaldehyde and incubated at 37 °C for 10 min. Cross-linking was quenched by the 

addition of glycine to a final concentration of 125 mM. Cells were harvested and cell 

pellets were resuspended in 1 ml SDS lysis buffer (50 mM Tris-HCl, (pH 8.0), 10 mM 

EDTA, 1% SDS, 1 µg/ml aprotinin, 1 µg/ml pepstatin, 1 mM PMSF) per 107 cells, 

followed by incubation on ice for 10 min. Lysed cells were sonicated to yield chromatin 

fragments of 200-1,000 bp. Cellular debris was removed by high speed centrifugation. 

Cell lysates containing 100 µg chromatin were diluted 10-fold using dilution buffer (16.7 

mM Tris-HCl [pH 8.0], 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, 1.1% Triton X-100, 

plus protease inhibitors) and pre-cleared by incubation with protein A agarose/salmon 

sperm DNA slurry (Millipore) for 1 hr at 4°C with rotation. Samples were clarified by 

centrifugation and pre-cleared lysates incubated with 10 µg of polyclonal antibodies 

overnight at 4°C. Immune complexes were captured using protein A agarose/salmon 

sperm DNA for 2 hr at 4°C with rotation and pelleted by centrifugation. 
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Immunoprecipitates were washed once with low-salt wash buffer (20 mM Tris-HCl [pH 

8.0], 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100, plus protease inhibitors), 

once with high salt wash buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 2 mM EDTA, 

0.1% SDS, 1% Triton X-100, protease inhibitors), once with LiCl wash buffer (10 mM 

Tris-HCl [pH 8.0], 0.25 M LiCl, 1 mM EDTA, 1% SDS, 0.5% Triton X-100, 1% sodium 

deoxycholate, plus protease inhibitors), and twice with TE buffer (10 mM Tris-HCl [pH 

8.0], 1 mM EDTA, plus protease inhibitors). Immune complexes were eluted using 100 

mM NaHCO3, 1 % SDS at room temperature. Formaldehyde cross-links were reversed 

with 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 10 mM EDTA, and 0.5 mg/ml proteinase K 

at 65°C overnight. DNA was recovered by standard phenol/chloroform extraction and 

ethanol precipitation and resuspended in 50 µl 10 mM Tris-HCl (pH 7.5), 1 mM EDTA. 2 

µl of DNA sample was subjected to qPCR. One µg pre-cleared chromatin was used to 

measure DNA input levels. The fold-enrichment of specific DNA target was presented as 

a percentage of input DNA. 

2.9 Immunofluorescence Assays 

HDF-TERT cells were seeded on glass coverslips and infected as described 

above. At appropriate time points, the cells were fixed with ice-cold methanol and 

processed for immunofluorescence as described (28). Images were captured and 

analyzed using a Zeiss Axiovert 200M digital deconvolution microscope with AxioVision 

4.8.2 SP3 software. More details may be found in the Supplemental Information. 

2.10 Electrophoretic Mobility Shift Assays (EMSA)  

Nuclear extract was used in the EMSA binding reactions. HDF-TERT cells were 

incubated with 500 U/ml IFNα, 1000 U/ml IFNγ or left untreated for 24 hr, and nuclear 

extracts were prepared as described previously. Briefly, cells were washed with PBS, 

resuspended in 4 pellet volumes of buffer A (10 mM HEPES pH7.9, 10 mM KCl, 1.5 mM 
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MgCl2, 5 mM dithiothreitol [DTT] and protease inhibitors), and incubated on ice for 30 

min. The cells were further disrupted by passing through 20-gauge needle twenty times. 

The nuclei were pelleted at 16,100 X g for 30 min at 4 °C, and the supernatant was the 

cytoplasmic fraction. The nuclei were extracted with 3 pellet volumes of buffer C (20 mM 

HEPES pH7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20% Glycerol, 5mM DTT 

and protease inhibitor) and incubated on ice for 30 min. The nuclear fraction was cleared 

by centrifugation at 16,100 X g for 30 min, and stored at -80 °C. EMSA binding reactions 

were performed in a total volume of 15 µl containing 20 mM HEPES (pH 7.9), 5 mM 

MgCl2, 50 mM KCl, 1 mM DTT, and 6% glycerol. 4 µg of each nuclear extract was 

incubated with 250 ng sonicated salmon sperm DNA or poly (dI:dC), with or without 0.2 

µg specific antibody, for 15 min at room temperature. 80,000-150,000 cpm of 32P-labeled 

probe was added to each reaction and incubated for an additional 30 min at room 

temperature. DNA-protein complexes were resolved in a 4.5% polyacrylamide gel in 0.5 

X Tris-borate-EDTA buffer for 4-5 hr at 150 V. The gels were dried and 

autoradiographed. For the peptide competition assay, 0.2 µg antibodies were incubated 

with 0.5 µg corresponding peptide at 4 °C overnight prior to EMSA binding reaction. The 

E1A-ENH probe, 5’- GGTTCCATTTTCGCGGGAAAACTGCCGC-3’, corresponds to Ad5 

nt 271-288. The GABP probe, 5’-AGTCATAAGAGGAAGTGAAATCTGCCGC-3’, 

corresponds to Ad5 nt 292-311. The STAT6 probe is 5’- GTATTTCCCAGAAAAGGAAC-

3’. The GAS/IRES probe is 5’-AAGTACTTTCAGTTTCATATTACTCTA-3’. 

2.11 Generation of E1A-expressing Cell Lines 

The Ad5 E1A coding region was amplified by PCR, and then inserted into 

lentiviral expression vector pLenti6/v5-mCherrySp100 (kindly gifted by Dr. Thomas 

Stamminger, University of Erlangen-Nuremberg, Schlossgarten 4, Erlangen 91054, 

Germany) via BamH I and Xho I. A lentivirus stock was generated by cotransfection of 3 
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µg of pLenti-E1A plasmid with ViraPowerTM packaging mix (Life Technology), 3 µg of 

pLP1, pLP2 and pLP-VSVG each, into 293FT cells. At the second day after transfection, 

transfected cells were resupplied with fresh medium. At fourth-day post transfection (two 

days after changing medium), virus-containing supernatant was collected, and spined at 

500 X g for 5 min to pellet cell debris. Then the supernatant was filtered through Millex-

HV 0.45-µm (Millipore). Low passage HDF-TERT cells were transduced with the E1A-

expressing lentivirus stock in the presence of 7.5 µg/ml polybrene (Sigma-Aldrich, 

Germany) at 37 °C overnight. Pools of E1A-expressing HDF-TERT cells were obtained 

after selection with 1µg/ml blasticidin. 

2.12 Generation of Histone H3.1- and H3.3-expressing Cell Lines 

Histone H3.1 and H3.3 expression plasmids, pOZ-H3.1FH-IRES-IL2α and pOZ-

H3.3FH-IRES-IL2α, did not contain an antibiotic selection marker. The IL2 receptor α 

coding sequence was replaced by the puromycine coding sequence. The puromycin 

coding sequence was amplified using primers Puro-F-NcoI (5’- 

AGACCATGGCCGAGTACAAGCCCAC-3’) and Puro-R-BamHI (5’-

AGAGGATCCTCAGGCACCGGGC-3’) together with pLKO-shneg as the template. 

Puromycin coding sequence was inserted via NcoI and BamHI. Lentivirus stock was 

generated by cotransfection of 4 µg of pOZ-H3FH-IRES-Puro plasmid with 4 µg of 

pCMV-dR8.91 and pVSV-G each, into 293FT cells. HDF-TERT cells were transduced 

with lentivirus as described above. Pools of H3.1 and H3.3-expressing cells were 

obtained after selection with 2 µg/ml puromycin. 

2.13 Generation of Knockdown Cell Lines 

For individual depletion of PML, Daxx or Sp100, retroviral vectors expressing shRNAs 

directed against PML, Daxx and Sp100 (pSIREN-RetroQ-shPML/-shDaxx/-shSp100), as 

well as negative control pSIREN-RetroQ-shleer, were provided by Dr. Thomas 
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Stamminger (University of Erlangen-Nuremberg, Erlangen, Germany) (103, 104). 

Replication-deficient retroviruses were generated by cotransfection of 293FT cells (Life 

Technologies) with helper virus and pVSV-G in combination with the respective pSIREN-

RetroQ plasmids. Retrovirus-containing medium was repeatedly collected at 2 days, 3 

days and 4 days post-transfection. For double and triple depletion of PML-NB 

components, lentiviral vectors, pLKO-shDP/shPS/shDPS, as well as a scrambled 

negative control, pLKO-shneg (105), were provided by Dr. Roger Everett (University of 

Glasgow, Glasgow, Scotland). Lentivirus stocks were prepared as previously described 

(105). To deplete endogenous IFI16 protein, scrambled shRNA in pLKO-shneg was 

replaced with shRNA against IFI16. shRNA target sequences against IFI16 were 

obtained from the RNAi Consortium (TRC) shRNA library, siIFI16-1, 

GATCATTGCCATAGCAAATT; siIFI16-3, GGAAACTCTGAAGATTGATT. Low passage 

HDF-TERT cells were transduced with the retrovirus or lentivirus supernatants in the 

presence of 7.5 µg/ml polybrene (Sigma-Aldrich, Germany) overnight. To increase the 

transduction efficiency, HDF-TERT cells were reinfected with retroviruses or lentiviruses 

at day 2 and day 3. Stably-transduced pools of cell populations were selected using 2 

µg/ml puromycin. At least two independent pools of cells with efficient knockdown of 

individual target genes were generated and analyzed. 

2.14 Western Blot Analysis 

Whole cell extracts were prepared by suspending cell pellets in SDS lysis buffer 

(50 mM Tris-HCl [pH 6.5], 2% SDS and 10% glycerol) and boiled for 10 min. Lysates 

were centrifuged at 16,1000 X g for 3 min, supernatants were collected, and the protein 

concentration was determined using Pierce BCA Protein Assay Kit. Equal amounts of 

whole cell extracts were resolved on SDS-PAGE and transferred to a nitrocellulose 

membrane. Membranes were blocked with Tris-HCl-buffered saline (TBS) buffer 
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containing 3% BSA for 1 hr at room temperature, followed by incubation with primary 

antibodies (as indicated in the text and figure legends) at 4°C overnight. Membranes 

were washed with TBS buffer containing 0.1% Tween-20 (TBS-T) and then incubated 

with IRDye® 800CW-conjugated goat anti-rabbit antibody (926-32211, Li-COR) and 

IRDye® 680RD-conjugated goat anti-mouse antibody (925-068071, Li-COR) for 1 hr at 

room temperature. After three wash with TBS-T, images was captured using the 

ODYSSEY® CLx infrared imaging system (Li-COR). Alternatively, HRP-conjugated 

secondary antibodies were used in conjunction with ECL western blotting (Millipore 

Immobilon). Nuclear and cytoplasmic fractions for Western blot analysis were prepared 

using NE-PERTM nuclear and cytoplasmic extraction kit (Pierce). 

2.15 Micrococcal Nuclease (MNase) Accessibility Assays.  

IFN-treated or -untreated HDF cells were infected with ΔTP-GFP virus at 5,000 

particles/cell or mock infected. Nuclei were prepared at 18 hr post-infection. 

Approximately 107 cells were washed with ice-cold PBS and pelleted by centrifugation at 

750 X g for 5 min. Then cells were resuspended in 10ml of PBS containing 0.1% NP-40 

(106 cells per ml buffer), and homogenized by pipetting up and down five times. 

Homogenized cells were carefully loaded on 1 ml of sucrose cushion (10 mM Tris pH7.4, 

15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM spermidine and 10 % sucrose), 

and centrifuged at 1,400 X g for 20 min at 4 °C. Nuclei pellets were resuspended in 5 ml 

wash buffer (10 mM Tris pH7.4, 15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM 

spermidine) and centrifuge at 1,400 X g for 10 min. Finally, nuclei were suspended in 1 

ml wash buffer. Nuclei were aliquot into 106 cells/reaction and incubated with MNase at 

room temperature. At the indicated time points, digestion was terminated by adding an 

equal volume of stopping buffer (10 mM Tris pH7.6, 10 mM EDTA, 0.5% SDS, 0.5 mg/ml 

protease K), and incubated at 37 °C overnight. DNA fragments were recovered by 
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phenol/chloroform extraction and ethanol precipitation, then separated on a 1.5% 

agarose gel. The DNA gel was stained with ethidium bromide and then transferred to 

Hybond N+ nylon membrane (Amersham). The DNA was crosslinked using a 

Stratalinker (Stratagene) and subjected to Southern blot using a 32P-labeld probe 

generated by random priming with Ad5 genome DNA. The DNA was visualized by 

autoradiography. 

2.16 Lymphocyte Infection 

Cell densities of BJAB, Jurkat, and PM1 cells were adjusted to 5 X 105 cells/ml, 

and IFNα, IFNγ or PBS was added to the culture. Twenty-four hr later, cells were washed 

with TD buffer once, and then their densities were adjusted to 107 cells/ml in serum-free 

RPMI medium. Virus was added to the cell suspension at various multiplicities, as 

indicated in the figure legend, and incubated at 37°C for 3 hr. The infected cells were 

washed three times with RPMI complete medium and then resuspended in RPMI 

complete medium at 5 X 105 cells/ml. To determine viral replication, infected cells were 

harvested at 3 hr and 48 hr post-infection. Cells were washed with PBS once and spun 

at 1,000 X g 7.5 min to pellet cells. Total DNA was isolated using a DNeasy Blood & 

Tissue Kit, and then equal amounts of DNA were used in the qPCR reaction to 

determine viral and cellular copy number as described above. 

2.17 Detection of Hexon by FACS (fluorescence activated cell sorting) 

BJAB, Jurkat and PM1 cells were pretreated with IFNα, IFNγ or left untreated for 

24 hr. Then BJAB and PM1 cells were infected with Ad5-WT or Ad5-mut1 at 2,000 virus 

particles/cell, and Jurkat cells were infected with the same viruses at 200 virus 

particles/cell at 37°C for 3 hr. After being washed with RPMI complete medium three 

times, the cell densities were adjusted to 2.5 X 105 cells/ml. Viral late gene expression 

was monitored for 16 days post-infection by intracellular staining for the hexon protein by 
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FACS. Cell numbers were determined every 2 days using a Countess Automated Cell 

Counter (Invitrogen). Cells were subcultured every 4 days. Cells were pelleted by 

centrifugation at 1,000 X g for 5 min and resuspended in RPMI complete medium 

containing IFNs or PBS. 

For FACS, ~ 1X 106 cells were transferred to a FACS tube and centrifuged at 

1,000 X g for 5 min. Cell pellets were resuspended in 1 ml ice-cold PBS and spun again. 

Cells were fixed by adding 1 ml of PBS containing 1% formaldehyde followed by 

incubation at room temperature for 30 min, flicking tubes occasionally to suspend cells. 

Cells were permeabilized by adding 1 ml of PBS with 0.2% Tween-20 and then 

incubated at 37°C for 15 min. Cells were washed with ice-cold FACS buffer (PBS with 

2% bovine calf serum), 15 min/time point at room temperature. Then cells were 

resuspended in 100 µl FACS/Perm buffer (PBS with 2% bovine calf serum, 0.2% Tween-

20) containing 1 µg anti-Hexon (clone 3G0, Santa Cruz Biotechnology) antibody and 

then transferred into a round-bottom 96-well microplate. After incubation for 30 min at 

room temperature, cells were washed with ice-cold FACS buffer twice. Alexa-488-

conjugated goat anti-mouse IgG (2 µg/ml) was added to the cells and incubated at room 

temperature for 30 min, followed by two washes with FACS buffer and the cells were 

then subjected to FACS scan analysis. 

2.18 Statistical Analysis 

All numerical values represent the mean ± sd. Each experiment was done in 

three replicates, and a representative replicate is shown for each blot. Statistical 

significance of the differences was calculated using a Student’s t-test. 
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Table 1. Oligonucleotides used for qPCR 

Name Sequence Targets/Comments 
GAPDH 5 CCCCACACACATGCACTTACC 

GAPDH genome DNA 
GAPDH 6 CCTAGTCCCAGGGCTTTGATT 
GAPDH-1 ACCCAGAAGACTGTGGATGG 

GAPDH cDNA 
GAPDH-2 TTCTAGACGGCAGGTCAGGT 
PACK-4 GCGAAAATGGCCAAATGTTA 

Span ITR and E1A enhancer 
PACK-5 TAATGAGGGGGTGGAGTTTG 
loxP7 GTCCGGTTTCTATGCCAAAC 

E1A 13S cDNA and E1A coding region 
loxP8 CCGTATTCCTCCGGTGATAA 
AdE1A-pan-qPCR-F ACTCTTGAGTGCCAGCGAG  
Ad5E1A-qPCR-R TCGTGAAGGGTAGGTGGTTC 

Serotype specific reverse oligoes 
Use as paired with AdE1A-pan-qPCR-F 

Ad3E1A-qPCR-R TACAGATCGTGCAGCGTAGG 
Ad4E1A-qPCR-R AGCGAAGGTGTCTCAAATGG 
Ad9E1A-qPCR-R GGGCATCTACCTCCAGATCA 
Ad12E1A-qPCR-R CGGCAGACTCCACATCAAG 
Ad16E1A-qPCR-R TACAGATCGTGCAGCGTAGG 
E1A-ENH-F  CGCGGGAAAACTGAATAAGA Ad5 E1A enhancer specific 

Not recognize Δ2-CMV virus E1A-ENH-R  CTTGAGGAACTCACCGGGTA 
E1B-F TGTGCCTTTTACTGCTGCTG 

E1B cDNA 
E1B-R CACAGCCACGCTTTTCACTA 
DBP-F CCGTAGTGGCATCAAAAGGT 

DBP cDNA 
DBP-R GTCTAGCAAGGCCAAGATCG 
E2B-F  CGCGCGTCGAAGTAGTCTAT 

E2B cDNA 
E2B-R  CGGTGGAAGATGCTACCCTA 
E4ORF6-F TACCGGGAGGTGGTGAATTA 

E4ORF6 cDNA 
E4ORF6-R TTCAAAATCCCACAGTGCAA 
Ad5-mut1-F  ATATCTCCCACTGAATAAGA Ad5-mut1 specific, paried with PACK-5 
GAPDH-Promoter-F TACTAGCGGTTTACGGGCG 

Positive control for H3 K4me3 
GAPDH-Promoter-R TCGAACAGGAGGACAGAGAGCGA 
GAPDH-CHIP-F GCCATGTAGACCCCTTGAAGAG 

Positive control for H3 and H3.3 ChIP 
GAPDH-CHIP-R ACTGGTTGAGCACAGGGTACTTTAT 
Rb-1 GAGCCTCGCGGACGTGACGCCGC 

 
Rb-2 TGGAGGAGCGCCGGGGAGGACG 
hYAP-1 CCGTTTACCCCTCTCAAGTG 

Positive control for H3 K4me3 ChIP 
hYAP-2 CTTAAAGCCGCGAGGATAG 
p21-F CCCACAGCAGAGGAGAAAGAA 

Positive control for H3 K9ac ChIP 
p21-R CTGGAAATCTCTGCCCAGACA 
α-Satellite-F CTGCACTACCTGAAGAGGAC 

Positive control for H3 K27me3 ChIP 
α-Satellite-R GATGGTTCAACACTCTTACA 
ZNF554-F CGGGGAAAAGCCCTATAAAT 

Positive control for H3 K9me3 
ZNF554-R TCCACATTCACTGCATTCGT 
CDC2-F CGCCCTTTCCTCTTTCTTTC 

Positive control for DP-1 and E2F-4 ChIP 
CDC2-R ATCGGGTAGCCCGTAGACTT 
DHFR-F TCGCCTGCACAAATAGGGAC 

Positive control for Sp1 ChIP 
DHFR-R AGAACGCGCGGTCAAGTTT 
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Table 2. Oligonucleotides used for EMSA 

E1A-ENH -1 AATTGGTTCCATTTTCGCGGGAAAACTGCCGC 

E1A-ENH -2 AATTGCGGCAGTTTTCCCGCGAAAATGGAACC 

Ad5 nt 271-317-1 AATTAGTCCCATTTTCGCGGGAAAACTGAATAAGAGGAAGTGAAATCTGAATAATCCGC 

Ad5 nt 271-317-2 AATTGCGGATTATTAGATTTCACTTCCTCTTATTCAGTTTTCCCGCGAAAATGGGAC 

GABP-EMSA-1 AATTAGTCATAAGAGGAAGTGAAATCCTGCCGC 

GABP-EMSA-2 AATTGCGGCAGGATTTCACTTCCTCTTATGACT 

STAT5/6-EMSA-1 AATTGTATTTCCCAGAAAAGGAAC 

STAT5/6-EMSA-2 AATTGTTCCTTTTCTGGGAAATAC 

STAT5/6-EMSA-1 AATTGTATTTCCCAGAAAAGGAAC 

STAT5/6-EMSA-2 AATTGTTCCTTTTCTGGGAAATAC 

STAT6-EMSA-1 AATTGTATTTCCCCAGAAAAGGAAC 

STAT6-EMSA-2 AATTGTTCCTTTTCTGGGGAAATAC 

GAS/IRES-EMSA-1 AATTAAGTACTTTCAGTTTCATATTACTCTA 

GAS/IRES-EMSA-2 AATTTAGAGTAATATGAAACTGAAAGTACTT 
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Chapter 3. Regulation of Ad Replication during an IFN Response 

in Normal Human Cells 

 

3.1 Introduction 

3.1.1 Antagonizing IFN Signaling Pathways by Adenovirus 

IFNs fail to inhibit wild-type (WT) Ad replication in established cancer cell lines 

(46, 106, 107). The resistance of WT Ad to the effects of IFNs is due to multiple 

counteracting effects of viral gene products. The Ad E1A proteins block IFN signaling by 

binding STAT proteins and preventing the formation of the transcription complex ISG3 by 

type I IFNs and GAF complex by type II IFN (106, 108-112). The E1A proteins also bind 

and disrupt the hBre1 transcription complex and prevent IFN-induced histone H2B 

monoubiquitination and associated ISG expression (113). Both actions of E1A lead to 

the global suppression of ISG expression in response to IFNs. A recent study also 

showed that the E1A proteins interact with STING via its Leu-X-Cys-X-Glu (LXCXE) 

motif and block cGAS/STING activation in response to cytosolic DNA (114). Ad E1B-55K 

protein inhibits the expression of cellular ISGs through its transcriptional repression 

domain (115, 116). Numerous studies have shown that promyelocytic leukemia nuclear 

bodies (PML-NBs) play an important role in cellular intrinsic and IFN-induced antiviral 

immunity (117). The Ad E4-ORF3 protein antagonizes the functions of PML-NB by 

disrupting these structures and sequestering antiviral components including PML and 

Daxx (46, 47).  The Ad E1B-55K:E4-ORF6 ubiquitin ligase complex also targets Daxx for 

proteasome degradation. Finally, Ad VA RNA-I inactivates PKR to prevent IFN-induced 

phosphorylation of the eIF2α translation factor that inhibits global protein translation 

during the late phase of viral infection (107). 
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Current models of the interplay between Ad infection and IFN signaling have 

mostly been conducted in cancer cell lines. Such cells are coupled with abnormal signal 

transduction, unlimited proliferation, and evasion of apoptosis, and likely are 

compromised in many normal signaling pathways. Indeed, it has been shown that the Ad 

E1B-55K protein was able to inhibit a set of ISG expression in response to type I IFN 

signaling in primary human cells, which has not been reported in established cell lines 

(115). Moreover, a recent study showed WT Ad exhibits an enhanced virus load in the 

organs of the STAT2-knockout Syrian hamsters compared to wild-type animals, 

revealing an important role of type I IFNs in controlling Ad replication in vivo (118).  

3.1.2 Antiviral Activity of Promyelocytic Leukemia Nuclear Bodies (PML-NBs) 

PML-NBs are punctate structures found in the nucleus. It is a dynamic structure 

that can undergo fission and fusion processes in a cell cycle-dependent manner. PML-

NBs also move inside the nucleus, contacting the surrounding chromatin and harboring 

numerous proteins depending on different stimuli. Thus, it is not surprising that PML-NBs 

are involved in various cellular biology events, including an antiviral response, apoptosis, 

gene regulation, tumor suppression, protein degradation and DNA repair, among others 

(119). Here, I only focus on its antiviral activities here. 

Though numerous proteins localize to PML-NBs partially or temporarily, there are 

only three resident proteins at PML-NBs, PML, Daxx (Death domain-associated protein) 

and Sp100 (Nuclear antigen Sp100). PML and Sp100 proteins are IFN-inducible genes, 

and the size and number of PML-NBs increase in response to IFN. However, PML-NBs 

can inhibit viral infection in both an IFN-dependent and IFN-independent manner (120). 

The molecular basis of PML-NBs antiviral activity against both DNA and RNA virus 

infection has been extensively studied in the past two decades. Taking alpha-

herpesvirus HSV-1 and beta-herpesvirus HCMV as examples, PML-NBs have an 
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inhibitory effect on viral immediate early (IE) gene expression. Efficient viral gene 

expression and viral replication requires the disruption or relocalization of PML-NBs. 

HCMV tegument protein pp71 and immediate early protein 1 (IE1) target Daxx and 

Sp100, respectively, for protein degradation, to reverse the repression of viral 

transcription (121-124). In addition, HCMV IE1 and HSV-1 IE protein, ICP0, can induce 

the desumolyation of PML and Sp100, leading to the disruption of PML-NBs and efficient 

viral replication(125). 

Our lab found that IFNα and IFNγ can inhibit the replication of an E4-ORF3 

deletion mutant (inORF3), but not WT Ad5 (dl309) in multiple established cancer cell 

lines, suggesting that E4-ORF3 counteracts antiviral activity of IFNs. E4-ORF3 is an Ad 

early protein; it forms a unique nuclear track structure and relocalizes a wide range of 

cellular proteins, including PML-NB proteins and the Mre11/Nbs1/Rad50 (MRN) DNA 

repair complex, to ensure spatial separation of these cellular proteins from viral 

replication centers and viral transcription sites. Depletion of PML or Daxx, but not Sp100, 

restored the replication of inORF3 in IFNα and γ-treated cells (47). This evidence 

indicated that E4-ORF3 directly antagonizes a PML-NB-mediated, IFN-induced antiviral 

response. However, the molecular basis of how PML-NBs inhibit Ad replication is still 

unknown. A recent study showed that Sp100 could regulate viral gene expression in an 

isoform-specific manner(126). During Ad infection, Sp100 isoforms B, C, and HMG 

colocalized with viral replication centers. While Sp100 isoform A is retained in the E4-

ORF3-PML tracks, it also partially colocalized with active viral transcription sites. The 

depletion of total Sp100 proteins increased Ad virus yield by less than two-fold (126). 

This suggests that Sp100 isoform A might repress Ad early gene expression, but this 

inhibition is independent of an IFN response.  
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3.1.3 E1A Immediate Early Protein 

The E1A protein is the first viral product following Ad infection, and it is 

indispensable for virus growth (127). At the early stage of infection, the E1A transcript is 

alternatively spliced to yield two E1A mRNAs, and proteins encoded by these two mRNA 

are often referred as 13S and 12S E1A after the sedimentation of the mRNA, or 289R 

and 243R E1A after the length of polypeptides. At late stages of infection, three other 

E1A mRNAs accumulate but no distinct function is described for these products. Ad E1A 

protein contains four evolutionary conserved regions, CR1, CR2, CR3, and CR4 (Figure 

3-1A). 13S and 12S E1A share many functional redundancies since they are identical in 

amino acid sequence, except a 46 amino acid sequence unique to 13S E1A. 13S E1A is 

considered as the transcription factor primarily responsible for activation of other viral 

genes. The E1A 13S protein interacts with the TATA box binding protein (TBP) though 

the N-terminus of CR3, and this interaction stimulates the formation of the transcription 

initiation complex at viral promoters (127). 

In contrast, 12S E1A is primarily known for its ability to regulate cell cycle 

progression (128, 129). When expressed alone, 12S E1A drives growth-arrested cells to 

enter S phase. In cooperation with another viral oncogene, E1B55K, E1A transforms 

primary rodent cells. E1A-induced transformation requires simultaneous interaction of 

E1A with cellular p300/CBP (CREB-binding protein) and Rb family proteins. p300 and 

CBP are two closely related lysine acetylases, and they function as transcription co-

factors. They regulate transcription by inducing the acetylation of histone proteins or 

transcription factors that they associate with. The E1A protein can directly interact with 

p300/CBP via its N-terminus and CR1 motif (Figure 3-1A), causing inhibition of histone 

acetyltransferase (HAT) activities of p300/CBP and their association with transcription 

factors (127). The Retinoblastoma (Rb) protein is a tumor suppressor that governs the 

G1/S transition of the cell cycle (130-132). E2F transcription factors regulate the  
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expression of genes required for S-phase entry. In G1 phase, hypophosphorylated Rb 

interacts with E2Fs to suppress their transcription activities, as well as recruits 

repressive chromatin remodeling complexes, such as histone deacetylases (HDACs). 

When Rb is hyperphosphorylated by CDK4/6 and CDK2, it undergoes a conformational 

change and releases E2Fs from the E2F/Rb complex. This derepression of E2Fs leads 

to activation of E2F target genes and S-phase entry. E1A proteins can directly bind to 

Rb, and two other related pocket proteins p107 and p130, leading to the relief of E2Fs 

from repression. Different from the E1A-p300 interaction, E1A interacts with pocket 

proteins primarily through CR2 and 10 amino acids in CR1 (Figure 3-1A).  

3.1.4 Regulation of E1A Transcription 

E1A transcription is regulated via a constitutively active enhancer located at Ad nt 

194-358 and composed of multiple regulatory elements (133). Genetic analyses 

revealed that there are two distinct cis-elements involved in regulation of E1A 

transcription. Cellular transcriptional factor GA-binding protein (GABP) binds to repeated 

element I, at -200 (nt 300 from the left end of Ad genome) and -300 (nt 200) relative to 

the E1A transcription start site, and cooperatively transactivates E1A transcription in Ad-

infected cells (134-136). Deletion of individual GABP binding sites only reduces E1A 

mRNA level by 3 to 4-fold. However deletion of both sites decreases E1A mRNA levels 

by 40-fold, without altering the transcription from other viral early promoters if E1A is 

provided in trans (136). In contrast, the enhancer element II, located between the two 

GABP binding sites, transactivates the entire Ad genome in cis. Deletion of element II 

led to decreased mRNAs from all viral early regions (133). Furthermore, there are two 

E2F binding sites adjacent to both GABP binding sites. EMSA assays suggested that 

E2Fs and Rb family proteins were indeed associated with the E1A enhancer region in 

vitro (137, 138), but they are dispensable for viral replication since the removal of both 
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E2F sites did not affect early gene expression (Dr. P. Hearing, unpublished data). Lastly, 

transcription factor Sp1 binds to multiple sites at the Ad inverted terminal repeat (ITR). 

Sp1 is not required for activation of the E1A gene in the context of an intact E1A 

enhancer, but it does support E1A expression when the sequences between ITR and the 

E1A TATA box are deleted, bringing the ITR immediately upstream of the TATA box. 

GABP is the primary transactivator of E1A expression (133, 135, 136). GABP 

(also known as adenovirus E4 transcription factor 1 [E4TF-1] and nuclear respiratory 

factor 2 [NRF-2]) belongs to the Ets transcription factor family, which contains an 

evolutionarily conserved DNA binding domain (139). The Ets proteins preferentially bind 

to a purine-rich motif that contains a GGAA/T core. GABP is the only multimeric member 

among the Ets proteins. As a tetrameric transcriptional complex, GABP is composed of 

two distinct, unrelated subunits, GABPα and GABPβ. The GABPα subunit contains the 

DNA binding domain (DBD) while the GABPβ subunit contains the transactivation 

domain (TAD) (140). GABPβ can form a homodimer in the absence of GABPα, but 

recruitment of GABPβ to the target gene requires proper interaction with GABPα, and 

GABPβ stabilizes GABPα-DNA interaction. GABP is only functional when α and β 

subunits form a tetramer, α2β2. The activity of GABP is regulated by post-translational 

modifications. The oxidation of cysteine residues in the DBD and heterodimerization 

domains of the GABPα (141) blocks DNA binding and GABPβ interaction, respectively. 

Also, a recent study showed that GABPβ is phosphorylated by Lats kinase in response 

to Hippo signaling, blocking GABPβ homodimerization and nuclear localization (142). 

Both subunits of GABP interact with a variety of transcription factors to regulate target 

gene transcription, including Sp1, E2F, ATF, PU.1, YEAF, among others (139). 

Interestingly, GABPα interacts with ATF, and they synergistically transactivate the Ad E4 

promoter (143, 144). GABP also interacts with E2F1, but this interaction could either 

enhance or dampen expression of E2F1 target genes (145-147). 
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3.2 Specific Aims and Significance 

To date, the interplay between Ad and IFN responses were all defined in cancer 

cell lines. It is known that type I and type II IFNs fail to inhibit WT Ad replication, due to 

the counteracting effects of viral proteins. But IFNs were able to inhibit the replication of 

an E4-ORF3 mutant virus mediated by the PML and Daxx proteins. However, the details 

of the mechanism by which PML and Daxx suppress Ad replication is still unclear. Here I 

aimed to explore the effect of type I (IFNα) and type II IFNs (IFNγ) on Ad replication in 

normal human cells. I also wanted to probe the mechanism by which E4-ORF3 

antagonizes IFN responses, as well as what role PML-NBs play in the interaction. 

Our data demonstrate that both type I and type II IFNs block WT Ad5 (dl309) and 

E4ORF3 deletion mutant (inORF3) replication in primary human bronchial epithelial cells 

(NHBEC) and normal human diploid fibroblasts (HDF-TERT). The result is opposed to 

the observation in human adenocarcinomic epithelial cells and other established cancer 

cell lines (46, 47) where Ad infection is resistant to IFN treatment. Further analysis 

suggested that this inhibition is the consequence of repression of transcription of the 

E1A gene. Viral replication and early gene expression were rescued in an HDF-TERT-

derived E1A expressing cell line, as well as in HDF-TERT cells that transiently express 

the E1A protein. Both IFNα and IFNγ impede the association of GABP with the E1A 

enhancer region in vivo before early transcription occurred. I also confirmed that IFNα 

and IFNγ do not interfere with the assembly of the Ad genome into a chromatin-like 

structure or specifically alter the post-translational modification of histone H3 at the E1A 

enhancer region during the early stage of infection.  

This is the first study showing that IFNα and IFNγ repress E1A transcription 

leading to inhibition of WT Ad5 replication. The E4-ORF3 protein only has a minor 

influence on IFN-signaling in normal human cells. 
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3.3 Results 

3.3.1 Profile of the Adenovirus Life Cycle in HDF-TERT Cells 

To evaluate Ad replication in normal human cells during an IFN response, I 

utilized a normal, non-transformed human diploid fibroblast cell line immortalized by 

human telomerase (HDF-TERT) that is permissive for Ad infection. dl309, a 

phenotypically wild type Ad5, had an infectious particle/PFU ratio of ~1000:1 in HDF-

TERT cells compared to ~20:1 in A549 cells due to reduced infectivity of HDF-TERT 

cells (data not shown). The particle/PFU ratio of inORF3 was determined to be ~4,800:1 

in HDF-TERT cells. Next, I established the timeline of the Ad5 life cycle in HDF-TERT 

cells. The majority of incoming viral genomes (detected by immunofluorescence using 

an antibody against the major viral core protein VII) were still in the cytoplasm at 2 hr 

post-infection; complete entry of viral genomes into the nucleus required ~6 hr (Figure 3-

2A). By 16 hr post-infection, the number of core protein VII foci had significantly declined 

indicating viral early gene transcription had occurred (32). RT-qPCR analysis of Ad 

immediate early (E1A) and early mRNA levels (E1B, E2A, E2B and E4) showed an 

exponential increase in early gene expression from 6 to 24 hr post-infection (Figure 3-

2B). To assess the kinetics of viral DNA replication, a sensitive qPCR assay was 

employed. Viral DNA replication began during the 18-24 hr time period and increased 

substantially thereafter with a 4-log total increase in genome copy number (Figure 3-2D) 

by 48 hr post-infection and an 1-log additional increase in genome copy number from 48 

to 144 hr post-infection (Figure 3-2E). Viral early gene (E4-ORF3) and intermediate gene 

(IVa2) expression was evident as DNA replication occurred and late gene products 

continued to accumulate through 144 hr post-infection (Figures 3-2C and 3-5E). There 

was no cytopathic effect observed up to 6 days post-infection even at a multiplicity of 

infection (MOI) of 1000 virus particles/cell where all cells were infected (Figure 3-2A and  
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data not shown). Collectively, Ad exhibits an extended life cycle in HDF-TERT cells 

compared to that in other permissive cells, such as A549, HeLa and 293. In HDF-TERT 

cells, it takes 6 hr for incoming genomes to enter the nucleus, in contrast to 

approximately 45 min in A549 cells. Viral DNA replication starts after 18 hr post-infection, 

and Ad actively replicates until 48 hr post-infection when the infection goes into the late 

stage. 

3.3.2 IFNα and IFNγ Inhibit Ad5 Replication in Normal Human Cells, but not Cancer 

Cells. 

To evaluate Ad5 replication in HDF-TERT cells in the presence or absence of 

IFNs, cells were incubated with 500 U/ml IFNα, 1000 U/ml IFNγ or left untreated for 24 

hr, followed by infection of WT Ad5 (dl309) or an E4-ORF3 mutant (inORF3) at low MOI 

(25 particles/cell). Viral DNA replication was quantified by qPCR at 48 hr post-infection 

(Figures 3-3A and 3-3B). It was surprising that IFNα and IFNγ reduced replication of both 

viruses by more than 20-fold, in contrast to the observation in established cancer cell 

lines (46, 47) that IFNs did not inhibit WT Ad5 replication. dl309 and inORF3 had similar 

sensitivities to IFNs; this could be due to insufficient accumulation of E4ORF3 to 

antagonize an IFN response at low MOI. To examine this possibility, I infected HDF-

TERT cells with both viruses at higher MOI. The effect of IFNs on virus replication was 

moderately diminished at high MOIs but replication of both viruses was still inhibited in 

IFN-treated cells by ~2 fold. The effect of IFNs on infectious virus production was 

determined by plaque assay. At low MOI, IFNα and IFNγ reduced virus yield of dl309 

two and three logs, respectively, and virus yield of inORF3 two and four logs, 

respectively (Figures 3-3C and 3-3D). The reduction in infectious virus yield observed 

following IFN treatment correlated with reduced viral DNA replication and decreased late 

gene expression (Figure 3-3E). I also examined Ad5 early mRNA levels by RT-qPCR  
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with or without IFN treatment. Ad immediate early (E1A) and early gene expression 

(E1B, E2A, E2B and E4) was significantly suppressed in IFN-treated cells compared to 

untreated cells (Figures 3-4A and 4B). The reduction in viral mRNA levels correlated with 

decreased early, intermediate and late gene expression (Figure 3-4C). IFNs did not 

block the entry of viral genomes into the nucleus, and viral genomes did not colocalize 

with PML-NB with or without IFN treatment (Figure 3-4D).  

I also evaluated Ad replication in primary normal human bronchial epithelial cells 

(NHBEC), the natural host cell of Ad infection, in comparison to the established epithelial 

adenocarcinoma cell line A549. Neither IFNα and IFNγ was able to block Ad5 replication 

in A549 cells (Figures 3-5A). Consistent with the result observed in HDF-TERT cells, WT 

Ad5 replication in NHBEC was inhibited by IFNα and IFNγ ~40-fold and 70-fold, 

respectively (Figure 3-5B). Again, the reduced Ad replication in NHBEC was correlated 

with decreased early transcription (Figure 3-5C). 

3.3.3 IFNs Inhibit Ad Replication by Repressing Immediate Early Gene Expression   

There are two possible means by which IFNs could reduce Ad early gene 

expression. IFNs may repress early gene expression directly, or IFNs may inhibit viral 

DNA replication resulting in a corresponding decrease in early gene expression. To 

examine these possibilities, HDF-TERT cells were infected with a replication-defective 

mutant virus ΔTP-GFP. ΔTP-GFP contains a disruption in the coding sequences for Ad5 

terminal protein, a protein that is absolutely essential for viral DNA replication (148). The 

relative copy number of ΔTP-GFP viral genomes in the presence and absence of IFNs 

did not increase, but E1A mRNA levels were reduced by both IFNα and IFNγ throughout 

the time course of the experiment (Figures 3-6A and 3-6B). These results demonstrate 

that IFNs inhibit Ad early gene expression in a replication-independent manner.  
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E1A is the first viral protein expressed after infection and it is essential for 

efficient activation of all Ad gene expression (127). It is possible that IFNs suppress E1A 

transcription directly, resulting in the observed phenotype, rather than having a global 

effect on Ad early gene expression. To test this hypothesis, I generated an E1A-

expressing HDF-TERT cell line (HDF-TERT-E1A). Western blot showed that the major 

E1A isoforms were expressed in HDF-TERT-E1A cells (Figure 3-7B, top panel). Since 

E1A can inhibit IFN signaling (106, 108-112), I examined IFN signaling in HDF-TERT-

E1A cells (Figure 3-7B). E1A expression did not impede IFN signaling in these cells; 

increases in STAT1 protein levels and STAT1 phosphorylation, as well as the induction 

of IGS54 and ISG15 expression, were observed in HDF-TERT-E1A cells following IFNα 

and IFNγ treatments. Ad DNA replication and early gene expression of both dl309 and 

inORF3 were almost completely restored in HDF-TERT-E1A cells infected even at low 

MOI and treated with IFNs (Figures 3-7C and 3-7D). The levels of all Ad early mRNAs 

and protein levels were also almost completely restored in HDF-TERT-E1A cells infected 

at high MOI and treated with IFNα or IFNγ (Figures 3-7E and 3-7F).  

As a viral oncogene, E1A is able to transform cells (127). HDF-TERT-E1A cells 

exhibit a different cell morphology as compared to parent HDF-TERT (Figure 3-7A). 

Stable expression of E1A might lead to transformation of HDF-TERT cells losing the 

biological property of normal human cells, such as different signaling activities. Thus, I 

evaluated Ad replication following IFN treatment when E1A was only transiently 

expressed. Dr. P. Hearing generated an Ad expression vector, in340-Δ2-CMV, which 

contains the CMV promoter/enhancer in place of the E1A enhancer region and E1A/E1B 

coding sequences. The E1A open reading frame was inserted downstream of the CMV 

promoter. HDF-TERT cells were infected with in340-Δ2-CMV-E1A virus or the control 

virus in340-Δ2-CMV for 1 hr, followed by the addition of IFNα and IFNγ. Twenty-four hr 

later, cells extracts were prepared and E1A expression was analyzed by Western blot, or  
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the cells were superinfected with dl309 and dl309 replication was assayed at 48 hr post-

infection by qPCR. Neither IFNα and IFNγ reduced E1A expression in cells infected with 

in340-Δ2-CMV-E1A (Figure 3-8B, left). dl309 replication was significantly reduced in 

IFN-treated cells coinfected with in340-Δ2-CMV. Consistent with the results obtained 

using HDF-TERT-E1A cells, ectopic expression of E1A by in340-Δ2-CMV-E1A largely 

restored this defect in IFN-treated cells (Figure 3-8B, right). As observed with HDF-

TERT-E1A cells, transient expression of E1A did not impair IFN signaling in these 

assays (Figure 3-8A). Collectively, these results demonstrate that both IFNα and IFNγ 

inhibit Ad replication by repressing E1A gene expression and this is the sole defect in the 

Ad life cycle observed in IFN-treated cells. 

3.3.4 IFNs Block Recruitment of GABP to the E1A Enhancer Region 

The cellular transcription factor GABP is the major regulator of E1A transcription 

and binds to two sites in the E1A enhancer region (133, 135, 136). These two sites have 

synergistic effects on E1A transcription; when both sites are deleted, E1A expression is 

dramatically diminished. Therefore, I examined the interaction of GABP with the E1A 

enhancer region in vivo plus and minus IFN signaling. I carried out chromatin 

immunoprecipitation (ChIP) experiments using an antibody against the GABPα subunit. 

The immunoprecipitated DNA was quantified by qPCR using oligonucleotides spanning 

the ITR and E1A enhancer. At 18 hr post-infection, prior to the onset of viral DNA 

replication, IFNα or IFNγ decreased the association of GABP with the E1A enhancer in 

vivo by 3- and 2.5-fold, respectively (Figure 3-9A, left). The specificity of GABPα was 

ensured by using oligonucleotides spanning the E1A coding region where GABPα did 

not bind (Figure 3-9A, right). 

The transcriptional activity of the GABP can be regulated at the post-translational 

modification level, including the oxidation of cysteine residues in the DNA binding and  
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dimerization domains of the GABPα (141). Western blot analysis demonstrated that 

expression of both GABPα and GABP β in IFN-treated cells was the same as that found 

in the untreated cells (Figure 3-9C). The Hippo pathway promotes the phosphorylation of 

GABPβ, causing the inhibition of GABPβ homodimerization and nuclear localization 

(142). In HDF-TERT cells, GABPα and β were primarily nuclear localized, and their 

localization were not altered by either IFNα or IFNγ (Figure 3-9D). Finally, I performed 

coimmunoprecipitation assays to determine if IFNs impaired endogenous 

GABPα:GABPβ interaction. These results did not reveal any differences in IFN-treated 

cells (Figure 3-9E). I also carried out EMSA to access the binding of GABP to the E1A 

enhancer region in vitro. A 32P labeled the probe of GABP binding site was incubated 

with nuclear extract from IFN-treated and -untreated HDF-TERT cells. The GABP 

tetramer complex was detected by supershift using an antibody against GABPβ. A 

similar amount of GABP:DNA complex was observed in IFN-treated and -untreated cells 

(Figure 3-9F). This suggested that IFNs only prevent the recruitment of GABP to the E1A 

enhancer in vivo, but not in vitro. 

The cellular transcription factor Sp1 also binds to several sites in the Ad5 

inverted terminal repeat (ITR) (149) that are adjacent to the E1A enhancer region. I 

analyzed if Sp1 binding to the ITR was altered by IFN signaling in vivo. Sp1 bound to the 

Ad5 ITR at similar levels in the presence and absence of IFNs (Figure 3-9B). This result 

suggests that reduced binding of GABP to the E1A enhancer following IFN treatment is 

target-specific and not due to reduced global accessibility of the left end of the Ad5 

genome. 

3.3.5 PML-NBs are not Required for IFN-mediated E1A Repression 

PML-NBs play important roles in intrinsic and IFN-mediated immunity against 

various viruses (117). Three major components of PML-NB are PML, Daxx and Sp100. 
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Our laboratory previously reported that PML and Daxx, but not Sp100, mediated IFN-

induced antiviral response in the context of Ad infection (47). Thus, we analyzed if PML-

NBs participate in repression of Ad replication and E1A expression following IFN 

treatment. I generated a series of PML, Daxx, and Sp100 knockdown HDF-TERT cell 

lines using shRNA expression. The knockdown efficiency of individual target genes was 

accessed by Western blot. PML and Sp100 protein levels were completed depleted in 

the corresponding knockdown cells, and Daxx expression was completely depleted in 

two out of four shDaxx-cells and significantly reduced in the other two lines; normal 

levels of all three proteins were found in cells expressing control shRNA (Figure 3-10A). 

The integrity of PML-NBs was analyzed using an immunofluorescence assay. As shown 

in Figure 3-10A, depletion of PML protein completely disrupted PML-NBs structure. With 

the loss of Sp100 and Daxx proteins, PML-NBs were still intact. Replication of dl309 and 

inORF3 was inhibited by both IFNα and IFNγ in single knockdown cells, as well as the 

control cells, despite high MOI infection (Figure 3-10C). RT-qPCR confirmed that E1A 

mRNA levels were correspondingly reduced (data not shown).  

A recent study revealed that PML, Daxx and Sp100 have synergistic effects on 

the suppression of HSV-1 replication with greater effects of multiple knockdown 

compared to single knockdown (105). Thus, knockdown of individual PML-NB proteins 

might not be sufficient to prevent IFN-induced repression. Next, I generated HDF-TERT 

cells in which two or three PML-NB proteins were simultaneously depleted (Daxx plus 

PML, shDP, PML plus Sp100, shPS, and all three protein, shDPS). Western blot analysis 

showed that each targeted protein was thoroughly depleted in the corresponding 

knockdown cells (Figure 3-11A). When both PML and Sp100 proteins were depleted 

(shPS and shDPS), PML-NBs were completely disrupted and absent in 

immunofluorescent staining. In shDP cells, Sp100 protein formed a punctate structure 

that is similar to PML-NBs, but they did not distribute uniformly (Figure 3-11B). A  
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possible explanation is that trace amount of PML protein serves as the nucleator to 

recruit SUMOylated Sp100 protein forming a PML-NB-like structure. However, IFNs still 

repressed dl309 and inORF3 replication in these double- and triple-knockdown cells to 

the same extent as with parental or control knockdown cells (Figure 3-11C). 

In all of the experiments carried out in HDF-TERT cells, dl309 and inORF3 

behaved identically in response to IFNα and IFNγ, and depletion of all three component 

of PML-NBs was still not able to rescue inORF3 replication. Moreover, transient 

expression of E4-ORF3 protein in HDF-TERT cells did not affect dl309 replication in the 

presence of IFNs (Figure 3-8C). Thus, I conclude that PML-NBs are not involved in, or 

only play a minor role in, the IFN-induced anti-Ad response in normal human cells. 

3.3.6 IFNs do not Compromise the Chromatinization Process at the Early Stage of 

Infection  

Incoming Ad genomes undergo a chromatinization process, by which VII protein 

dissociates from Ad DNA, and cellular histones are loaded to Ad DNA (150). Formation 

of this chromatin-like structure is required for activation of viral early genes. To evaluate 

the overall structure of input viral genomes at the early phase of infection, HDF-TERT 

cells were infected with replication deficient virus ΔTP-GFP in the presence or absence 

of IFNs, and chromatin accessibility was determined at 18 hr post-infection by 

micrococcal nuclease (MNase) digestion. DNA fragments were detected by the Southern 

blot using a 32P-labeled Ad genome DNA probe. The periodic oligomeric array pattern 

(150) was observed in both IFN-treated and -untreated cells (Figure 3-12A). The 

nucleosome-like structure of input viral genomes had a longer spacer compared with the 

bulk cellular nucleosome detected using ethidium bromide staining (Figure 3-12A). At 18 

hr post-infection, there were similar levels of cellular histone H3 associated with the E1A 

enhancer region in IFN-treated and -untreated HDF-TERT cells as analyzed by ChIP 
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(Figure 3-12B). Two-fold more VII protein accumulated at the E1A enhancer region in 

IFN-treated cells compared to untreated cells (Figure 3-12B). The function of protein VII 

in regulating early gene transcription is controversial. Previous study suggested that VII 

condenses viral genome and repress gene transcription, but it also has been shown that 

VII is required for activation of early genes (30, 34, 151). Moreover, those experiments 

were conducted at the early phase when all of early promoters has been activated, but 

not at the immediate early stage that is before E1A transcription occurs. Thus, I could 

not conclude that increased level of VII protein in the E1A enhancer region causes 

inhibition of E1A transcription in IFN-treated cells. 

In addition to triggering the formation of STAT transcription complexes, IFNs can 

also regulate target gene expression by altering the epigenetic signature at ISG 

promoters (152). This prompted me to examine the enrichment of different epigenetic 

markers at the E1A promoter region plus and minus IFN treatment. Acetylation of 

histone H3 at lysine 9 (H3K9Ac) and tri-methylation of histone H3 at lysine 4 (H3K4me3) 

are markers of active transcription, while tri-methylation of histone H3 at lysine 9 

(H3K9me3) and lysine 27 (H3K27me3) are markers for repressed transcription (153). I 

tested the enrichment of these four histone marks at the E1A enhancer, transcription 

start site (TSS), as well as the coding region (CDS) (Figure 3-13A). I did observe a slight 

increase in repressive histone marks at the E1A enhancer in IFN-treated cells. However, 

there was also a slight enhancement of the activtion mark H3K4me3 at the same region. 

IFNs did not significantly change the H3K4me3 and H3K9me3 protein levels (Figure 3-

13B).  

Histone H3 has three very similar variants H3.1, H3.2 and H3.3 (154). Histone 

H3.1 and H3.2 are primarily expressed at the S-phase and incorporated into 

nucleosomes during DNA synthesis (155, 156). H3.3 is a non-canonical histone H3 

variant that is expressed throughout the cell cycle. Histone H3.3 is deposited at  
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chromatin in replication-dependent and replication-independent manner (156)and marks 

active chromatin(157). A recent study revealed that H3.3 was associated with the Ad 

genome at the early stage of infection (29). Thus, I want to know whether IFNα and IFNγ 

prevented the deposition of H3.3. I generated two HDF-TERT-derived cell lines that 

stably express HA/Flag-tagged H3.1 or H3.3 at their C-terminus. Western blot showed 

that tagged H3.1 and H3.3 were expressed at similar levels as determined using anti-

Flag antibody (Figure 3-13C), and the expression level of tagged-H3.3 was comparable 

to endogenous H3.3 (Figure 3-13C, left). ChIP experiments showed that there was 

relatively more H3.3 associated with the E1A enhancer region compared to H3.1 at 18 hr 

post-infection following IFN treatment (Figure 3-13D). IFN treatment also slightly 

increased the enrichment of H3.3 at the cellular GAPDH gene, suggesting this increase 

is probably due to sample variability. More importantly, this observation opposes the 

hypothesis stated above that IFNs inhibit E1A expression by altering chromatin structure. 

3.4 Discussion 

For decades, the regulation of Ad replication by innate and adaptive immunity 

was poorly understood. This is largely due to the lack of a good animal model and 

utilizing cancer cell lines to study viral replication in tissue culture. It is known that Ads 

evolved several means to antagonize IFN signaling. As a result, Ad infection is resistant 

to IFN treatment in multiple established cancer cell lines. Here, I demonstrate that type I 

and type II IFN signaling leads to the repression of both WT Ad5 and E4-ORF3 mutant 

immediate early gene expression in normal human cells, NHBEC and HDF-TERT cells. 

This reduction in E1A expression leads to suppression of all subsequent aspects of the 

viral life cycle. Complementation by expression of the E1A transactivation protein 

reversed the inhibitory effects of IFN signaling on Ad replication demonstrating that this 

is the sole viral defect in IFN-treated cells. In previous experiments, IFNα caused a 
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modest reduction in Ad5 E1A and DBP expression and an approximate 5 to 8- fold 

reduction in viral replication and virus yield in Ad5-infected human foreskin fibroblasts 

and NHBEC (115). The mechanism of IFNα activity was not determined. We attribute 

differences in these assays to the profound effects of IFNs in our studies to differences 

in infection multiplicity and IFNα concentration since other aspects of these analyses 

were very similar. 

I consistently detect a two-fold reduction of inORF3 viral replication and early 

gene expression in HDF-TERT cells compared to WT dl309, which agrees with the 

observation in cancer cell lines reported previously (Figures 3-3, 3-4 and data not 

shown)(158). IFNα and IFNγ did exhibit stronger inhibition of inORF3 virus yield 

compared to dl309. This suggests that E4-ORF3 might have a novel function at the later 

stage of infection. However, generally speaking, dl309 and inORF3 exhibited nearly 

identical phenotypes in HDF-TERT cells.  Moreover, transient expression of E4-ORF3 

protein did not enhance dl309 replication in IFN-treated samples (Figure 3-8C), and 

knockdown of PML-NB proteins did not rescue inORF3 replication (Figures 3-10 and 3-

11). Collectively, I conclude that in normal human cells, E4-ORF3 only has negligible 

effects on counteracting IFN signaling.  

In this chapter, I also showed that repressed E1A expression is correlated with 

decreased enrichment of GABP at the E1A enhancer region in vivo in IFNα- and IFNγ-

treated cells. Micrococcal nuclease and ChIP assays indicated that IFNs did not impede 

the deposition of cellular histone H3 and assembly of the viral genome into a chromatin-

like structure at the immediate early stage of infection. It suggests that inhibition of 

GABP binding to the E1A enhancer by IFNs was irrelevant to the overall accessibility of 

the Ad genome. 

PML-NBs have established intrinsic and IFN-induced activity against many 

herpesviruses (159, 160) which prompted me to examine if resident PML-NB proteins 
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Daxx, PML or Sp100 inhibited Ad replication in HDF-TERT cells, plus or minus IFN 

signaling. These activities were knocked-down individually and combinatorially using 

shRNAs. Depletion of these proteins singly or in combination did not alter the inhibitory 

effect of IFNs on Ad replication in a significant manner (Figure 3-10 and 3-11). There 

was some variation among the cell lines on Ad5 infection minus IFN that we attribute to 

clonal variation. The lack of effect of these proteins on Ad replication, plus or minus IFN 

signaling, in comparison to herpesviruses may reflect the nature of the viral genomes 

within the virus particle. Herpesviruses contain naked viral DNA that may be easily 

recognized by cellular pattern recognition receptors to trigger IFN signaling and 

suppress virus infection (161). In contrast, the Ad genome is coated by a histone-like 

core protein that may protect the genome from such recognition (162). Consistent with 

this idea, our lab previously showed that Ad core protein VII protects the viral genome 

from recognition by the DNA damage machinery (28). Thus, Ad may be resistant to the 

effects of PML-NBs in specific contexts. 

Primary human cells, e.g. NHBEC, are difficult to obtain, and costly to maintain in 

culture. There is also considerable variation in population and preparations. HDF-TERT 

cells have many advantages in the Ad study. HDF-TERT cells were immortalized by 

human telomerase and maintained more characteristics of primary cells compared to the 

cells that were immortalized by viral oncogenes. Despite high particle:PFU ratio of Ad in 

HDF-TERT cells compared to that in A549, HDF-TERT cells are permissive to Ad 

infection and yield similar level (>109 PFU/ml) of infectious particles as A549 cells. In 

addition to IFN studies, HDF-TERT cells were also suitable for the studying the early 

events of Ad infection, since Ad has a prolonged life cycle in those cells. For instance, Ad 

particles take 6 hr to reach the nucleus (<45 min in epithelial cells), and potentially we 

can utilize HDF-TERT cells to study individual steps of virus cytoplasmic trafficking in 
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more precise time frames. I established a novel system to study Ad infection in the 

context of its natural host cells. 
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Chapter 4 The Role of IFNs in Establishment of Adenovirus 

Persistent Infection 

 

4.1 Introduction 

4.1.1 E2F/Rb Family Proteins, Cell Cycle Control and Adenovirus 

It is well accepted that cancer cells have a characteristic feature of dysregulated 

proliferation control. The crucial factor in cell cycle control is linked to the retinoblastoma 

(Rb), a tumor suppressor that governs the G1/S transition to prevent unrestrained S-

phase entry. Rb exerts its antiproliferation effects by regulating the expression of genes 

that are required for DNA replication and mitosis via the E2F family of transcription 

factors (130, 131, 163). Typically Rb protein remains in an inactive, hypophosphorylated 

state, which binds the transactivation domain of E2F to repress E2F target gene 

expression. Upon the activation of cyclin-dependent kinase 4 (CDK4) and CKD6 by 

cyclin D, CDK4/6 initiates the phosphorylation of Rb, and continued by CDK2, resulting 

in the hyperphosphorylation of Rb through S-phase and mitosis. Hyperphosphorylated 

Rb dissociates from E2F-Rb complexes, which results in the relief the repression of E2F 

target genes. When cell cycle progresses to the M/G0 transition, Rb is dephosphorylated 

by phosphatases and returns to the hypophosphorylated state that forms the complex 

with E2F proteins and represses E2F target gene expression. The aberration of the Rb–

E2F pathway is frequently found in cancer, including Rb mutations, overexpression of 

CDK4, and loss of the CDK4 inhibitor p16INK4A, which agrees with the essential role of Rb 

in regulating G1/S transition (131, 164). There are eight different E2F proteins, E2F-1 to 

E2F-8; E2F-6, E2F-7 and E2F-8 do not a contain transcriptional activation domain and 

Rb family (pocket protein) binding domains. E2Fs form heterodimers with DP proteins, 
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which stabilize E2F-DNA interaction and stimulate target gene expression. The 

transcription activities of E2Fs are suppressed by pocket proteins, including Rb and two 

Rb-like proteins, p107 and p130. E2F-1, E2F-2 and E2F-3 preferentially interact with Rb, 

while E2F-4 and E2F-5 interact with p107 and p130. 

Virus infection also involves deregulation of Rb function and drives S-phase 

entry, to make the cellular environment preferable for viral replication. The Ad E1A 

protein is one of the well-characterized viral oncogenes. E1A directly interacts with Rb at 

the E2F-interaction domain, and displaces Rb from E2Fs. This also occurs with pocket 

proteins p107 and p130. As mentioned in Chapter 1, E2F binds to two distinct E2F 

binding sites in the E1A enhancer region in vitro, but the deletion of both E2F sites does 

not influence E1A expression in Hela cells. It is still unclear whether E2Fs or E2F/pocket 

proteins are associated with the E1A enhancer in vivo. The Ad E2 promoter also 

contains an inverted E2F binding site. Induction of E2F binding to the E2 promoter in 

vitro is correlated with transcription activation of this promoter in vivo (165-170).  

4.1.2 Adenovirus Latency 

Primary Ad infection occurs in the epithelial cells of the nasopharyngeal mucosa, 

producing progeny virus, followed by a latent infection in the mucosa-associated 

lymphoid tissue. Previous studies demonstrated that T lymphocytes at tonsil and 

adenoid tissue are the primary reservoir for latent adenovirus (171, 172) which is defined 

as cells harbor Ad genome, but very little infectious virus and hexon are produced. 

Disseminated Ad infection can cause significant morbidity and mortality in 

immunocompromised individuals and transplantation recipients, which is suspected to 

originate from latent Ad infection. Currently, little is known about the mechanism of Ad 

latency and reactivation. So far, there are only two independent studies attempting to 

model Ad latency/persistence in vitro. The fate of Ad infection of lymphocyte cell lines is 
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cell type-dependent and serotype-dependent. In the Jurkat cell line, Ad5 entered a lytic 

life cycle, characterized by high progeny virus titer and cell lysis (173, 174). In contrast, 

Ad5 established true latency in BJAB cells, a Burkitt lymphoma cell line, which is defined 

as a high frequency of Ad5 positive cells, but very low amount of progeny virus 

production and viral gene expression. The persistent infection model was also obtained 

in Ramos, a Burkitt's lymphoma cell line, and KE37, a T cell lymphoma cell line, which 

produce a high level of viral genomes and intermediate levels of viral proteins.  

4.2 Specific Aims and Significance 

In the last chapter, I showed that IFNα and IFNγ block the recruitment of GABP 

to the E1A enhancer without altering Ad genome chromatin structure. IFNs may also 

induce the binding of a transcriptional repressor(s) to the E1A enhancer to inhibit E1A 

transcription. In this chapter, I aimed to identify a cis element that negatively regulates 

E1A expression in response to IFN signaling. I also wanted to explore the role of IFNs in 

the establishment of Ad persistent infection. 

By screening a series of viruses containing mutations at the left end of Ad5 

genome, I discovered that the repression of E1A expression by IFNs requires the E2F 

binding site at Ad nt 280, and this E2F site is conserved among primate Ads. I also 

established an Ad persistent infection model in vitro and demonstrated that IFNγ 

suppresses productive Ad replication in a manner dependent on the conserved E2F 

binding site in the E1A enhancer. By comparing the properties of wild-type and E2F site 

mutant viruses, I show that the IFN–E2F/Rb axis is critical for restriction of Ad replication 

to promote persistent viral infection. These results reveal a novel mechanism by which 

adenoviruses utilize IFN signaling to inhibit virus replication to promote persistent 

infection in the host. 
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4.3 Results 

4.3.1. IFN Signaling Inhibits E1A Expression via a Cis-acting Repressor Element 

I hypothesized that IFNs might induce the binding of a transcriptional repressor to 

the E1A promoter/enhancer region. To address this question, I examined the effect of 

IFNs on E1A expression using a panel of existing (97, 98, 133) and newly created E1A 

enhancer region mutants (Figures 4-1A and 4-1B). The E1A enhancer overlapped with 

viral packaging sequences and introducing a deletion in the E1A enhancer causes a 

defect in encapsidation. in340 virus, and its derivatives, contain packaging sequences at 

the right-end of viral genome to ensure efficient packaging. E1A expression of deletion 

mutant in340-B1, but not of the adjacent deletion mutant in340-A5, was completely 

restored in IFNγ-treated cells, and partially restored in IFNα-treated cells (Figure 4-1A). 

This finding indicated that an IFN-induced repressor binding site is located in the 

downstream half of the E1A enhancer region, corresponding to Ad5 nt 270-358. 

Consistent with this finding, E1A expression of in340-dl10 mutant, that carries the 

deletion of the entire sequence between the ITR and TATA box, was also resistant to 

IFNα and IFNγ. E1A transcription with in340-dl10 can be explained by transactivation by 

Sp1, which binds to ITR. It was also noted that basal E1A expression with mutant in340-

B1 was significantly augmented compared to the parent virus in340. To identify the 

minimal sequences required for IFN-mediated repression, I next screened a set of 

mutants carrying smaller deletions within the in340-B1 interval of the E1A enhancer 

region. Interestingly, dl309-21 (Δ271-301) and dl309-Δ271/317 exhibited significantly 

increased basal E1A protein levels and were refractory to IFN-mediated repression. In 

contrast, E1A expression with the adjacent mutants dl309-3 (Δ288-336) and dl309-

Δ317/358 was still fully repressed by IFN treatment (Figure 4C). I conclude that Ad5 
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sequences located within nt 271-288 are the target of IFN-mediated repression of E1A 

expression.  
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4.3.2 STAT6 Does Not Bind to the E1A Repressor Site in Response to IFNs 

Further analysis of the 18nt repressor site (Ad5 nt 271-288) revealed that this 

motif contains a palindrome sequence TTCN2-4GAA, the consensus STAT protein 

binding site. All STAT family proteins recognize the same palindromic core motif, but the 

number of nucleotides separating two half-palindromes renders the target specificity of 

STAT proteins. Ad nt 271-288 contains TTCGCGGGAA that be preferentially recognized 

by STAT6, but not other STATs (175). STAT6 is primarily associated with signaling by two 

cytokines, IL4 and IL13. It is also activated by the STING/TBP pathway in response to 

virus infection (176). STAT6 is phosphorylated upon its activation, and translocates into 

the nucleus to stimulate target gene expression. More importantly, STAT6 can form a 

complex with STAT2 in IFNα-treated B cells (177). But another study also implied that 

IFNγ might suppress phosphorylation of STAT6 in Th1 cells (178). HDF-TERT cells were 

incubated with ΙFNα, IFNγ, IL4 or in combination, and levels of STAT6 and 

phosphorylated STAT6 were determined by Western blot. Neither IFNα nor IFNγ induced 

STAT6 phosphorylation and expression, and IFNγ did not block the activation of STAT6 

by IL4 (Figure 4-2A). EMSA experiments indicated that STAT6 indeed bound to a 32P-

labeled probe corresponding to Ad5 nt 271-288 using nuclear extract prepared from IL4-

treated HDF-TERT cells, but not IFNγ-treated cells (Figure 4-2B). Μore importantly, 

activation of STAT6 by IL4 did not result in a reduction of dl309 early protein expression 

(Figure 4-2A, lanes 7,10 and 11). Thus, I conclude that STAT6 does not mediate IFN-

induced inhibition of Ad early gene expression. 
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4.3.3. IFN Signaling Inhibits E1A Expression via a Conserved E2F Binding Site 

To further delineate the repressor target site, linker-scanning mutants were 

generated within this region. Mutations were introduced in the core of the nt 271-288 

interval (Ad5-mut1, Ad5-mut2), in the adjacent GABP binding site (Ad5-mut4), as well as 

the flanking sequence (Ad5-mut3, Ad5-mut5)(Figure 4-1C). E2F/Rb family proteins bind 

to sequences positioned at nt 280 (TTTCGCGGGAAA) in vitro (135, 138). However, E1A 

expression in infected Hela cells was not affected by deletion of both E2F sites in the 

context of the intact E1A enhancer. Ad5-mut1 disrupts this entire sequence, and Ad5-

mut2 disrupts the core of the E2F binding site (CGCG). Ad5-mut1 and Ad5-mut2 

exhibited efficient E1A expression in the presence of IFNs, compared with Ad5-WT 

(Figure 4-1C). Basal E1A expression was increased with both mutants minus IFN. Ad5-

mut4 and Ad5-mut5 had normal basal expression levels, and E1A expression was fully 

repressed by IFNs. Ad5-mut3 was defective in E1A expression due to random mutation. 

The compelling insensitivity of Ad5-mut2 to IFNα and IFNγ strongly suggests that 

E2F/Rb family protein binding to the IFN-induced repressor site mediates suppression of 

E1A expression. 

DNA sequence alignment of the E1A enhancer regions of divergent human Ad 

serotypes revealed that the E2F binding site located between nt 270-290 is highly 

conserved (Figure 4-3A). Thus, I hypothesized that IFNs would repress viral replication 

of evolutionarily divergent Ads. IFN-treated and untreated HDF-TERT cells were infected 

with Ad3, Ad4, Ad5, Ad9, and Ad12 (subgroups B, E, C, D and A, respectively) at MOIs 

that resulted in similar levels of infection. DNA replication of all of these Ad serotypes 

was inhibited by IFNα and IFNγ treatment to different extents by both IFNα and IFNγ 

(Figure 4-3B). Next, I expanded the alignment to cover various Ad from different species 

(Figure 4-4). Overall, the E1A enhancer region is lacking DNA homology among different 

Ad species. But, strikingly, the DNA sequence alignment revealed that both E2F binding 
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sites and the second GABP site are conserved among primates, including human, 

simian, chimpanzee and rhesus, except rhesus does not contain the first E2F site. This 

raised the interesting question of why do Ads carry a cis element that restricts E1A 

expression?  

4.3.4 E2F/Rb Family Proteins Associate with the E1A Repressor Site in vitro and in 

vivo. 

The E2F/Rb pathway is disrupted in nearly all human cancers (164) and all 

previous analyzes of the E1A enhancer region were conducted using nuclear extracts 

prepared from established cancer cell lines (135, 138). Thus, I examined E2F binding to 

the E1A repressor element using HDF-TERT cells. Nuclear extract was prepared from 

HDF-TERT cells and analyzed by EMSA using a radiolabeled probe corresponding to 

the IFN-induced E1A repressor site (Ad5 nt 271 to 288)(Figure 4-5A). Multiple DNA-

protein complexes were observed that were identified using specific antibodies to 

E2F/Rb family proteins. The fastest migrating complex contained E2F-4 and DP-1 while 

slower migrating complexes contained E2F3/DP1/Rb and E2F1/DP1/Rb (Figure 4-5A 

lanes 2–4, 8, 12 and 13). The complexes with the slowest migration contained E2F-

4/DP1 with p107 or p130 (lanes 5–8). The specificity of each antibody was ensured by 

competition using the corresponding peptides used to generate the antibodies (data not 

shown). Identical complexes were observed using nuclear extracts from IFN-treated 

HDF-TERT cells (Figure 4-5A, lanes 14–16). I performed ChIP experiments to evaluate 

the enrichment of Rb family proteins at the E1A enhancer early after infection with or 

without IFN treatment. These results showed an increase in Rb association and p107 

with the E1A enhancer region following IFNα and IFNγ treatment, respectively (Figures 

4-5B and 4-5C, 2-fold and 5-fold, respectively). The binding of Rb and p107 to the E1A 

enhancer of Ad5-mut1 was reduced 4-fold compared to wild-type Ad5 without IFN 
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treatment, and no significant increase in binding of either of these proteins to Ad5-mut1 

was observed following IFN treatment (Figures 4-5B and 4-5C). These results 

demonstrate that IFN treatment induces the binding of repressive E2F/Rb complexes to 

the E1A enhancer region following IFN treatment. The reduction in Rb and p107 binding 

to near background levels with Ad5-mut1 suggests that E2F family proteins primarily 

associate with the downstream E2F site centered at the IFN-induced repressor site 

rather that at the upstream E2F binding site. This conclusion is consistent with the E1A 

enhancer mutant screen where a mutant in the upstream E2F binding site showed 

repression of E1A expression following IFN treatment (Figure 4-1A, dl309-A5). Protein 

p107 does not associate with the E1A enhancer in the untreated cells, but it is recruited 

by IFNγ signaling pathway. 

I also performed EMSA experiment using nuclear extract prepared from HDF-

TERT-E1A cells, in which IFNα and IFNγ failed to inhibit Ad E1A expression and viral 

replication. There were three DNA:protein complex identified, E2F-3/DP-1, E2F-4/DP1 

and E2F-1/DP1/Rb (Figure 4-5D). In comparison to DNA:protein complexes formed in 

HDF-TERT cells, I found E2F-3 was released from repression by Rb, and the 

association of p107 and p130 to the E1A enhancer was completely diminished in HDF-

TERT-E1A cells (Figure 4-5D). This strongly suggests that p107 and p130 might be the 

primary mediators for IFN-induced repression of E1A gene expression. 

4.3.5 Releasing E2Fs from Pocket Proteins Mimics IFN Signaling 

PD0332991 (Palbociclib) is a specific CDK4/6 inhibitor and can cause cell cycle 

arrest through dephosphorylation of Rb family proteins (179). To avoid changes in Rb 

family protein phosphorylation by contact inhibition, low-density HDF-TERT cells were 

incubated with PD0332991 and Rb, p107 and p130 phosphorylation was evaluated by 

Western blot. Rb, p107 and p130 were quickly dephosphorylated within 6 hr of 
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PD0332991 addition (Figure 4-6B, 0 hr post-infection) although growth arrest was not 

evident until later times (Figure 4-6A). PD0332991 inhibited Ad5-WT replication whereas 

Ad5-mut1 replication was increased (Figure 4-6D); these results correlated with E1A and 

E2A DNA binding protein (DBP) expression levels (Figure 4-6C). Thus, PD0332991 

treatment mimicked the effects of IFNs. It is well established that the E1A 12S protein 

can directly interact with Rb family proteins, leading to their dissociation from E2Fs and 

activation of E2F target gene expression (127). Ectopic expression of the E1A12S 

protein significantly restored Ad5 replication in the presence of IFNs (Figure 4-6F); IFN 

treatment did not reduce E1A 12S protein expression with the vector used in these 

experiments (Figure 4-6E). Collectively, these experiments reveal that IFNs inhibit Ad 

replication and E1A expression via E2F/Rb family proteins and IFN induction of 

transcriptional repressor activity.  

It is well known that IFNs have anti-proliferative properties and can inhibit the 

growth of cells from multiple hematological malignancies (180). IFNα and IFNγ can 

induce the expression of p21 and p27, cyclin kinase inhibitors (CKIs), ultimately leading 

to decreased phosphorylation of Rb and the formation of repressive E2F-Rb complexes 

(181-183). There were no changes in the expression of CKIs p27 and p16 when HDF-

TERT cells were incubated with IFNα and IFNγ for 24, 48 or 72 hr (Figure 4-7A), as well 

as ΙFN-treated HDF-TERT-E1A cells and Ad-infected cells (Figure 4-7B). Expression of 

the CKI p21 was not detectable in HDF-TERT cells (Figures 4-7A and 4-7B). Due to 

contact inhibition, Rb, p107 and p130 were dephosphorylated at 72 hr. There was 

slightly more loss of phosphorylated Rb, p107 and p130 in IFN-treated cells than 

untreated cells. However, it is hard to correlate the dramatic inhibition of Ad replication 

with the negligible effects on pocket protein phosphorylation. Consistent with the EMSA 

result that p107 and p130 do not associate with the E1A enhancer when E1A is 
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expressed, there were no detectable levels of phosphorylated p107 and p130 (Figure 4-

7C) suggesting HDF-TERT-E1A lost the normal cell cycle control. This evidence 

emphasizes the important role of pocket protein in regulating Ad E1A expression in 

normal human cells. 

4.3.6 IFI16 is not Required for IFN-mediated E1A Repression 

IFI16, a HIN-200 family protein, senses intracellular viral DNA leading to IRF3 

activation and IFNβ expression (161). Ectopic expression of IFI16 in prostate cancer cell 

lines increases p21 expression and inhibits E2F-stimulated transcription (184-186). 

Taken together, these results suggested that IFI16 might regulate global E2F 

transcription activity upon IFN treatment in HDF-TERT cells. I generated three 

independent pools of IFI16 knockdown cells, shIFI16-1-1, shIFI16-1-2 and shIFI16-3-1; 

IFI16 expression was significantly depleted in all cell pools, compared to control cells 

(Figure 4-8A, top). Although treatment of the IFI16 knockdown cells with IFNs slightly 

increased IFI16 protein levels, it was still less than that in untreated control cells (Figure 

4-8A, bottom). When IFI16 protein was depleted, Ad5 replication was still inhibited by 

IFNα and IFNγ treatment to the extent observed in control cells (Figure 4-8B). Thus, I 

conclude IFI16 is not required for IFN-mediated repression of Ad5 replication.  

4.3.7 The IFN-regulated Repressor Element in the E1A Enhancer Region is 

Important for the Establishment of Persistent Ad5 infection 

Previous studies demonstrated that T lymphocytes in tonsil and adenoid tissues 

are the primary reservoirs for latent Ad (187, 188). As important cytokines mediating 

innate and adaptive immunity, type I and type II IFNs could inhibit Ad replication and 

promote the establishment of persistent infection. The conserved IFN-induced repressor 

element in the E1A enhancer region may be involved in Ad latency by repressing E1A 

expression in response to IFNs and allow Ad to evade immune surveillance and 
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clearance. To test this hypothesis, HDF-TERT cells were infected with dl309 and 

inORF3 at low MOI in the presence or absence of IFNs. Infected cells were cultured for 

an extended period of time and the production of infectious virus quantified by plaque 

assay (Figure 4-9A). During the first 10 days of infection, no cytopathic effect was 

observed in any infected cells. In the absence of IFNs, peak virus yield was reached at 

10 days post-infection (~108 PFU/ml). Full cytopathic effect was observed at 15 days 

post-infection. In contrast, in IFN-treated cells, virus yields gradually increased over 25-

30 days, giving a peak of 1-2x107 PFU/ml. IFNα postponed the onset of cytopathic effect 

in dl309 and inORF3 infected cells until 45 days post-infection. IFNγ also postponed the 

onset of CPE until 45 days post-infection. In contrast, in IFNγ-treated dl309-infected 

cells, no cytopathic effect was observed throughout the entire period (up to 100 days 

post-infection). These results demonstrate that both IFNα and IFNγ can promote the 

establishment of long-term Ad infection. An intermediate amount of infectious virus was 

produced throughout the course of infections with IFNγ treatment (106–107 PFU/ml) 

indicating the establishment of persistent, not latent, infection. qPCR was also performed 

to detect the different regions across the entire genome. There were similar copy 

numbers of left-end (E1A region), middle region (E2B and L2) and right-end (E4), 

suggesting that dl309 genome remained intact in persistently infected HDF-TERT cells 

(Figure 4-9B). 

Next, I examined the role of the E2F binding site in the E1A enhancer region in 

an IFN response during long-term infection of HDF-TERT cells. HDF-TERT cells were 

infected with Ad5-WT or Ad5-mut1 in the presence of absence of IFNγ. Both infectious 

virus yield and viral genome copy number were measured during the course of infection 

(Figures 4-9C and 4-9D). Ad5-WT displayed identical infection course with or without 

IFNγ treatment as compared to dl309. In the absence of IFNγ, both Ad5-WT and Ad5- 

mut1 reached peak virus production at 10 days post-infection. Cytopathic effect started 
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merging around 8 days post-infection, and full cytopathic effect was observed at 15 days 

post-infection (Figure 4-9E and data not shown). In IFNγ-treated cells, virus production 

of Ad5-WT and Ad5-mut1 gradually increased from 0 to 30 days post-infection. Ad5-

mut1 infection in the presence of IFNγ was terminated at 55 days post-infection due to 

full cytopathic effect, while Ad5-WT infection continued for 100 days without cell death 

(Figure 4-9Ε). Viral genome copy number correlated well with infectious virus yields 

throughout the course of these infections (Figure 4-9D). IFNγ-treated cells infected with 

Ad5-WT-infected were analyzed by immunofluorescence at 113 days post-infection to 

examine viral early and late gene expression in individual cells (Figure 4-9F). These 

result showed that ~40% of the infected cells were positive for viral gene expression with 

some cells expressing only early proteins and other cells expressing both early and late 

proteins.  

I also examined the fate of long-term infected cells upon the withdrawal of IFNγ. 

As shown in Figures 4-10A and 4-10B, there was no significant changes in viral genome 

copy number and infectious virus yield 5 days after IFNγ removal compared to IFNγ-

treated cells. However, significant increases in viral genome copy number and infectious 

virus yield were observed by 10 and 15 days following IFNγ removal; full cytopathic 

effect was observed by day 15 (Figure 4-10C). Collectively, I conclude that IFNγ 

treatment represses the Ad5 lytic cycle in infected HDF-TERT cells and promotes 

persistent infection, and that this effect requires the E2F binding site in the E1A 

enhancer region. 

4.3.8 Adenovirus Infection in Lymphocyte Cell Lines 

The fate of Ad following the infection of T and B lymphocyte cell lines is cell type 

and serotype dependent (173, 174). I wanted to test whether IFNs plays any role in 

promoting the establishment of Ad latency in lymphocytes. Previous studies suggested 
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that Ad5 established latency and persistent infection following infection of BJAB and 

PM1 cell lines. In contrast, Ad exhibited a lytic life cycle in the Jurkat cell line (173, 174). 

Our result of persistent Ad infection in HDF-TERT cells prompted us to test whether Ad 

can establish latent infection in PM1 and Jurkat cells with IFNγ treatment. I found all 

three cell lines responded to the IFN stimuli. STAT1 was phosphorylated by the 

incubation with 25 U/ml IFNα and IFNγ for 1 hr (Figure 4-11A), and the expression of 

STAT1 was also observed after 24 hr (Figure 4-11B) incubation with IFNs. Next, I tested 

infectivity of Ad5 in those cell lines, since it is known that lymphocyte cell lines are 

refractory to Ad infection. Three cell lines were infected with Ad5 at various MOI, and 

input viral copy numbers were measured by qPCR. In Jurkat and PM1 cells, the relative 

viral copy numbers increased as MOI increased. The infectivity of Ad in Jurkat cells was 

comparable to that in A549 cells (Figure 4-11C), while PM1 cells were comparable to 

HDF-TERT cells (Figure 4-11C). However BJAB cells were highly resistant to Ad 

infection, since input viral genome number reached a peak at 2,000 particles/cell 

infection and was not increased when the MOI was further increased (Figure 4-11C). To 

monitor virus growth by flow cytometry for an extended period, BJAB, Jurkat and PM1 

were pretreated with 100 U/ml IFNα, 200 U/ml IFNγ, or left untreated for 24 hr. To 

ensure similar input viral genome numbers, BJAB and PM1 cell lines were infected with 

Ad5-WT or Ad5-mut1 at 2,000 virus particles/cell, while Jurkat cells were infected at 200 

virus particles/cell. Infected cells, along with uninfected cells, were maintained for 12 

days, and cell density was adjusted to 2.5 x 105 cells/ml every 4 days. Virus infection 

was monitored by flow cytometry for expression of hexon protein (Figure 4-12). Infected-

Jurkat cells expressed hexon in >80% cells within 8 days following initial infection. At 10 

days post-infection, all of hexon-positive Jurkat cells died due to CPE as determined by 

Ad-mut1 replication. BJAB and PM1 cells reached the peak of hexon expression within 4 

days post-infection. At the peak of expression, less than 25% of BJAB cells and 35% 
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PM1 cells were hexon positive. IFNα and IFNγ failed to reduce Ad5-WT and Ad5-mut1 

replication in both BJAB and PM1 cells. IFNα only reduced Ad replication by 

approximately 2-fold in both cell lines, while IFNγ hardly had any effect on Ad replication. 

More importantly, hexon expresson in Ad5-WT- and Ad5-mut1-infected cells, with or 

without IFN treatment, wa reduced precipitously and fell below detection by 12 days 

post-infection. Loss of hexon expression would be an indication of latency 

establishment. The other possibility is the outgrowth of uninfected cells, since I did not 

observe hexon protein expressed in the entire cell population. Moreover, when 

lymphocytes were treated with higher concentration of IFNs (up to 500 U/ml IFNα and 

1,000 U/ml IFNγ) and infected with Ad5 at lower MOI (25 particles/cell in BJAB and PM1, 

5 particles/cell Jurkat), IFNα only exhibit 2.5- to 5-fold inhibition of Ad replication, and 

IFNγ hardly inhibited Ad replication in both Jurkat and PM1 cells (Figure 4-13A), which is 

consistent with results from flow cytometry assays. When viral protein expression was 

exanimated by Western blot, ΙFNα only has minimal effect on E1A expression (Figure 4-

13B). Thus, B and T lymphocyte cell lines did not give a viable model to study latent or 

persistent Ad infection. 

4.4 Discussion 

Adenoviruses establish two different types of infection in the host. Primary 

infection occurs in epithelial cells, e.g., the nasopharyngeal mucosa with Ad5, resulting 

in lytic infection and the production of progeny virus. Following acute infection, Ad5 

establishes latent infection in the mucosa-associated lymphoid tissue, preferentially T-

lymphocytes in tonsil and adenoid tissues (173, 188). Cellular mechanisms that regulate  

Ad lytic infection are well understood, but the molecular basis for the control of persistent 

Ad infections was not understood. In this chapter, I showed that repression of E1A 

expression by IFNs requires a conserved E2F binding site in the E1A enhancer region. 
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E2Fs can transcriptionally activate or repress gene expression depending on their 

interactions with Rb family proteins (132). IFNs augmented the binding of the tumor 

suppressors Rb and p107, well characterized E2F binding partners and transcriptional 

repressors (132), to the E1A enhancer region in vivo. Mutation of the conserved E2F 

binding site in the E1A enhancer abrogated the effects of IFNs on E1A expression and 

Ad replication. Two additional compelling results link E2F/Rb family proteins with the 

inhibition of Ad infection by IFN signaling. First, ectopic expression of the small E1A 

oncoprotein that lacks transactivation function but efficiently dissociates E2F-Rb family 

protein complexes (127) blocks the effects of IFN signaling on Ad replication. Second, 

treatment of cells with the CDK4/6 inhibitor PD0332991, which promotes Rb family 

phosphorylation and disrupts E2F-Rb complexes (179), has the same effect. Collectively, 

these results demonstrate that the IFN–E2F/Rb axis is critical for restriction of 

adenovirus replication during type I and type II IFN responses. 

Rb protein is associated with the E1A enhancer in the absence of IFN (Figure 4-

5B). The viruses that contain a mutation at the E2F site exhibited higher E1A expression 

compared to parent viruses (in340 vs. in340-B1, -dl10 and -dl12, dl309 vs. dl309-21 as 

well as Ad5-WT vs. Ad5-mut1) (Figure 4-1). Relief E2F repression from pocket protein by 

PD0332991 treatment enhanced E1A expression (Figure 4-6). Taken together, my 

results suggest that the E2F binding site in the Ad5 E1A enhancer region has effects on 

both basal and IFN-regulated immediate early gene expression. It was surprising that 

this E2F site is conserved across divergent Ad serotypes. Indeed, both IFNα and IFNγ 

treatment of cells repressed the replication of Ads in five evolutionarily distinct 

subgroups. These observations suggested that Ads may utilize the conserved E2F site 

in the E1A enhancer to suppress E1A expression in certain infection contexts, for 

example during persistent Ad infections. I established a persistent Ad infection model in 

vitro and demonstrated that IFNγ suppresses productive Ad replication in a manner 
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dependent on this conserved E2F binding site (Figure 4-9). Relief of this repression by 

removal of IFN resulted in a transition from persistent to lytic Ad infection (Figure 4-10). A 

viral mutant that lacks the conserved E2F binding in the E1A enhancer region was 

resistant to the effects of IFNs and was unable to establish persistent infection in vitro. 

IFN signaling reduced the binding of the major E1A enhancer transactivator complex 

GABPα/β to the E1A enhancer in vivo. The E2F binding site is located immediately 

adjacent to the GABPα/β binding site in the E1A enhancer. It is possible that GABPα/β 

and E2F/Rb proteins compete for binding to the enhancer given the proximity of their 

binding sites. Alternatively, IFNs may regulate the binding of GABPα/β and E2F/Rb 

family proteins to the E1A enhancer through independent mechanisms. If the 

competition binding is true, the similar level of Ad5-mut1 should be immunoprecipitated 

by GABP antibody. However, mixed results were observed, both equal and reduced 

amount of GABP was associated with Ad5-mut1 virus. IFNs may block the binding of 

GABP to both enhancer element I sites, and deletion of the second E2F binding site at nt 

280 might not sufficient to reverse the defect of GABP binding by IFNs.   

In addition to the E1A enhancer region, E2Fs bind to sites in the Ad5 E2 

promoter in vitro (137). In NHBEC and HDF-TERT cells, IFNs exhibited stronger 

inhibition of transcription from the E2A and E2B regions compared with other early 

regions (Figures 4-3A and 4-5C) consistent with the idea that E2Fs also directly 

negatively regulate E2 expression in addition to the E1A. This effect also was observed 

in HDF-TERT-E1A cells (Figure 3-7D).  

These results reveal a novel mechanism by which adenoviruses utilize IFN 

signaling to inhibit lytic virus replication and promote persistent infection. It is well 

established that IFNs fail to inhibit wild-type Ad replication in established cell lines (46, 

106, 107). The resistance of wild-type Ad to the effects of IFNs is due to multiple 

counteracting effects of viral gene products. Additionally, this is due to the nature of 
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established cancer lines that contain alterations in different signaling pathways. The 

same experimental conditions were utilized in experiments that demonstrated significant 

effects of IFNs in normal human cells but a distinct lack of effect in an adenocarcinoma 

cell line (Figure 3-3 and 3-5). Given the association of IFN signaling with E2F/Rb family 

protein function shown in our studies, The defects observed in IFN signaling in cancer 

cell lines likely due to perturbations in the regulation of E2F/Rb family members since 

the E2F pathway is mutated in numerous cancer cells (164).  

ONYX-1520, an Ad5 E1B 55K null mutant, has been used as a potential cancer 

therapy agent. The clinical data suggests that ONYX-1502 is safe, and selectively 

replicates and lyses cancer cells, but not normal cells (189). However, the further 

development of ONYX-1520 for therapeutic use in the U.S. was abandoned during 

Phase III trials in the early 2000s, in part due to the unclear mechanism of action. 

Development of the third generation of Ad-based oncolytic vectors involves taking 

advantage of hyperactive E2Fs in cancer cells to improve tumor specificity. Adenovirus 

was re-engineered by replacing viral early promoters with the cellular E2F-1 promoter, 

and/or delivering E2F-1 promoter driven transgenes (190-192). Gene expression and 

cell killing activities of these viruses are tightly regulated in normal cells in an Rb-

dependent fashion. Considering the finding that IFN-E2F/Rb axis is important for 

inhibition of Ad gene expression and replication, innate and adaptive immunity might 

reinforce the tumor selectivity of E2F-driven oncolytic Ads by selectively diminishing vial 

replication and transgene expression in normal cells. 

Though IFNs have anti-proliferation properties by manipulating the E2F/Rb 

pathway, I failed to detect any significant changes in p16 and p27 expression in IFN-

treated and untreated cells. Minimal changes of phospho-Rb and -p107 levels were 

detected in IFN-treated cells. The murine protein p202, a HIN200 family member, is an 

IFN-inducible gene product that represses gene expression via E2F4/DP1 in transient 
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expression assays (193, 194). These results and the known role of IFI16 in regulating 

cellular proliferation via CKIs, which impact E2F-Rb activity (184-186), prompted us to 

examine if the human p202 homolog, IFI16, is involved in IFN-mediated repression of Ad 

replication. Knockdown of human IFI16 in HDF-TERT cells using shRNAs (Figure 4-8). 

This result is not surprising since p202 regulates the DNA binding activity of E2F4/DP1 

(194) and I found no effect of IFNs on E2F DNA binding properties in vitro plus or minus 

IFNs (Figure 4-5A). In addition to antiviral activities, PML can induce cell senescence in 

an Rb-dependent manner (195-197). PML relocalized Rb and induced heterochromatin 

formation and silencing of E2F target genes, leading to cell cycle arrest. However, 

depletion of PML-NB proteins individually and combinatorially did not alter the inhibitory 

effect of IFNs on Ad replication in a significant manner, indicating that PML does not 

regulate the function of the Rb protein. 

I found that HDF-TERT cells infected with wild-type Ad5 continued proliferating 

without lysis over 100 days of maintenance in the presence of IFNγ (Figure 4-9). Viral 

DNA replication was restricted and maintained at a steady state level (1,000-10,000 viral 

genomes/cell). This number is comparable to persistent Ad infection in the BJAB and 

Ramos B cell lines (173). In contrast, HDF-TERT cells infected with wild-type Ad5 and 

treated with IFNα initially maintained persistent Ad infection but succumbed by day 45 

(Figure 4-9). It is not clear why cells treated with IFNα displayed this pattern of infection. 

Ad5-infected HDF-TERT cells continuously produced low amounts of infectious virus in 

these experiments suggesting that Ad established a persistent infection, rather than a 

latent infection, in the presence of IFNs. I attempted to study the effect of IFNs on the 

properties of Ad infection in lymphocytes (Jurkat and PM1 T cells and BJAB B cells). 

Even though these cells responded to IFN signaling (STAT1 phosphorylation was 

detected 1 hr after IFN treatment, STAT1 expression was induced by 24 hr, IFNα and 
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IFNγ only had a minimal effect on Ad5 replication and E1A expression. Considering 

these cell lines were derived from leukemias and lymphomas, they likely contain 

alterations in E2F/Rb signaling.  

This is the first study that probes the molecular basis of lytic versus persistent 

adenovirus infection and reveals a novel mechanism by which adenoviruses utilize IFN 

signaling to suppress virus replication and promote persistent infection. I established a 

persistent Ad infection model in vitro and demonstrated that IFNγ suppresses productive 

Ad replication in a manner dependent on the conserved E2F binding site in the E1A 

enhancer region. These results show that the IFN-E2F/Rb-E1A axis plays a crucial role 

in the establishment of Ad persistent infection.  
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Chapter 5 Summary and Future Directions 

 
In this study, I have shown that the E2F binding site located in the E1A enhancer 

is critical for regulating E1A transcription and subsequential aspects of Ad infection 

during an IFN response in normal human cells. In contrast, IFNs failed to inhibit WT Ad5 

infection in multiple established cancer cell lines. Considering cancers and tumors are 

featured by uncontrolled cell cycle division, I propose that E2F transcription activity is the 

key determinant of Ad infection in response to IFN signaling in various cell types. Cancer 

cells are often associated with aberrant regulation of the E2F/Rb pathway. Disruption of 

Rb family proteins, activating mutations in cyclinD or CDK4/6, or inactivating mutations 

in the CDK inhibitors leads to a high level of transcriptionally active E2Fs. Thus, in 

cancer cells, IFNs are not able to modulate the transcription activities of E2Fs and Ad 

infection is insensitive to IFN signaling (Figure 5). While in normal cells, the E2F/Rb 

pathway is intact, E2F transcription activity is controlled by pocket proteins, and E2F/Rb 

can also be regulated by IFNs. When Ad infects normal cells, E1A transcription is 

activated by the cellular GABP proteins. Upon IFN stimuli, pocket proteins are enriched 

in the E1A enhancer to represses E1A transcription. IFNs also prevent the binding of 

GABP to the E1A enhancer. Consequently, E1A expression is repressed by IFNs in 

normal cells and Ad infection exits from a lytic life cycle and enters a persistent state 

(Figure 5). 

Although I demonstrated that the IFN-E2F/Rb axis is essential to control E1A 

transcription, I did not identify the mediator(s) that bridges IFNα/γ to E2F/Rb activity. My 

data suggested that IFNs are unlikely to modulate E2F/Rb activity canonically. This is 

because: 1) expression levels of the CDK inhibitors, p16 and p27, are not altered by 
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IFNs in both infected and uninfected HDF-TERT cells (Figure 4-7A and 4-7B); 2) 

dephosphorylation of Rb, p107 and p130 are not significantly detected IFN-treated HDF-

TERT cells (Figure 4-7C); and, 3) the interaction between E2Fs and pocket proteins is 

not significantly altered by IFNs as determined using a coIP approach (data not shown). 

Rb associates with the E1A enhancer in the absence of IFN, while p107 is only recruited 

to the E1A enhancer following IFNγ treatment. Μοreover, p107 and p130 only bind to the 

E2F site at Ad nt 280 in vitro using nuclear extract prepared from HDF-TERT cells, but 

not HDF-TERT-E1A cells. I speculate that p107 and p130 are the key players regulating 

E1A expression in response to IFNs, but not Rb. A multisubunit DREAM (DP, Rb-like, 

E2F and multi-vulval class B [MuvB]) complex is a cell cycle regulator that is only 

assembled at G0 phase to repress all cell cycle-dependent gene expression. The 

DREAM complex contains p107/p130, DP, E2F4/5 and five MuvB proteins (LIN9, LIN37, 

LIN52, LIN54 and RBBP4) (198). Phosphorylation of LIN52 at Ser28 by dual-specificity 

Yak1-related kinase 1A (DYRK1A) triggers the association of MuvB with the 

p107/p130/E2F complex (199). Interestingly, E1A has been shown to interact with 

DYRK1A via its CR4 region, but the functional significance of this interaction is not fully 

elucidated (200). Taken together, I postulate that IFNs might induce the formation of the 

DREAM complex at the E1A enhancer region to repress E1A expression. The following 

approachs should be useed to test this hypothesis: 1) phosphorylation of LIN52 minus 

and plus IFNs can be assessed by Western blot--phosphorylated LIN52 can be easily 

distinguished from unphosphorylated form based on protein mobility on a SDS-PAGE 

gel; 2) the formation of the DREAM complex can be examined by a coIP assay--Rb-like 

proteins, p107 and p130, can be immunoprecipitated using specific antibodies, and then 

LIN52 and other MuvB proteins can be detected by Western blot; 3) the laboratory of Dr. 

James A. DeCaprio (Dana Farber Cancer Center) established three BJ-hTERT cell lines, 

a TERT-immortalized human skin fibroblast cell line stably expressing V5-tagged WT 
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LIN52 or the LIN52 S28A mutant, or LIN52-shRNA. If the DREAM complex mediates the 

IFN-induced anti-Ad effect, WT Ad5 replication and E1A expression should be resistant 

to IFN signaling in both LIN52 S28A-expressing and LIN52 shRNA cell lines. LIN52 can 

also be pulled down using V5-tag from BJ-hTERT-WT LIN52 cells, and then Western 

performed to detect p107 and p130 in the presence and absence of IFNα/γ; and 4) 

Harmine, a DYRK inhibitor, blocks the assembly of DREAM complex. If harmine 

treatment enhanced E1A expression in IFNγ-treated HDF-TERT cells, it suggests that 

IFNs inhibit E1A transcription in a DREAM complex-dependent manner. In addition to 

CDK inhibitors and the DREAM complex, we could also examine mRNA levels of a full 

panel of cell cycle proteins using an RT2 ProfilerTM PCR array (Qiagen Cat. No. PAHS-

020Z) to identify the proteins that are regulated by IFΝα/γ in HDF-TERT cells. 

It is known that IFNs also activate MAPK and PI3K signaling cascades 

independent of STAT proteins (61). JNK1, also known as MAPK8, reduces DNA binding 

activities of E2F-1 while p38 can inactivate Rb (201). We could examine the activation of 

MAPK and PI3K as well as their downstream effectors in IFN-treated HDF-TERT cells. If 

all of the proposals above failed, a screening of kinase inhibitors should be conducted to 

identify the inhibitor(s) that counteracts IFN-induced anti-Ad activity. 

I only observed the changes of GABP and pocket proteins enrichment in the E1A 

enhancer region by IFNs in vivo, but not in vitro (Figure 3-9 and 4-5). An unbiased 

protemic approach needs to be established to isolate the E2F/Rb co-factor(s), or other 

repressors associated with the E1A enhancer, only in the presence of IFNs. I propose to 

perform a reverse ChIP experiment, which requires the efficient capture of a DNA 

sequence of interest followed by analysis of DNA-bound proteins by mass spectrometry. 

Particularly, two approaches are reported for the identification of proteins associated with 

specific genomic loci. Dejardin and Kingston developed a proteomics approach using a 
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chromatin segments isolation strategy (PICh) to recover telomere-associated proteins 

(202). This approach does not require genetic engineering of the target sequence. 

Briefly, cells were fixed and denatured, and chromatin was hybridized with a 

desthiobiotinlated probe. Then the chromatin-probe complex was pulled down using 

biotin beads. The chromatin-associated proteins were subjected to MS for identification. 

PICh requires a large amount of material, and it is very challenging to achieve the 

requirement if the Ad infection was carried out using the ChIP conditions described in 

Chapter 2, Materials and Methods. However, HBEC3-KT cells, primary human bronchial 

epithelial cells immortalized by CDK4 and hTERT, are permissive to Ad5 infection and 

E1A expression is inhibited by IFNα and IFNγ (data not shown). Thus, we could infect 

HBEC3-KT cells at 100-200 particles/cell to achieve higher input viral genome copy 

number as compared to HDF-TERT cells, and then carry out PICh at the early stage of 

infection. Pourharzad and colleagues established another approach named targeted 

chromatin purification (TChP) (203). TChP takes advantage of the specific interaction 

between tetracycline repressor (TetR) and tetracycline operator (TetO) to enrich the 

genome locus that has been engineered with TetO sites. Ad has low infectivity in HDF-

TERT cells compared with that in A549 or NHBEC cells, ~1-4 viral genomes enter the 

nucleus when cells are infected at 200 virus particles/cell. TChP is more promising since 

it has been applied for pull-down of the γ-globin locus with only 2 copies per cell. I 

propose to utilize TChP to identify proteins that recruited to the E1A enhancer region in 

response to IFN treatment: 1) a replication-deficient Ad5 carrying TetO sites upstream of 

the E1A enhancer can be constructed. I propose to replace the E1A coding region with 

GFP sequences, and then insert 7 copies of the TetO sequence (7xTetO) between the 

ITR and E1A enhancer. This GFP-expressing Ad, named as Ad-ENH-GFP, can be used 

for the study of E1A transcription solely without viral protein expression and replication. 

Theoretically, the fluorescent intensity of GFP protein reflects the expression level of E1A 
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during Ad infection, and can be determined by fluorescence microscopy or flow 

cytometry rapidly; 2) TetR3T is a triple-tagged TetR protein with a CFP-3xNLS-HA tag-

biotinylation triple tag fused to TetR DNA binding domain at the C-terminus (203). The 

TetR3T protein enables sequential purification using anti-HA and streptavidin beads. 

Coding sequences of TetR3T and BirA biotin ligase will be inserted into lentiviral 

expression vectors, and HDF-TERT cells will be transduced with TetR3T and BirA 

expressing lentivirus; 3) If we could successfully detect GABP by Western blot from Ad-

ENH-GFP infected HDF-TERT-TetR3T/BirA cells following TChP, we could infect IFN-

treated and -untreated cells with Ad-ENH-GFP virus on a larger scale, and uses MS to 

identify the proteins specifically enriched at the E1A enhancer in IFN-treated cells. This 

is a very attractive approach that potentially could be applied in the study of different 

viral promoters at different stages of Ad infection. 

I showed that the enrichment of GABP to the E1A enhancer was negatively 

correlated with that of E2F/Rb family protein binding in vivo. One possibility is that GABP 

and E2F/Rb proteins compete for binding to the enhancer given the proximity of their 

binding sites. The other possibility is that IFNs may regulate the binding of GABP and 

E2F/Rb family proteins to the E1A enhancer through independent mechanisms. I failed 

to answer this question using an EMSA assay because the formation of GABP-DNA and 

E2F/Rb-DNA complexes in vitro requires different non-specific competitors. When either 

the 18nt probe or GABP probe was used in EMSA, IFNs did not alter the pattern of 

protein-DNA complexes (Figures 3-9F and 4-5A), suggesting that it is likely that GABP 

and E2F/Rb are competing for binding in the E1A enhancer in vivo. If IFN regulated 

GABP and E2F/Rb activities independently, reduced GABP binding and enhanced 

E2F/Rb binding should also be observed in vitro. However, further analysis needs to be 

carried out. I attempted to quantify the enrichment of cellular proteins in the E1A 
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enhancer at the input virus level; it is not feasible to perform a ChIP-re-ChIP assay to 

evaluate co-occupation of GABP and pocket proteins. I can introduce the mut1 mutation 

into dl309-194/243 that does not contain GABP and E2F binding sites at Ad nt 200. If 

IFNs were still able to block the binding of GABP to this dl309-194/243-mut1 virus, it 

means IFNs regulate GABP and E2F/Rb family proteins independently. In contrast, if 

GABP and E2F/Rb family proteins compete with each other then a similar level of GABP 

would be detected in the E1A enhancer region of dl309-194/243-mut1 minus and plus 

IFNs.  

So far, it is an open area of research to establish persistence and latency models 

of Ad infection in vivo. Although I successfully established a persistent infection model of 

Ad5 in vitro, it is not clear whether IFNγ promotes Ad persistence or latency in vivo. To 

address this question, we are collaborating with Dr. William S. M. Wold, (Saint Louis 

University, Missouri) to test our hypothesis in a Syrian hamster infection model using WT 

Ad5 and Ad5-mut1 viruses. We expect that Ad5-mut1 may have a more pronounced 

acute phase of infection and/or exhibit reduced persistent or latent infection compared to 

Ad5 WT. IFNα and IFNγ only have negligible effects on WT Ad5 E1A expression as well 

as viral replication in human B/T lymphoma cell lines (Figure 4-12 and 4-13). Ad infection 

is host species restricted, but Ad5 can infect mouse embryonic fibroblasts (MEFs) with 

low infectivity (data not shown). Ad5 E1A expression and viral replication are repressed 

by mouse IFNγ (mIFNγ) in MEFs (data not shown). In the next step, we should infect 

mouse T lymphocytes with WT Ad5 and Ad5-mut1 and test whether mIFNγ is sufficient 

to driven Ad infection into latency. 

IFN signaling induces the expression of hundreds of ISGs. I did not rule out the 

possibility that certain ISGs might participate in the repression of E1A transcription. 

Considering that fact that the E4-ORF3 protein only plays a minor role in IFN signaling in 

normal human cells, Dr. Hearing and I have generated a GFP-tagged Ad5 whose E4-
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ORF3 coding sequences were replaced by the GFP gene. This virus replicates similarly 

to Ad5 WT and is sensitive to IFNα and IFNγ in HDF-TERT cells (data not shown). GFP 

expression is correlated with viral replication as determined by flow cytometry (data not 

shown). As an ongoing collaboration, the laboratory of Dr. Charles M. Rice (Rockefeller 

University) is conducting a high-throughput screen to identify the ISGs that inhibit Ad 

replication in STAT1-/- MEFs (204) 
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Appendix 

 
Upon entering the host cell, adenovirus will encounter multiple cellular sensing 

molecules triggering cellular defensive responses, such as an IFN response and a DNA 

damage response. However, the dynamic interactions between the Ad genome and 

these sensing molecules, as well as inhibitory factors, are largely unclear. This prompted 

us to develop a proper method to label the Ad genome by fluorescent probes to enable 

the monitoring of virus-host interactions, especially PML nuclear bodies (PML-NB), in 

live cells in real time. 

The interplay between herpesviruses and PML-NBs has been well characterized 

(103-105, 124, 160, 205-217). For instance, HSV-1 immediate early protein ICP4 is a 

viral transcriptional activator, and it strongly associates with viral genomes and is 

frequently used as the marker for the site of viral DNA. Thus, fluorescent protein tagged 

ICP4 has been widely used for the study of the interaction between HSV-1 genome and 

PML NBs (205). For Ad, the immediate early protein E1A is also a transcriptional 

regulator and it is indispensable for activation of Ad gene expression. However, E1A 

does not directly bind with Ad genome; it regulates viral protein expression by 

modulating activities of cellular transcriptional factors (99). Moreover, E1A exhibits a 

diffuse nuclear localization pattern. Thus, it cannot be used for detection of the Ad 

genome. Furthermore, early proteins cannot be used to monitor the events before early 

gene expression occurs. It is ideal to label the viral proteins that are associated with the 

Ad genome within the virus particle and deliver such proteins into the nucleus along with 

the Ad genome. As discussed in chapter 1, Ad protein VII is one of the major core 

proteins. It is known there are approximated 800-1,000 copies of VII associated with the 

viral genome within the virion (218, 219). Protein VII stays bound to the parent Ad 
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genome until the transcription of E1A gene occurs (151). Thus, Ad core protein VII is 

ideally suited as a marker of the Ad genome during the early stages of infection. In order 

to study the immediate early events of Ad infection, we aimed to develop a strategy to 

visualize in live cells both the virus genome and PML-NBs simultaneously. 

Α.1 Visualizing PML NBs in HDF-TERT Cells 

It is well established that fluorescent protein-tagged Sp100 protein can be utilized 

for visualization of PML-NBs in live cells (220). Lentiviral vector pLenti/V5-

mCherrySp100 was kindly provided by Dr. Roger Stamminger. This plasmid expresses 

Sp100A (Sp100 isoform A) fused with red fluorescent protein, mCherry, at its N-terminus. 

It was also used as the backbone for the construction of an eGFP-tagged Sp100 vector. 

The eGFP coding sequence was generated by PCR amplification using primers eGFP-

Sp100-SpeI and eGFP-Sp100-2-2 together with plasmid pEGFP-C1 (Clontech) as the 

template. In parallel, the Sp100 coding sequence was amplified with primers eGFP-

Sp100-3 and eGFP-Sp100-MluI together with pLenti/V5-mCherrySp100 as the template. 

mCherry and eGFP share the identical 5' and 3' sequence, and eGFP-Sp100-2-2 and 

eGFP-Sp100-3 are complementary with each other. EGFP-Sp100 fusion gene was 

generated by overlapping PCR and inserted into the pLenti/V5-mCherrySp100 via SpeI 

and MluI (Figure A-1A and A-1B). Lentivirus stocks were generated by cotransfection of 

293FT cells with packaging vectors, pLP1, pLP2, and pLP-VSVG, in combination with 

the respective Sp100-expression vectors. Low passage HDF-TERT cells were 

transduced with undiluted lentivirus stock overnight. Stably-transduced pools of cell 

populations were selected using 1 µg/ml blasticidin. HDF-TERT cells were also 

transduced with a low concentration of lentiviruses and multiple blasticidin-resistant 

single cell colonies were expanded. The expression levels of mCherry/eGFP-tagged 

Sp100 were examined by western blot (Figure A-1C and A-1D) using antibodies against  
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Sp100, GFP, and RFP. mCherry-Sp100 and eGFP-Sp100 fusion proteins formed distinct 

foci in the nucleus, presumably localized to PML-NBs (Figure A-1E). The fluorescent 

intensity of mCherry-Sp100 and eGFP-Sp100 foci were correlated with their expression 

levels as determined by western blot. 

Α.2 Tagging Ad pVII protein with a Fluorescent Protein 

Dr. Kasey Karen attempted to generate a pVII-EYFP virus whose pVII gene was 

replaced by a C-terminal tagged pVII-EYFP fusion gene in its natural position in the L2 

region (unpublished result). However, this recombinant virus was unable to grow in cell 

culture for an unknown reason. She also noticed that EYFP fluorescence became less 

intense after 2 hour (unpublished data). This is probably because EYFP is very sensitive 

to acidic pH, losing ∼50% of its fluorescence at pH 6.5 (221). Ad enters the cell through 

receptor-mediated endocytosis and EYFP could be quenched in the acidified endosome. 

The other possibility is EYFP has an intermediate photostability and it might loss 

fluorescent caused by photobleaching (221). Taking together, EYFP protein is not 

suitable for detection of pVII using live cell imaging. I decided to use fluorescent protein 

mCherry to tag protein pVII for the following reasons: 1) It is a monomer, while EYFP is 

a weak dimer. mCherry is more likely to be encapsidated due to its smaller size; 2) It is 

one of the most photostable fluorescent proteins, ideal for detection for an extended 

period of time; and, 3) It has a pKa lower than 4.5, suggesting it is very resistant to acidic 

pH conditions.  

The Ad virion has a very compact structure. Addition of a mCherry tag (27 kDa) 

to pVII (~20 kDa) might be too large to fit into virion. Therefore, I planned to construct a 

virus that lacks the E1A gene and instead expresses pVII-mCherry under the control of 

either the CMV promoter or the Ad major late promoter (MLP). The wild-type pVII gene 

is kept at its natural location. Thus, pVII-mCherry and WT pVII would compete for the 
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encapsidation into the virion. The fluorescence intensity within the virion, therefore, was 

expected to be lower due to the presence of WT pVII protein. However, visualization 

should still be feasible since each Ad genome is associated with more than 800 copies 

of the pVII protein. Early region 3 (E3) was further deleted to theoretically gain more 

space within the virion to improve the packaging efficiency of pVII-mCherry. 

The pAd-CMV plasmid is a transfer vector that contains the left-end of the Ad5 

genome. The E1A coding region (Ad nt 454-3329) is replaced by a CMV promoter 

(Figure A-3A). With the vector pNL3C(HI), the E1A coding sequence (Ad nt 350-1575) is 

replaced by MLP-TPL (Figure A-3A). Overlapping PCR was employed (Fig. A-2) to 

generate a C-terminal tagged pVII-mCherry fusion protein. The 594 bp of the coding 

sequences of the pVII gene (without the stop codon TAG) was amplified with a forward 

primer that added a BamHI site at the 5' end and a reverse primer that added several bp 

of the 5' sequence that is complementary to the mCherry gene to the 3'end. The 

mCherry gene was then amplified with a few base pairs of pVII sequence at its 5' end 

and the BglII site at the 3' end following the stop codon. The second step involved 

combining the pVII and mCherry fragments at 1:1 molar ratio in a PCR reaction without 

primers. The 3' end of the pVII fragment was complementary with the 5' end of the 

mCherry fragment, and was then elongated. At the last step, the pVII-mCherry fusion 

fragment was further amplified by PCR using the forward primer of the pVII gene and the 

reverse primer of the mCherry gene. The pVII-mCherry fusion fragment was inserted 

into pAd-CMV via a BamHI site by the ligation of compatible cohesive ends, and it was 

inserted into the pNL3C(HI) vector via BamHI and BglII sites.  

The resulting plasmids, pAd-CMV-pVII-mCherry and pNL3C(HI)-pVII-mCherry, were 

linearized with EcoRI and cotransfected into N52Cre cells, an E1A complementing cell 

line gifted by Dr. G. Schiedner and Dr. S. Kochanek, University of Ulm, Germany (222), 

along with the right end fragment of dl327, carrying a 1.9 kb deletion in the E3 region 
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(223). Recombinant viruses AdΔΕ1/Ε3-CMV-pVII-mCherry and AdΔΕ1/Ε3-MLP/TPL-

pVII-mCherry (referred as CMV-7mC and MLP-7mC) successfully grew and were used 

to infect A549 cells to examine fluorescence properties. However, there was no red 

fluorescence signal detected at 2 hr post-infection (data not shown). Detection of the 

pVII protein by immunofluorescence assay using an antibody against pVII suggested 

that the CMV-7mC and MLP-7mC viruses have normal infectivities compared with WT 

Ad5. The levels of VII and VII-mCherry proteins in purified virions and in whole cell 

extracts from infected N52Cre cells were evaluated by western blot. VII-mCherry protein 

was present in infected N52Cre cells. However, there was no or greatly diminished 

levels of the fusion protein detected in MLP-7mC and CMV-7mC virions, respectively 

(Figure A-3B). This result suggests that the VII-mCherry protein was not properly 

packaged into virions, perhaps due to a size constraint, or the C-terminal mCherry 

protein prevents pVII-DNA interaction. If the problem is due to a packaging constraint, 

then additional deletion of the Ad genome may create more space for encapsidation. We 

attempted to generate a backbone virus that carries the deletion of both E3 and E4 

regions. For this virus, an E4 deletion was planned to be introduced into the transfer 

vectors pTG-ΔB-dl327 and pTG-ΔΒ-dl7001 by homologous recombination using dl366 

(2.3 kb deletion in E4 region). pTG-ΔB-dl327 contains the dl327 deletion (1.9 kb deletion 

in E3 region) and pTG-ΔΒ-dl7001 contains the dl7001 deletion (3 kb deletion in E3 

region; (224)). Unfortunately, the sequences of dl327 and dl7001 were different from WT 

Ad5 and I was unable to find a restriction site that was suitable for this strategy. 

Considering the packaging issue of the large pVII-mCherry fusion protein, we decided to 

label VII protein with smaller tag.  
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A.3 Tagging pVII Protein with Tetracysteine Motif 

Biarsenical labeling reagents FIAsH (green) and ReAsH (red) are non-

fluorescent when they are free, but they become fluorescent when binding to the 

tetracysteine (TC) motif, Cys-Cys-Pro-Gly-Cys-Cys. Since a TC tag is only six-amino 

acids in length, it may have reduced interference with the function of the pVII protein and 

allow packaging of a TC-tagged pVII protein.  

The transfer plasmid of pBS-pVII-NheI was used to introducing TC tag at the C-

terminus of pVII. It contains the Ad sequence between 10809 and 19703, and the stop 

codon of the pVII gene was replaced by an NheI site through site-directed mutagenesis 

(Dr. Kasey Karen, unpublished results). The oligonucleotides encoding the optimal TC 

tag N-FLNCCPGCCMEP-C, were synthesized, annealed, and inserted into the 3' end of 

the pVII gene via the NheI site. The resulting plasmid, pBS-pVII-TC was linearized by 

double digestion of BspE1 and NdeI, and then recombined with pTG3602 digested with 

FseI and PmeI (Figure A-4A). The recombinant virus, named as Ad5 pVII-TC, has the 

identical sequence of WT Ad5, except with a peptide of 12 amino acids inserted at the 

C-terminus of pVII in its natural genomic location (Figure A-4D). Ad5-pVII-TC virus 

growth rate was comparable to dl309 (WT Ad5). To ensure the fusion protein was 

packaged, a western blot was performed using 109 virus particles of Ad5 pVII-TC, dl309 

virions were used for comparison. Based on the molecular weight of pVII-TC, the C-

terminal tagged pVII-TC was packaged and its N-terminus was properly processed 

(cleaved) by the Ad protease (Figure A-4E).  

Before we attempted to label Ad5-pVII-TC virus with ReAsH, pilot experiments 

were performed to evaluate the accessibility of the pVII C-terminal TC tag. A549 cells 

were infected with Ad5-pVII-TC at 100 virus particles/cell. At 24 hr post-infection, ReAsH 

signal was detected following 15 min of incubation, and the fluorescent intensity was 

increased as incubation time increased (Figure A-5A). The infected cells were also 
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exposed to various low pH buffers for 30 min. There was no noticeable loss of red 

fluorescence, suggesting that the biarsenical labeling reagent is resistant to an acid 

environment (Fig. A-5B). We first attempted to label pVII-TC protein with ReAsH in vitro. 

Purified Ad5-pVII-TC virions were passed through a filter column to remove CsCl, 

followed by the incubation with ReAsH at room temperature for 1 hr. Then excess 

ReAsH was removed by passing the sample through filter columns twice. A549 cells 

were infected with this virus, but there were no red foci (i.e., labeled VII-TC) detected at 

2 hr post-infection. Next, we tried to incorporate ReAsH into virions as the ligand of pVII-

TC during the late phase of infection in vivo. pVII protein expression can be detected as 

early as 12 hr post-infection (Figure A-5C). Ad5-pVII-TC-infected cells were incubated 

with ReAsH for 1 hr at 12 hr post-infection, followed by another two rounds of ReAsH 

incubation at 18 and 22 hr post-infection. Unfortunately, when A549 cells were infected 

with this virus, diffuse red signals were observed (Figure A-5D). Lastly, we tried to 

simultaneously label pVII-TC protein with ReAsH during the early phase of infection. For 

this purpose, A549 cells were infected with Ad5-pVII-TC for 1 hr, and then ReAsH was 

added to the culture and incubated with cells for another 1 hr prior to fixation. The result 

was still disappointing since no labeled VII-TC was evident. We conclude that the C-

terminal TC tag is masked when VII protein is associated with the viral genome.  

We moved on to test an N-terminal tagged VII protein. The plasmid pET28-

12293/22341 contains the Ad5 sequences between nt 12293 and 22341. A TC tag was 

engineered to be positioned immediately downstream of the proteolytic cleavage site in 

pVII (Figure A-4D). The resulting plasmid pET28-ITC-pVII (internal TC tag, ITC) was 

linearized with BspHI, and then recombined with pTG3602. The virus, Ad5 ITC-pVII, was 

successfully propagated. Western blot confirmed that the internal TC tag did not interfere 

with proteolytic cleavage of pVII (Figure A-4D). The same labeling strategies as  

 



 126 



 127 

 



 128 

 

 

  



 129 

described above were explored to detect ITC-VII fluorescence, but still no positive foci 

were observed during the early stage of Ad infection in vivo. 

A.4 Tagging Ad Preterminal Protein with a Fluorescent Protein 

Besides protein VII, terminal protein (TP) is also associated with the Ad genome. 

Preterminal protein (pTP) is an early viral gene expressed prior to viral replication. Newly 

synthesized pTP proteins bind to inverted terminal repeats (ITRs) at both ends of Ad 

genome, and serve as protein primers for viral DNA replication. pTP is covalently linked 

to the 5' end of the Ad genome. At the end of the Ad life cycle, pTP, along with the Ad 

genome, is packaged into progeny virions. pTP is cleaved by the Ad protease multiple 

times at N-terminal half, yielding intermediate TP (iTP) and mature TP (TP). The 

covalent linkage between TP protein and the Ad genome make it ideal for the monitoring 

the parent viral genome throughout the entire Ad infection.  

Since there are only two copies of TP per Ad genome, detection of fluorescent 

protein at the single molecule level is challenging. tdTomato protein is the tandem dimer 

of Tomato proteins. It is the brightest fluorescent protein and equally photostable to 

mCherry, which make it the best option for tagging TP protein in live cells. 

First, we wanted to test whether tdTomato-tagged pTP is functional for Ad 

replication. A pcDNA-pTP-tdTomato plasmid was constructed by sequential, in-frame 

insertion of the coding sequences of pTP and tdTomato via HindIII/EcoRI and 

EcoRI/XbaI respectively (Figure A-4A). A549 cells were transfected with pTP, pTP-

tdTomato, or empty vector. Twenty-four hr later, cells were infected with 100 virus 

particles/cell of Ad-ΔTP-GFP, a pTP null mutant virus. Virus replication was determined 

by an immunofluorescence assay at 24 hr post-infection. As shown in Figure A-6B, there 

was no DBP expression and formation of viral replication centers in empty vector 

transfected cells. When cells expressed pTP or pTP-tdTomato proteins, Ad-ΔTP-GFP 
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virus replication was rescued. This suggested that C-terminal tagged pTP is functional to 

prime Ad replication. Next, I generated 293- and N52Cre-derived pTP-tdTomato-

expressing cell lines. Individual antibiotic-resistant cell colonies were expanded and 

screening for pTP-tdTomato expression (Figure A-6D). 293-pTP-tdTomato-5 and 

N52Cre-pTP-tdTomato-21 were used in the following experiments, because Ad formed 

normal size plaques with both cell lines. In 293-pTP-tdTomato-5 cells, Ad-ΔΤP-GFP had 

a particle:plaque forming unit (P/PFU) ratio of 22:1, which is very similar to that of WT 

Ad5 dl309 (~17:1)(Figure A-5E). Ad-ΔΤP-GFP virus produced in pTP-tdTomato cells was 

named as Ad-ΔΤP/TP-tdTomato. 

To ensure tdTomato-tagged TP exists inside of progeny virions, western blot was 

performed using purified virions. This requires the removal of CsCl, digestion of viral 

genome with nuclease and a minimum of 2 X 1010 virus particles. To fulfill this, 15 plates 

of 293-pTP-tdTomato cells were infected with Ad-ΔTP-GFP virus at 100 virus 

particles/cell. Progeny viruses were purified by two rounds of CsCl equilibrium 

centrifugation. Virions were dialyzed against three changes of 1 liter of TE buffer (10 mM 

TRIS, pH 8.0, 1 mM EDTA) for 1 hr at room temperature using a "dialysis button”. After 

dialysis, virions were recovered and the concentration was determined by measuring 

optical density at 260 nm. Next, virions were disrupted by incubation at 60°C for 1 hr. To 

release TP from the Ad genome, benzonase was added to 1,250 U/ml followed by 

incubation at 37 °C for 30 min. Proteins from ~2 X 1010-1011 virus particles were resolved 

on SDS-PAGE and blotted with an antibody against for RFP to detect tdTomato. As 

shown in Figure A-6F, two unique bands were observed in Ad-ΔΤP/TP-tdTomato virus, 

but not WT Ad5. They are predicted as iTP-tdTomato and TP-tdTomato according to their 

molecular weights. All of this evidence indicated that pTP-tdTomato can support Ad 

replication and be packaged into the virion. Unfortunately, the tdTomato fluorescent 

signal from Ad-ΔTP/TP-tdTomato virus was very weak and the number of red foci  
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observed was significantly lower than expected. We could not conclude if the red foci 

observed by fluorescence microscopy were from tdTomato or background noise. 

Although detection of two molecules of tdTomato is inconclusive in our hands, 

detection of a single copy of YFP-tagged protein in live cells has been concurred (225, 

226). It required more sophisticated microscopy that could be customized for both the 

CCD camera and optical path in order to improve the signal to noise ratio, as well as 

sophisticated data processing after imaging capture. All of these techniques are beyond 

our technical capability. We could seek a collaboration to continue this project in the 

future. If the detection of tdTomato in live cells succeeded, we could continue to 

generate a recombinant Ad carrying a C-terminal tdTomato-tagged pTP gene. 

A.5 Direct Visualization of the Ad Genome 

EdU (5-ethynyl-2'-deoxyuridine), a thymidine analogue, can be incorporated into 

DNA during DNA synthesis and detected by Click-iT reaction. Dr. Kasey Karen 

successfully detected dl355/inORF3 viral DNA during the early phase of infection 

utilizing Click-iT EdU technology (28). I attempted to label and detect WT Ad5 dl309 

through the same strategy. But the vendor changed the format of the Click-iT Edu Alexa 

Fluor 488 Imaging Kit. The new kit resulted in a very high background. This project was 

abandoned due to inability to reduce nonspecific background. 
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