
 
	  
	  
	  
	  

Analyzing the Biological Role of Human DREF and its 
Interaction with the Adenovirus E1A Protein 

 
by 
 

Sandi Radko 
 
 

A Thesis submitted to the Faculty of Graduate Studies of                          
 the University of Manitoba  

in partial fulfillment of the requirements of the degree of 
 
 
 

MASTER OF SCIENCE  
 
 
 
 

Department of Microbiology  
University of Manitoba 

Winnipeg 
 
 
 
 
 

Copyright © 2015 Sandi Radko



 
 

Abstract 
	  

Early region 1A (E1A) protein is the first protein expressed following viral infection. 

E1A proteins initiate the cell cycle in infected cell by altering cellular gene expression 

and also activate expression of other viral genes enabling viral replication. The C-

terminus of E1A is the least-characterized region of the protein, with few known binding 

partners, however DREF has been identified as a novel binding partner. My studies have 

determined that DREF directly binds to E1A and has a role in the virus life cycle. DREF 

is a restriction factor for virus growth and is a component of viral replication centres. 

DREF is SUMOylated and SUMOylation appears to affect localization to viral 

replication centres. DREF co-localizes with PML bodies and subcellular distribution of 

DREF is altered by the presence of E1A. This work provides a platform to study the role 

of DREF in uninfected cells, and in HAdV biology and its possible role in antiviral 

response. 
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1 Introduction  
 
1.1 Adenoviruses 

 
Adenoviruses (AdV) were first discovered and characterized by two independent groups 

in 1953 (Enders et al., 1956; Rowe et al., 1953). The virus was isolated from adenoid 

tissue and thus gave rise to the family name Adenoviridae. Most infections with 

adenovirus result in upper respiratory tract infections. Clinical manifestations of the virus 

appear as conjunctivitis, tonsillitis, ear infections, croup or gastroenteritis (Hall, 1987; 

Kitamura, 2001; Murtagh et al., 1993). The majority of people are able to recover from 

adenovirus infection by themselves, as the virus is self-limiting, however 

immunocompromised and transplant patients may experience fatal infections due to 

secondary infections that develop, such as pneumonia or encephalitis (Madhi et al., 2000; 

Krilov, 2005).  

There are several mechanisms of infection for adenovirus. The virus can be transmitted 

by contact with an infected person, or by viral particles contaminating common surfaces. 

In addition, the fecal-oral route is the most common mode of transmission, with food and 

water being the common virus vectors (Russell et al., 2006). The exact prevalence and 

incidence of adenoviral infections is not explicitly known, however it has been estimated 

that adenovirus is responsible for approximately 2-5% of all respiratory infections (Gray, 

2006).  

As mentioned above, adenoviruses belong to the family Adenoviridae. The family 

contains five genera which are: Mastadenovirus, Aviadenovirus, Atadenovirus, 

Ichtadenovirus and Siadenovirus. All human adenoviruses (HAdV) belong to the 

Mastadenovirus family. Presently, there are 57 serotypes of HAdVs that have been 
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described, in six subgroups (A-H), with the seventh species (G) containing only serotype 

52 (Table 1.1) (Sarantis et al., 2004; Berk, 2007). Classification of serotypes is based 

upon the ability to agglutinate erythrocytes, as only viruses of the same species will 

prevent hemagglutination from occurring. Furthermore, classification is also based upon 

other viral properties such as, antigenic relationship, oncogenicity, fibre length, the 

percent DNA homology and G+C content, and the cleavage patterns by SmaI (Wigand 

and Meiser, 1969). Finally, new serotypes are designated based on their ability to resist 

neutralization by antisera of known HAdVs. This mainly occurs through type specific 

hexon proteins (Wohlfart et al., 1985).   

Viruses cause the induction of many forms of cancer in animals. The importance of using 

AdV as an experimental model became evident in 1962 by Trentin et al., when it was 

discovered that injecting newborn hamsters with HAdV-12 of species A caused 

malignant tumors (Trentin et al., 1962; Yabe et al., 1962). This was the first documented 

report of a human virus causing tumour growth. This caused a surge of research interest 

in studying the molecular biology of human adenoviruses in relation to DNA replication 

and gene expression in mammalian cells. Current research stems from studying the well 

characterized HAdV-2 and -5, which belong to the non-oncogenic subgroup C. Both of 

these human serotypes have been able to show tumorigenicity in immunocompromised 

rodents (Graham et al., 1984). However, although adenovirus infections within human 

cells are lytic, there are early viral proteins that are capable of transforming human cells. 

This highlights the ability of viral proteins to change the internal cellular environment, as 

well as activate DNA replication machinery of the quiescent host cell for efficient viral 

replication to occur (Nevins, 2001). As a result of these changes within the host cell, a 
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cancerous state may ultimately occur. Therefore, adenovirus has become a useful model 

for exploring the mechanisms of DNA replication, cell cycle regulation, and control of 

cellular differentiation. 
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Table 1.1 Classifications of Human Adenoviruses 

 
 Based on Berk, AJ., 2007 

 

 

 

 

 

 

 

Species	   Serotypes	   Tumorigenicity	  in	  
Rodents	  

Transformation	  in	  
Cell	  Culture	  

A	   12,18,31	   High	   Yes	  
B	   3,7,11,14,16,21,34,35,50,55	   Moderate	   Yes	  
C	   1,2,5,6,57	   Low	  or	  none	   Yes	  
D	   8,9,10,13,15,17,19,20,22-‐30,	  32,33,36-‐

39,42-‐49,51,53,54,56	  
Low	  or	  none	   Yes	  

E	   4	   Low	  or	  none	   Yes	  
F	   40,41	   Unknown	   Yes	  
G	   52	   Unknown	   Unknown	  
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1.1.2 HAdV Structure and Morphology     
                                                         
Adenoviruses are non-enveloped virions 70–90 nm in diameter with an icosahedral 

capsid. The capsid consists of three major proteins, which include hexon, a penton base 

and a knobbed fibre. In addition, there are other minor proteins VI, VIII, IX, IIIa and 

IVa2 that are components of the virion (Figure 1.1) (Russell, 2000). Historically, these 

proteins were numbered in increasing order of their electrophoretic mobilities from 

purified AdV-2 particles run on SDS-polyacrylamide gels (Nicklin et al., 2005). It is 

important to note that hexon accounts for the majority of the structural components of the 

capsid, which consists of 240 trimeric hexon capsomeres and 12 pentameric penton bases 

(Russell, 2000; Nicklin et al., 2005). Additionally, proteins V, VII, mu (µ) and the 

terminal protein (TP), are packaged with the genomic DNA in the viral core (Vellinga et 

al., 2005). The most obvious difference between adenovirus and other icosahedral viruses 

is the presence of a long, thin fibre protein, which tethers the viral capsid to the surface of 

the host cell by interacting with its cellular receptor. The coxsackie adenovirus receptor 

(CAR) is a 46-kDa integral membrane protein with a transmembrane region, a long 

cytoplasmic domain, and an extracellular region composed of two Ig-like domains, which 

allows adenovirus to interact with the N-terminal domain mediating viral attachment and 

infection (Cohen et al., 2001). Additionally, the virus also contains a virus-encoded 

protease (Pr), which processes necessary structural proteins to produce a mature 

infectious virus (Russell, 2000). 
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Figure 1.1. Structure of HAdV. Locations of capsid, core and cement proteins, which 

are the main components of the HAdV virion are illustrated. (Russell, WC., 2000).  
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1.1.3 HAdV Genome 
 
Adenoviruses are characterized by their linear, double stranded genome ranging from 34-

42 kilobases (kb). Although there are differences between hosts and the specificity of the 

virus for a particular host tissue, there is minimal variation in adenovirus serotypes and 

their genomes. The most extensively characterized AdV is the HAdV-5 serotype 

(Kennedy and Parks, 2009). It contains an approximately 36kb genome, which encodes 

genes that are divided into early and late transcripts (Figure 1.2). The early transcripts are 

E1A, E1B, E2A, E2B, E3 and E4 and they are transcribed early during viral replication 

(Petterson and Roberts, 1986, Miller et al., 2007). These genes code for proteins 

commonly involved in viral transcription and replication, as well as suppression of the 

host response to viral infection. Additionally, late genes (L1-L5) are transcribed later in 

the viral replication cycle by cellular RNA Polymerase II (Petterson and Roberts, 1986; 

Miller et al., 2007). These transcripts mostly code for proteins that are components of the 

viral capsid. Because all of the late genes share the same promoter region, transcription of 

all five late transcription genes initiates at the same point in the viral replication cycle 

(Brown et al., 1975). Each of the aforementioned transcripts can be alternatively spliced, 

giving rise to multiple mRNAs. For example, E1A (early 1A) gene alternatively splices 

to produce five mRNA products. There are two major E1A mRNAs, 12S and 13S, giving 

rise to proteins of 243 residues (R) and 289R, respectively. The adenovirus genome also 

encodes Virus-Associated (VA) RNAs. These are non-coding RNA Polymerase III 

transcribed RNAs that accumulate in the cytoplasm of adenovirus infected cells. 

Moreover, HAdV serotypes 2 and 5 express two VA RNAs, VAI and VAII, which is 

common amongst human adenoviruses (Aparicio et al., 2006). The end of the adenovirus 



 

 2 

genome contains inverted terminal repeats (ITRs) of 36 to 200 base pairs (bp), which act 

as the origin of replication (ORI) for DNA replication. The terminal protein (TP) is also 

predicted to function as a primer for initiation of replication on 5’ ends of nascent DNA 

(Gonzalez-Huici et al., 2000). Furthermore, there is a cis-acting packing domain at the 

left end of the genome, which allows for the packaging of replicated viral DNA into new 

virions (Ostapchuk and Hearing, 2003; Xing and Tikoo, 2003). This is located at the left 

end 380bp for the HAdV-5 serotype (Liu et al., 2003).   

1.1.4 HAdV Replication Cycle – Human Cells  
 
Productive infection in human cells by adenovirus occurs in two distinct phases: early 

and late, that are separated by the initiation of viral DNA replication. The early phase of 

infection begins at the point of adsorption to about 6 hours after infection, whereas the 

late phase is much more rapid, only lasting 4-6 hours (Russell, 2000). The early phase 

entails the entry of the virus into the host cell and passaging of the viral genome to the 

nucleus of the host cell. This allows for the transcription and translation of the early 

genes. Subsequently, this modulates the cell to facilitate the replication of viral DNA, 

which results in transcription and translation of the late genes. In the nucleus viral 

structural proteins are assembled allowing for productive viral infection to occur (Figure 

1.3) (Strauss and Costanzi-Strauss, 2013).  



 

 1 

 

 
Figure 1.2 Map of the HAdV-5 genome. Gene transcription occurs from both strands of 

the genome. Arrows indicate the direction transcription is occurring. mRNA splice sites 

are indicated by breaks in the arrows. Protein names are indicated above or below their 

respective coding mRNA. (Berk, AJ., 2007). 
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Figure 1.3 Schematic of HAdV Replication Cycle.  The fibre protein of the HAdV 

virion interacts with the CAR. The penton base then binds the integrin αvβ3. The virus 

particles are internalized, and partially disassemble which allows the capsid to be carried 

to the nucleus. The viral genome is deposited in the nucleus, where viral genes are 

expressed resulting in the formation of progeny. Once viral progeny accumulates 

intracellularly, lysis and release of viral progeny occurs. (Strauss and Costanzi-Strauss, 

2013).  
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1.1.4.1 HAdV Attachment, Entry, Uncoating, Nuclear Import 

The knob domain of the fibre protein binding to the host cell receptor mediates entry of 

adenoviruses into a host cell. There are two known cell receptors adenoviruses use: 

CD46, which is used by Group B HAdVs and more importantly CAR, mentioned in 

Section 1.1.2, which are used by all other HAdV serotypes (Wu et al., 2004). In the 

second step of viral/cellular interaction, the penton base interacts with integrins αvβ3 and 

αvβ5 through a conserved RGB motif on the surface of each penton monomer (Russell, 

2000, Wu et al., 2004; Stewart et al., 1997). The adenovirus becomes internalized via 

clatherin-mediated endocytosis. With the virus successfully integrated into the cell, the 

endosome acidifies and the viral capsid disbands causing movement into the cytoplasm 

(Meier and Greber, 2004).  Hexon proteins are then shuttled into the nuclear pore 

complex (NPC) by microtubules, where primary viral transcription is initiated 

(Blumenthal et al., 1986; Mellman, 1992). Upon entry into the nucleus, viral transcription 

begins immediately and subsequently 3-5 hours post infection (hpi), ~15% of the mRNA 

in the cytoplasm is virus encoded (Pombo et al., 1994).  As viral progeny are formed, 

they accumulate within the cell, eventually resulting in cell lysis and the liberation of new 

viral progeny, yielding productive adenoviral infection. 

1.1.3.2 Transcription and Functions of Early Genes (E1-E4) 

Adenovirus contains four early transcripts: E1A, E1B, E2A, E2B, E3 and E4 and they are 

transcribed early in viral replication (Petterson and Roberts, 1986; Miller et al., 2007). 

These genes code for proteins commonly involved in viral transcription and replication, 

as well as suppression of the host response to viral infection. The first gene expressed 

after viral infection is E1A. E1A remodels the cellular environment and activates 



 

 2 

transcription of other viral early genes. Due to its importance in the experimental work 

conducted, as well as its multiple functions, E1A will be discussed in depth in Section 

1.1.4. 

Adenovirus E1B encodes for two proteins, a 55kDa (kiloDalton) and a 19kDa protein 

(Rowe and Ruley, 1993; White and Cipriani, 1990). The main role of these proteins is to 

prevent apoptosis from occurring, which is a normal response to abnormal cell cycle 

changes that are induced by E1A. E1B 55K has several mechanisms of halting apoptosis 

in adenovirus infected cells. It can directly bind to p53, a known tumour suppressor and 

transcriptional regulator, and repress activation of p53-responsive promoters (Debbas and 

White, 1993). E1B 55K can also form an 800kDa ubiquitin-ligase complex with E4ORF3 

that binds p53 and the MRN complex (Querido et al., 1997; Querido et al., 2001). If the 

E1B 55K/E4ORF3 complex does not bind the MRN complex, it will treat the ends of 

viral DNA as though it has a DNA break and the DNA will be ligated into random 

assorted genomes (Querido et al., 2001). E1B 19K is a BCL2-like protein that inhibits 

mitochondria-mediated apoptosis by preventing mitochondrial outer membrane pore 

formation and release of apoptogenic proteins from the pores such as cytochrome c 

(Cuconati et al., 2003; Han et al., 1996).  

The E2 region is critical for viral DNA replication, as it encodes the viral DNA 

polymerase and DNA binding proteins. It is subdivided into a promoter-proximal (E2A) 

region and distal region (E2B) containing its own polyadenylation site (Caravokyri and 

Leppard, 1996). E2A encodes for the 72k DNA Binding Protein (DBP), which is 

essential for enhancing initiation and elongation during viral DNA replication, as it is 

able to bind both single and double-stranded DNA (Russell, 2000). On the other hand, 
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E2B was found to encode two proteins a terminal protein precursor (pTP) and a 140kDa 

DNA polymerase (Stone et al., 2003). pTP functions as a primer for the initiation of 

DNA replication, by binding the first nucleotide at the 5’ end of viral DNA. This allows 

the DNA polymerase to make contact with the pTP forming a pre-initiation complex for 

DNA replication to occur (Smart and Stillman, 1982). Furthermore, like all DNA 

polymerases, it contains 5’ to 3’ DNA polymerase activity as well as an intrinsic 3’ to 5’ 

proofreading exonuclease activity (Liu et al., 2003).  

The E3 region of adenovirus is non-essential for DNA replication; the proteins encoded 

by this region are involved in the evasion of the host immune response (Russell, 2000). 

These proteins include: E3-gp19K, 14.7K, 14.5K, 10.4K, 6.7K, and the adenovirus death 

protein (ADP/E3-11.6K). E3-gp19K is a glycoprotein localized in the membrane of the 

endoplasmic reticulum (ER), where it can bind MHC Class I antigens, preventing their 

export out of the ER. This prevents the antigens from being detected by cytotoxic T 

lymphocytes (CTLs), which kill cells that are infected with the virus (Smart and Stillman, 

1982; Windheim et al., 2004; Horwitz, 2004). Two E3-10.4K and one 14.5K form the 

receptor internalization and degradation (RID) complex and along with E3 14.7K block 

proapoptotic pathways. The RID complex and E3 14.7K do this by blocking several 

ligands such as tumour necrosis factor (TNF), Fas (CD95), TNF- related apoptosis-

inducing ligand (TRAIL) as well as TNF-mediated inflammatory responses (Wold et al., 

1999; Krajcsi et al., 1996; Chin and Horwitz, 2006). Additionally, E3 6.7K assists the 

RID complex against the Fas ligand and TRAIL, as well as TNF-α. Lastly, is the ADP 

protein, which is expressed, in late infection. Its role is to cause cytolysis, releasing viral 

progeny (Russell, 2000; Chin and Horwitz, 2006).  
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The E4 region is the last of the early transcripts, coding for six polypeptides: E4ORF1, 

E4ORF2, E4ORF3, E4ORF6, E4ORF6/7 that generate more than 18 viral mRNAs (Stone 

et al., 2003). The E4 region has a wide range of functions due to the proteins it encodes, 

including metabolism of messenger RNA (mRNA), promoting DNA replication and 

halting protein synthesis in the host (Russell, 2000; Leppard, 1997).  

E4ORF1 shows low conservation of expression and is only detected in HAdV subgroup 

D viruses 9 and 26 (Javier, 1994; Weiss et al., 1997). E4ORF1 is the critical for subgroup 

D viruses to stimulate mammary tumours in rodents. The exact mechanism of this is 

unknown, however tumorigenicity occurs via interaction with cellular PDZ proteins 

(Chung et al., 2007). 

Research has focused mainly on understanding the roles of E4ORF3 and E4ORF6. 

Despite the fact that they have minimal roles in virus growth, their functions appear to be 

complementary. Both proteins function to promote viral gene expression by accumulating 

cytoplasmic viral transcripts. This is accomplished by increasing the overall stability of 

unprocessed late mRNA (Leppard, 1997; Nevels et al., 1999; Huang and Hearing, 1989). 

E4ORF3 is highly conserved and the protein forms a nuclear polymer, which segments 

the nucleus into compartments (Ou et al., 2012; Sarnow et al., 1982). The viral polymer 

is then able to inactivate multiple tumour suppressors such as p53, PML and TRIM24. 

Additionally, in conjugation with E1B 55K it can also inactivate the Mre11-Rad50-Nbs1 

(MRN) DNA damage complex (Ou et al., 2012; Stracker et al., 2002; Sohn and Hearing, 

2012). 

 E1B 55K also co-operates with E4ORF6 to inhibit p53-dependent apoptosis, but it can 

also inhibit p53-dependent transcription independently. E4ORF3 and the E4ORF6/E1B 
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55K 800kDa complex also have complementary functions to each other, as they function 

to prevent the cellular DNA damage pathway from acting upon the viral genome. This is 

achieved by inhibiting the cellular MRN DNA damage complex, which is normally 

responsible for recognizing the ends of linear HAdV genomes as double-stranded breaks 

(Weiden and Ginsberg, 1994). This would cause the concatenation of viral genomes by 

non-homologous end joining (NHEJ) pathway, thereby inhibiting viral replication and 

packaging (Weiden and Ginsberg, 1994; Babiss and Ginsberg, 1984). The E4ORF6/E1B 

55K complex can also block host protein synthesis by preventing cellular mRNA 

transport from the nucleus, and promotes viral late mRNAs to be exported to the 

cytoplasm via the NFX1/TAP export receptor, thus promoting viral protein synthesis 

(Yatherajam et al., 2011). Lastly, the E4ORF6/7 protein binds the E2F transcription 

factor, and recruits it to the E2 early promoter by the dissociation of pRB by E1A (Obert 

et al., 1994). 

1.1.4 HAdV E1A Functions and Interactions  
 
E1A is the first viral gene transcribed upon viral infection. Therefore, E1A proteins are 

the primary modulators of the cellular environment. E1A protein’s principal role is to 

initiate the cell cycle in adenovirus-infected cells by altering cellular gene expression on 

a global scale and activating other viral genes thus enabling optimal viral replication to 

occur (Pelka et al., 2009; Pelka et al., 2011; Shenk and Flint, 1991; Bayley and Mymryk, 

1994). Alternative splicing generates five E1A mRNAs during infection by HAdV-5 with 

sedimentation coefficients of 13S, 12S 11S, 10S, and 9S (Figure 1.4). The 13S, 12S, 11S, 

10S and 9S E1A mRNAs code for 289R, 243R, 217R, 171R and 55R proteins 

respectively (Stephens and Harlow, 1985). The predominant isoforms and ones most 
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extensively characterized are the 13S 289R and 12S 243R, which only differ by a 46 

amino acid sequence present in 289R, but not in the 243R variant (Stephens and Harlow, 

1987). During early infection, the major functions of the 289R and 243R isoforms 

include driving the host cell into S-phase and activating the transcription of viral genes 

(Perricaudet et al., 1979; Stephens and Harlow, 1987). Subsequently, 11S, 10S and 9S 

are expressed later in the infection and their functions are not well known. However, a 

recent study showed that the 9S isoform activates expression of both early and late viral 

genes, but the mechanism through which it is able to activate viral gene expression 

remains of great interest, since 9S only has 28 amino acids in common with other E1A 

mRNA products (Miller et al., 2012). It was also shown to bind S8, a regulatory 

component of the 26S proteasome. As such, it was hypothesized that the interaction of 

55R with S8 is required for virus replication (Miller et al., 2012).                                                                                   

The exact structure of E1A has not been determined because of its fundamentally 

disordered nature (Dyson, 2011), however there have been attempts at predicting its 

structure. Sequence comparisons of 13S E1A from several adenovirus serotypes have 

identified four regions of sequence similarity, designated conserved region 1 (CR1), CR2, 

CR3, and CR4 (Pelka et al., 2008). In AdV-5, conserved region 1 (CR1) maps between 

amino acid 40-80, CR2 between amino acids 121-139, and CR3 between residues 140-

188, which is a unique region found only in the 13S isoform (Kimelman et al., 1985). 

Structurally, all that is known is that CR3 contains a Cysteine-4 (C4) zinc finger domain 

(Perricaudet et al., 1979). Moreover, CR1 and CR2 have also been shown to share 

sequence similarity with portions of polyomavirus large T antigen and papillomavirus E7 

(Pelka et al., 2008). In addition, residues 16-28 of the HAdV-5 E1A are predicted to form 
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an amphipathic α-helix (Avvakumov et al., 2004). E1A products are also subjected to 

post-translational modification that is limited to phosphorylation of serine residues 89, 

132, 219, and possibly 96 and 23. However, this phosphorylation does not have 

significant effects on the modulation of E1A activity (Dumont et al., 1993). E1A is also 

acetylated by its cellular targets such as CREB-binding protein, p300, and p300/CREB-

binding protein-associated factor both in vitro and in vivo at a single lysine residue 239 

which lies within a carboxyl-terminal domain required for nuclear localization and 

interaction with the transcriptional co-repressor carboxyl-terminal binding protein (CtBP) 

(Singh et al., 2010; Madison et al., 2002). 

Since E1A proteins do not possess any intrinsic enzymatic or specific DNA binding 

activity, they appear to exert their effects indirectly by affecting the activities of cellular 

regulatory proteins that control cell growth and differentiation. As a result, a large 

amount of research has focused on creating E1A mutants to isolate the regions to which 

these cellular regulatory proteins bind. These are better known as linear motifs (LIMs) or 

molecular recognition features (MoRFs) (Pelka et al., 2008). E1A uses these short motifs 

in order to interact with a plethora of cellular proteins. For example, E1A interacts with 

the cellular transcriptional corepressor C-terminal binding protein (CtBP) via the motif 

PXDLS. Comparably, E1A also interacts with retinoblastoma protein (pRb), a cell cycle 

regulator through the motif LXCXE. A map of extensive sequence analysis is shown in 

Figure 1.5 highlighting the interaction of E1A with other cellular proteins through 

MoRFs (Pelka et al., 2008). 

1.4.1.1 E1A: Controlling Viral and Cellular Transcription 

Studying the ability of how E1A activates viral transcription has broadened our 
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knowledge of cellular transcription activation complexes. We are now aware that E1A 

controls the transcription of more than 17,000 cellular genes during viral infection 

(Ferrari et al., 2008). Through various interactions, E1A acts as a modulator of cellular 

and viral gene expression (Berk et al., 1979). 

The larger E1A isoform 289R is known to be a transcriptional activator, binding a variety 

of transcription factors via its unique CR3 domain. Studies show that mutations in CR3 

drastically reduce the rate of early gene transcription (Ferrari et al., 2008). As previously 

discussed, CR3 is predicted to have a zinc finger domain and through this structure it is 

thought that transcription factors are able to form a stable scaffold for transcriptional 

activation. The N-terminus of the zinc finger domain of CR3 is able to interact with 

TATA binding protein (TBP) and the mediator complex subunit 23 (MED23) (Ablack et 

al., 2010; Liu and Green, 1994; Boyer et al., 1999). MED23 has been shown to be critical 

for CR3 early transcriptional activation. This is because CR3 is insufficient at activating 

transcription in MED23-null mouse embryonic fibroblasts (MEFs) (Ablack et al., 2010). 

Furthermore, this interaction drives the formation of a pre-initiation complex (PIC) that 

contains RNA polymerase II and general transcription factors found on promoter DNA, 

components necessary for early gene transcription (Roeder, 1996). CR3 also interacts 

with many other transcriptional activators including the SUG1, p300/CBP (CREB-

binding protein), as well as transcriptional repressors such as GCN5 and BS69, 

demonstrating that activation and modulation of early gene transcription is multifaceted 

(Pelka et al., 2008; Rasti et al., 2006; Ablack et al., 2012; Hateboer et al., 1995). 

Additionally, the N-terminus of E1A (residues 1-41) is also required for early gene 

transcription (Duyndam, 1996). The N-terminus binds a multitude of trans-activators 
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such as TRAAP, TR, p300/CBP, p400, pCAF, and TBP (Pelka et al., 2008, Ablack et al., 

2010, Frisch and Mymryk, 2002, Fuchs et al., 2001). Nevertheless, the exact mechanism 

of how the N-terminus drives HAdV early gene transcription is not fully understood.   

E1A 243R has also been known to activate gene expression sequences in the core 

promoter and have binding sites for specific regulatory proteins, specifically the E2 early 

promoter, which contains two E2 transcription factor (E2F)-binding sites (Krauss et al., 

1992). This occurs by E1A 243R removing the pRb repressor protein from the E2F1 

activation domain, thus making it active (Veal et al., 1998; Frisk and Mymryk, 2002). 

The active E2F subsequently interacts with the E4ORF6/7, increasing E2F affinity for its 

binding sites in the E2 early promoter, which is required for transcription (Obert et al., 

1994). New evidence also suggests the CBP may also play a role in the release of E2F, as 

E2F and E1A 243R have a homologous activation domain regulated by pRb and CBP 

(Trouche and Kouzarides, 1996). Nevertheless, the release of E2Fs from Rb and possibly 

CBP is an important event leading to activation of target genes that facilitate the G1/S 

transition and S-phase in the host. This will be further discussed in Section 1.4.1.2. 
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A. 

 

 

B. 

 

Figure 1.4 Diagram of E1A transcript isoforms. A) E1A is spliced into 5 different 

isoforms. Boxes indicate coding regions, which are separated by bent lines representing 

introns. Residues for each isoform are listed. All proteins except the isoform encoded by 

9S mRNA are translated within the same reading frames, resulting in identical proteins 

except for the indicated deleted regions. B) Sequence alignment of the two predominant 

E1A isoforms 13S (289R), 12S (243R). E1A 12S isoform lacks CR3.  
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Figure 1.5 Comparative Sequence Analysis of E1A from HAdV serotypes. Sequence 

analysis from HAdV-5 indicates locations of several LIMS/MoRFS in E1A (denoted by 

arrows). Various viral and cellular proteins that contain a similar LIM/MoRF to E1A are 

listed below the LIM target. Amino acids highly similar to the consensus LIM binding 

sequence are shaded in grey. (Pelka, et al., 2008). 
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1.4.1.2 E1A: Activation of the Cell Cycle                                                                                   
As discussed in the previous section, it appears that E1A 289R has a more centralized 

role in early gene transcription, whereas 243R focuses its efforts primarily on driving the 

cell cycle. By driving the host cell into S-phase, the virus is able to infect G0-arrested 

cells, which allows for transcription of viral DNA to occur and therefore partake in 

efficient replication (Spindler et al., 1985). E2F has long been known to control cell 

proliferation in many eukaryotes, including mammalian cells. In mammalian cells, E2F is 

composed of at least 8 E2F proteins and two DP proteins, some of which form 

heterodimers (Veal et al., 1998). In short, E2F1 and its binding partner DP1 along with 

pRb, create a model of opposing molecules that control the G1- to S-phase transition in 

the cell cycle. pRb and its related proteins such as, p107 and p130 pocket proteins, 

directly bind E2F at the pocket binding domain during the G0/G1 (Dyson, 1998; Nevins, 

2001; Swanton and Jones, 2001). However, when pRb and other pocket proteins are 

phosphorylated by cyclin dependent kinases (CDKs) such as CDK4/6/cyclin D and 

CDK2/cyclin E, they dissociate from E2F (Chen et al., 2009). This dissociation allows 

for E2F to activate transcription of target genes that encode proteins required for DNA 

replication in S-phase (Johnson et al., 1993).  

As previously mentioned, E1A can target the E2F/DP1 complex since both the 289R and 

243R E1A isoforms bind pRb though CR1. However, E1A can also bind pRb through an 

LXCXE motif found in CR2, since pRb is known to bind proteins that contain an 

LXCXE motif (Veal et al., 1998; Dyson, 1998). Thus, as E1A binds pRb, pRb is 

displaced from E2F causing activation of E2F promoters that drive the host cell into S-

phase. Additionally, E1A can keep cells in G1 by stimulating CDK inhibitory proteins 

(CKI) such as p15 and p21 (Nevins, 2001). This results in overactive CDKs that hyper-
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phosphorylate pRb (Nevins, 2001). As a result, E2F is no longer bound and can drive 

cells into S-phase.  Although we know that E1A plays a crucial role in driving the host 

cell into S-phase, there may still be other targets that interact with E1A to drive host cells 

into S-phase. This hypothesis is driven by the fact that E1A mutants that are unable to 

bind pRb have the ability to induce S-phase through the N-terminus/CR1. Therefore, 

other E1A targets may be influencing host cell cycling (Pelka et al., 2008; Trouche et al., 

1996). For example, CBP has also been shown to activate E2F/DP1 transcriptional 

activity. However, when the N-terminus of E1A is used as a competitor for E2F/DP1 

activation, it abolishes CBP-induced activation, whereas an E1A mutant lacking CBP 

binding capability fails to do so (Trouche and Kouzarides, 1996; Trouche et al., 1996).  

1.4.1.3 E1A- Role in Host Anti-Viral Response  
 
The main function of E1A is to control viral and cellular gene transcription, as well as 

drive the host cell into S-phase, but it is important to note that E1A has also been 

documented to antagonize the antiviral responses. For example, numerous studies have 

shown that E1A is able to counteract interferon (IFN)-mediated antiviral responses by 

inhibiting both type I IFN (e.g., alpha/beta IFN [IFN-α/β]) and type II IFN (IFN-γ) 

signalling (Sohn and Hearing, 2011). The E1A N-terminus/CR1 binds the signal 

transducer and activator of transcription 1 (STAT1) transcription factor, blocking its 

function. Normally, STAT1 binds p300/CBP and IFN-regulatory factor 1 (IRF1) in 

response to Type I IFN signaling during viral infection (Samuel, 2001; Look et al., 1998). 

This results in the expression of “classical” anti-viral IFN-stimulated genes (ISGs) 

including PKR, OAS1 and MX1 (Chatterjee-Kishore et al., 2000). Therefore, E1A 

impedes the expression of ISGs by blocking IFN signaling. Additionally, our 



 

 3 

collaborators in the Mymryk lab have shown that E1A can also bind the human Brefeldin 

A sensitivity 1 (hBre1) ubiquitin ligase and prevent monoubiquitination of histone 2B 

(H2B). The monoubiquination is necessary for the expression ISGs, thus E1A 

undermines the production of ISG as part of the host anti-viral response.  

1.2 Discoveries in Drosophila – a versatile model, DRE and dDREF 
 
The fruit fly, Drosophila melanogaster has been used for the past century as a model 

organism for research in both biology and medicine. There are several technical 

explanations as to why Drosophila are used in research including: they are small and 

inexpensive to culture, they have shorter life cycles, they have a high fecundity (females 

lay up to 100 eggs per day) and they can be genetically modified in a number of ways 

(Beckingham et al., 2005). 

The first documented use of fruit flies for laboratory use was in 1901 by William Castle’s 

group. However, the importance of this model was not realized until 1933 when Thomas 

Hunt Morgan was awarded a Nobel Prize for demonstrating that genetic information is 

carried on chromosomes using Drosophila (Beckingham et al., 2005). In more recent 

years, medical research has also focused on using this invertebrate model since 

approximately 75% of known human disease genes have a match in the fruit fly genome 

and 50% of fruit fly protein sequences also have mammalian homologs (Reiter et al., 

2001).  

1.2.1 Discovery of Drosophila DRE and DREF  
   
In mammalian cells, E2F binds to E2F recognition sites and regulates the transcription of 

genes that are required for cell proliferation. These include DNA polymerase α, 

thymidine kinase, dihydrofolate reductase and proliferating cell nuclear antigen (PCNA) 
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(Hirose et al., 1993). In an attempt to analyze Drosophila DNA replication-related genes, 

a comparison of PCNA and DNA polymerase α (180kDa) subunit promoters was 

conducted that discovered a common palindromic 8bp sequence (5’-TATCGATA), 

named the DNA replication-related element (DRE) (Hirose et al., 1993; Yamaguchi et al., 

1995; Sawado et al., 1998). Three DREs were found in DNA polymerase α gene at 

nucleotide positions 217, 83, and 30, while one DRE was present in the PCNA gene 

(Yamaguchi et al., 1995). DRE was also determined to be required for the transcription 

of DNA-related genes in both transgenic flies and cultured Drosophila embryonic cells. 

Furthermore, through electrophoretic mobility shift/band shift assays (EMSA) and 

cloning of complementary DNA (cDNA) a specific DRE-binding protein factor (DREF) 

was isolated (Sawado et al., 1998). dDREF is a 709 amino acids(86kDa) protein, which 

binds the DRE as a homodimer specifically at the 24bp DRE region, where the 8bp 

palindromic sequence is centered. Lastly, the amino acids of the DREF sequence appear 

to be conserved in three regions (CR1-CR3) in evolutionarily separate Drosophila 

species, Drosophila melanogaster (Dm) and Drosophila virilis (Dv) (Hirose et al., 1996; 

Takahashi et al., 1999). CR1 also contains a boundary element-associated factor and a 

DREF (BED) zinc finger domain from residues 16-115 that are essential for homo-dimer 

formation and DNA binding (Hirose et al., 1996). 

1.2.1.2 Characterization and Function of Drosophila DRE and DREF 
 
The initial characterization of DRE/dDREF discovered that it functioned to regulate 

transcription from DNA replication –related genes such as PCNA and DNA polymerase 

α promoters. However, a search through the Drosophila genome has identified 

approximately 150 genes carrying DRE sequences in their promoter regions. Many of 
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these genes are required for functions in cell proliferation such as DNA replication, 

transcriptional regulation, cell cycle regulation, growth signal transduction and protein 

metabolism (Choi et al., 2004). For example, dDREF has been found to be associated 

with other proteins such as the Drosophila TATA-box-binding protein (TBP)-related 

factor 2 (TRF2) known to be involved in embryonic development and differentiation. The 

DREF-TRF2 complex was discovered to able to recognize the promoter of the PCNA 

gene, showing that this complex may also be a co-ordinator of transcription in 

Drosophila (Matasukage et al., 2008; Hochheimer et al., 2002). Moreover, dDREF has 

also been proposed to be a regulator of chromosomal BEAF (boundary element-

associated factor) that interferes with communication of enhancers and promoters. 

Consequently, dDREF is thought to displace BEAF when transcription is activated (Choi 

et al., 2004; Hart et al., 1999). Another aspect of dDREF, is that is involved with the 

zerknüllt (zen) gene, that is involved in differentiation of the Drosophila embryo. Zen has 

been shown to decrease dDREF promoter activity by acting on the region between +241 

and +254, therefore repressing PCNA transcription (Choi et al., 2004; Kwon et al., 

2003). Lastly, over-expression of dDREF in the Drosophila wing imaginal discs induces 

apoptosis and results in a notching wing phenotype (Yoshida et al., 2001). Thus, 

DRE/dDREF appear to be master regulators of many pathways that regulate cell growth 

and differentiation in Drosophila.  

1.3 Human DREF 
 
Since its initial discovery in 1993, the Drosophila DRE/dDREF system was the first of its 

kind to be isolated. However, several years later, Esposito et al., who were investigating 

genes that escape X inactivation found a gene called TRAMP (Esposito et al., 1999). 
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TRAMP was localized to the pseudoautosomal region 1 (PAR1) area in the X and Y 

chromosome. The putative 694-amino acid TRAMP protein shares sequence similarity 

with the Activator (Ac) family of transposases and was shown to contain two terminal 

inverted repeats (TIRs). However, TRAMP was unable to recognize TIR-binding of its 

own gene, therefore suggesting is not an autonomous transposon. Moreover, Esposito et 

al. showed that TRAMP shares similarity with dDREF but did not conduct studies to 

investigate it as a transcription factor (Esposito et al., 1999). 

In 2003, Hirose et al., conducted a BLAST search for proteins that share sequence 

similarity with dDREF and came across the human DNA replication-related element-

binding factor (hDREF). Indeed, this was the same factor as TRAMP that was identified 

by Esposito et al. Three highly conserved regions were identified showing significant 

identity (21.3%) and similarity (41.0%) to dDREF in total (Ohshima et al., 2003). Several 

distinctive features of hDREF have been identified. A BED zinc finger domain is found 

at the N-terminus at residues 23-72, in the region corresponding to dDREF CR1. 

Additionally, there is complete conservation of cysteine and histidine residues in this 

region, suggesting there may be common DNA-binding machinery at the N-terminus 

hDREF and at CR1 of dDREF. At the C-terminus there is a hATC 

(hobo/Activator/Tam3) domain found, which aligns with CR3 of dDREF, encompassing 

residues 571-651. hAT domains have been known to be involved in the dimerization of 

other hAT transposases (Ohshima et al., 2003; Yamashita et al., 2007). hDREF studies 

have shown that the hATC domain enables homo-dimerization and multimerization, both 

in vitro and in vivo. Moreover, the hDREF hATC domain is essential for the interaction 

between the N-terminal BED zinc finger and DNA. Therefore, perhaps hDREF binds 
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DNA has a homo-dimer or as a multimer. Lastly, hDREF is found to have a series of 

amino acids that are characteristic of a nuclear localization signal (NLS). This is 

consistent with the discovery that hDREF is primarily found in granular structures within 

the nucleus (Ohshima et al., 2003). 

1.3.1 hDREF Current Experimental Analysis 
 
Through a series of cyclic amplification and selection of targets (CASTing) experiments, 

a 10bp consensus binding sequence was identified for hDREF 

(5′-TGTCG(C/T)GA(C/T)A) that overlaps with the dDREF. Using this consensus 

sequence, more than 500 targets were found in the human genome matching 7 of the 10 

bases of the consensus sequence (Ohshima et al., 2003). Many of these target genes were 

found in promoter regions related to cell proliferation. A list of the target genes sharing 

hDRE-like sequences and their categorizations can be found in Table 1.2.  

Interestingly, the human histone H1 gene matches all 10bp of the hDREF consensus 

sequence from the table of target genes aforementioned. Histone H1 functions to create 

higher order DNA structures by binding linker DNA between nucleosomes and 

compacting the chromatin fibre (Izzo et al., 2008). Experiments conducted by Hirose et 

al., cloned the H1 promoter gene to examine if it is regulated by hDREF. Results 

concluded that hDREF is definitively able to bind the human histone H1 gene promoter 

(Ohshima et al., 2003; Yamashita et al., 2007). Furthermore, EMSA experiments 

demonstrated that hDREF protein binds to the histone H1 promoter fragment. Moreover, 

luciferase assays conducted in HeLa cells co-transfected with a luciferase reporter 

plasmid containing the histone H1 gene promoter and varying amounts of hDREF, 

showed that hDREF drives histone H1 gene promoter activity in a dose-dependent 
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manner (Ohshima et al., 2003). However, a truncated form of hDREF is unable to drive 

histone H1 gene promoter activity. This result was also supported by real-time PCR 

results by Ohshima et al., which showed that an 88% knockdown of hDREF resulted in a 

74% reduction in histone H1 mRNA levels in asynchronous HeLa cells. 
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Table 1.2. Select human genes containing hDRE-like sequences. 
	  	   	  	   	  	  

Category Gene  hDRE Base Pair 
    Matches (/10) 

   DNA Replication  Histone H1 10 

 
Metabolism Deoxycytidine Kinase  9 

 
Deoxyguanosine Kinase  8 

 
Thymidine Kinase  7 

 
Topoisomerase IIa  7 

 
DNA Polymerase δ  7 

 
DNA Polymerase γ  7 

Cell Cycle Regulation  p14ARF 9 & 8 

 
p21WAF1  8 & 7 

 
CDC25C  8 

 
CDC25A  7 

 
CDK6  8 

 
Cyclin D3  7 

 
Cyclin T1  7 

Transcription Transcription RNA polymerase II large subunit 9 & 8 

 
RNA polymerase III 48-kDa subunit  7 

 
NF-κB  9 & 7 

 
TAFII55  8 & 7 

Protein Synthesis  Surf-5 8 

 
Asparagine Synthetase 8 & 7 

 
rRNA  7 

 
EF1A-2 7 

 
RPS6  8 & 8 

 
RPL10A  9 

  RPL12  9 
Notes: Genes with two numbers listed contain two hDRE-like sequences. 
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1.3.2 Interaction between hDREF and E1A 
 
E1A enables viral replication by targeting hub proteins centralized in the control of cell 

growth and differentiation, therefore serving as a “hub detector” which can identify 

cellular regulators. To further elucidate the function of E1A, my supervisor, Dr. Pelka, 

previously conducted affinity purification combined with mass spectrometry (MS) to 

identify novel binding partners that interact with E1A via its C-terminus. This is the least 

characterized region of the E1A protein. hDREF was found to be one of the novel 

binding partners that interact with E1A.  Using a panel of E1A fragments fused to GFP, 

the interaction between E1A and DREF was mapped to two sites, which include CR3 and 

the region encoded by exon 2. This binding region was further refined by co-

immunoprecipitations (co-IP) using previously described E1A243R point mutants within 

E1A CR4 (Radko et al., 2014). It was discovered that the point mutant that appears to 

lose binding to DREF is E1A243R L272/273A (leucine residues mutated to alanine) 

(Figure 1.6) (Radko et al., 2014). Therefore, DREF was verified as a novel binding 

partner of E1A. Furthermore, although DREF is poorly characterized in mammals, it may 

also have a significant role in regulating gene expression and the cell cycle when targeted 

by E1A. 

1.4 SUMOylation – a brief background 
 
SUMOylation is post-translational modification involved in many cellular processes such 

as, transcriptional regulation, apoptosis and cell cycle progression (Park-Sarge and Park, 

2009). These modifications are made possible by Small Ubiquitin-like Modifier (SUMO) 

proteins that are covalently attached to other proteins at lysine residues altering target 

protein’s function. Most SUMO-modified proteins contain a tetrapeptide 
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consensus motif Ψ-K-x-D/E where Ψ is a hydrophobic residue, K is the lysine conjugated 

to SUMO, x is any amino acid (aa), D or E is an acidic residue (Park-Sarge and Park, 

2009; Hay, 2005). There are 4 confirmed SUMO isoforms in humans: SUMO-1, SUMO-

2, SUMO-3 and SUMO-4, none of which have been reported to interact with DREF 

(Alegre and Reverter, 2011). 

Since the two leucine residues necessary for the interaction of HAdV5 E1A with DREF 

are 100% conserved across all HAdV serotypes analyzed, a BLAST search was 

conducted to determine whether this region constitutes a novel MoRF. Using the E1A 

sequence surrounding the L272/L273 of HAdV5 that is essential for interaction with 

DREF, a novel MoRF, ubiquitin-specific peptidase-like protein 1 (USPL1) was identified 

(Radko et al., 2014).  

USPL1 is a SUMO-specific isopeptidase that is responsible for SUMO removal from 

modified proteins (Radko et al., 2014). Thus, DREF was hypothesized to be 

SUMOylated and perhaps this modification could be affected by E1A. As a result, DREF 

was co-transfected with HA-tagged SUMO-1, -2, or -3 in HT1080 cells and was 

immunoprecipitated and blotted for the presence of SUMO. Results indicated that DREF 

is in fact SUMOylated by SUMO-1, and the expression of E1A enhanced the degree of 

DREF SUMOylation (Figure 1.7) (Radko et al., 2014).  

1.5 Promyelocytic Bodies (PML Bodies)- Structure Dynamics and Function in brief 
 
Promyelocytic Bodies (PML Bodies) are nuclear structures 0.1–1.0 µm that are found in 

a diverse range of tissues and cell lines (Alegre and Reverter, 2011; Lallemand-

Breitenbach and de The, 2010). They have several names, which include Kremer bodies, 

ND10 or PODs (for PML oncogenic domains). Using immunofluorescence-staining 
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techniques, PML bodies appear as punctate speckled structures within the nuclei of most 

cells (Lallemand-Breitenbach and de The, 2010). PML bodies and their components have 

functions in transcriptional regulation, genomic stability maintenance, post-translational 

modification, DNA repairs, apoptosis and anti-viral response (Lallemand-Breitenbach 

and de The, 2010; Brasch and Ochs, 1992; Boisvert et al., 2000; Zhong et al., 2000). 

Thus, there is wide spread interest in studying PML bodies as they appear to be multi-

functional.  

PML also appears to be an anchor for many nuclear functions and also have been shown 

to recruit a growing number of proteins. To date the only known feature is their ability to 

be SUMOylated (Lallemand-Breitenbach and de The, 2010; Boisvert et al., 2000).   

PML bodies are also a target of a variety of viruses, and are thought to be involved in 

coordinating the expression and replication of viral genomes; including HAdV5 (Boisvert 

et al., 2000). Thus, perhaps DREF is a protein that PML is able to recruit, as it has shown 

the ability to be SUMOylated and is present during viral infection. Additionally, DREF 

may also have a role in modulating antiviral response if it in fact interacts with PML 

bodies. This is quite common feature amongst proteins that PML is able to recruit.  
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Figure 1.6 E1A requires L272/L273 for interaction with DREF. Human HA-tagged 

DREF was co-transfected with plasmids expressing the indicated E1A243R single-

amino-acid-substitution mutants into HT1080 cells. An empty plasmid (pcDNA3) was 

used as the “no E1A” control transfection. Twenty-four hours after transfections cells 

were harvested and immunoprecipitated for E1A using M73 antibody. IPs were resolved 

on 4 to 12% gradient Novex Bolt gels, and DREF was detected with anti-HA (3F10) 

monoclonal antibody. The input control was 1.5% of the cell lysate used in the IPs. 

(Radko et al., 2014) 

identified for the C terminus of E1A (14). In addition to importin
!, CtBP, DYRK1, HAN11, and FOXK1/2 have been identified as
bona fide C terminus binding proteins (14). In order to better
understand the functional contribution of E1A to the overall role
of the protein during viral infection, we undertook a mass spec-
trometry (MS)-based identification of proteins that interact with
the C terminus of HAdV5 E1A. We constructed an adenovirus
vector that expresses a myc-tagged version of E1A residues 187 to

289 under the control of a cytomegalovirus (CMV) promoter.
This virus was used to infect HT1080 cells and a combination of
M73 anti-E1A and 9E10 anti-myc antibodies was used to affinity
purify C terminus-associated proteins from cell lysates. One of the
proteins identified via this approach was human DREF. To verify
that E1A interacts with DREF, we carried out a coimmunoprecipi-
tation (co-IP) in HAdV-infected HT1080 cells (Fig. 2). Endoge-
nous DREF was found to interact with E1A in infected HT1080
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FIG 2 E1A interacts with DREF. (A) Subconfluent human HT1080 fibrosarcoma cells were infected with HAdV5 dl309, pm975, or dl520 expressing genomic
E1A, E1A289R, or E1A243R, respectively, or Ad-LacZ with the E1 region deleted, for 24 h. Cells were subsequently harvested, lysed, and subjected to IP using M73
monoclonal anti-E1A antibody. IPs were resolved on 4 to 12% gradient Novex Bolt gels, and DREF was detected using rabbit polyclonal anti-DREF antibody. Part
of the cell lysate used in the IPs (1.5%) was used as the input control. (B) Schematic representation of E1A289R and fragments fused to GFP. (C) Human
HA-tagged DREF was cotransfected together with plasmids expressing the indicated GFP-E1A fragment fusions or GFP alone as a control into HT1080 human
fibrosarcoma cells. Twenty-four hours after transfections cells were harvested and immunoprecipitated for GFP. IPs were resolved on 4 to 12% gradient Novex
Bolt gels, and DREF was detected with anti-HA (3F10) monoclonal antibody. The input control was 1.5% of the cell lysate used in the IPs. (D) Human HA-tagged
DREF was cotransfected together with plasmids expressing the indicated E1A243R single-amino-acid-substitution mutants into HT1080 human fibrosarcoma
cells. An empty plasmid (pcDNA3) was used in the “no E1A” control transfection. Twenty-four hours after transfections cells were harvested and immunopre-
cipitated for E1A (M73). IPs were resolved on 4 to 12% gradient Novex Bolt gels, and DREF was detected with anti-HA (3F10) monoclonal antibody. The input
control was 1.5% of the cell lysate used in the IPs. (E) Human HA-tagged DREF was cotransfected together with plasmids expressing indicated GFP-E1A fusions
from various HAdV species into HT1080 human fibrosarcoma cells. GFP plasmid was used as a control. Twenty-four hours after transfections cells were
harvested and immunoprecipitated for GFP. IPs were resolved on 4 to 12% gradient Novex Bolt gels, and DREF was detected with anti-HA (3F10) monoclonal
antibody. The input control was 1.5% of the cell lysate used in the IPs.
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Figure 1.7 SUMOylation of DREF. pCAN-Myc-DREF plasmid expressing myc-tagged 

DREF was co-transfected into HT1080 cells with plasmids expressing the indicated HA-

tagged SUMO (1-3) and genomic E1A or a control plasmid expressing no E1A. Total 

DREF was immunoprecipitated using the anti-myc (9E10) monoclonal antibody. IPs 

were resolved on a 4 to 12% gradient Novex Bolt gel, and SUMOylated isoforms of 

DREF were detected using anti-HA (3F10) antibody. The input control was 1.5% of the 

cell lysate used for the immunoprecipitation. (Radko et al., 2014). 
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Research Objectives and Hypothesis 
 
As previously mentioned, Dr. Pelka conducted affinity purification combined with mass 

spectrometry (MS) using the E1A C-terminus to identify novel binding partners. DREF 

was found to be one of the novel binding partners that interacts with E1A. Although 

DREF is somewhat well characterized in Drosophila, the human homologue is poorly 

studied in comparison. Thus, studies with E1A could serve to better elucidate DREF 

function and its role in cellular regulatory networks. Furthermore, identifying novel 

binding partners of E1A allows us to further understand how they regulate the cell cycle 

using E1A and their contribution to adenovirus growth in HAdV-5 infected cells. 

Therefore the three main objectives of my Masters research are: 
 

1) Examining the effects of E1A on DREF 

a. Is there a direct or indirect interaction? 

b. Examine the effects of E1A on the transcription of DREF in vitro 

2) Characterizing DREF in regulatory networks  

3) Elucidating the role of DREF in the viral life cycle and its contribution to viral 

replication
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2 Materials and Methods 
 
2.1 Cell Cultures 
 
HT1080 human fibrosarcoma cells (Rasheed et al., 1974), U2OS human osteosarcoma 

epithelial cells (Rodan et al., 1987), Human Embryonic Kidney (HEK) 293 cells 

(Graham et al., 1977), and IMR-90 primary human lung fibroblast cells (Nichols et al., 

1977) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) 

(ThermoScientific) supplemented with heat inactivated 10% fetal bovine serum (FBS) 

(Life Technologies), 100 units/mL penicillinG and 100µg/mL streptomycin (HyClone 

ThermoScientific). Cells were grown in 37°C incubator with 5% CO2. 

2.2 Antibodies 
 
Table 2.1 contains a comprehensive list of antibodies used in all experiments.  

2.3 PCR & PCR Primers 
 
Primers were supplied by Integrated DNA Technologies (IDT) and are listed in Table 2.2 

PCR reactions were conducted using Phusion Polymerase (ThermoScientific) as per 

manufacturer’s specifications. The annealing stage of PCR was consistently performed at 

55°C.  

2.4 Plasmids 
 
A comprehensive list of plasmids used in experiments is listed in Table 2.3. Dr. Peter 

Pelka previously designed and obtained plasmids pCAN-myc (PPB1), pSV-

betagalactosidase (PPB25), pcDNA3-E1A 12S wt (PPB36), pcDNA3-E1A-AD5-13S 

(PPB46), and pcDNA3.1-E1A (PPB71), during his post-doc in Dr. Joe Mymyrk’s lab. 

Plasmid PPB2 (pcDNA3-HA-hDREF) was generously donated by Dr. Fumiko Hirose at 

the University of Hyogo, Japan, and was described previously (110). Plasmid PPB271 
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(pGEX-6-P1) was generously donated by Dr. Brian Mark. Plasmid PPB281 (pGL3-basic-

H1 promoter) was constructed as previously described (110). Plasmid PPB290 (pCAN-

myc-DREF) was constructed by digesting PPB2 with MfeI to obtain full-length hDREF 

and inserting it into the EcoRI site in PPB1 (pCANmyc). Plasmids PPB299 (pGEX-6-P1-

DREF N term) and PPB 300 (pGEX-6-P1-DREF C term) were constructed by cutting 

DREF N and C terminus PCR products with MfeI and then inserted into EcoRI sites in 

PPB271 (pGEX-6-P1). The SUMOylation mutant plasmids, PPB317-322 and PPB357-

364 were constructed by creating primers having a single amino acid substitution from 

lysine to alanine. cDNA was next heated at 75°C for 5 minutes and then placed on ice for 

5 minutes. Following, this 2µl of cDNA was used for ligation. BamHI was used to verify 

the DREF insert and minipreps with the DREF insert present were sent to the Centre of 

Applied Genomics at SickKids Hospital in Toronto, Ontario, Canada for sequencing. 

This verified that the only mutations within the sequences of the SUMOylation mutants 

were the intentional single amino acid substitutions. All plasmids were maintained in 

Escherichia coli strain DH5α. Large-scale preparations of plasmid DNA were generated 

using the HiPure Plasmid Midiprep kit (Invitrogen) according to the manufacturer’s 

guidelines.  
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Notes: WB= Western Blot; IF= Immunofluorescence. Primary and secondary antibodies 
are diluted and applied to membranes in Tris-Buffered Saline-Tween20 (TBS-T) 
containing 5% skim milk powder or in immunofluorescence blocking buffer (1% normal 
goat serum, 1% bovine serum albumin (BSA), 0.2% Tween 20 in phosphate-buffered 
saline (PBS).  

Table 2.1. Table of Antibodies Used  	  	   	  	   	  	  

Antibody Description Use 
Dilution 
Factor Source Catalogue # 

9E10 (c-myc) Mouse Monoclonal Primary 
WB: 1:300             

IF: neat In house N/A 

E1A (M73) Mouse Monoclonal Primary 
WB: 1:800              

IF: neat In house N/A 
E1A (M58) Mouse Monoclonal Primary WB: 1:800 In house N/A 

PML Rabbit Polyclonal Primary IF: 1:150 AbCam ab53773 
DREF Rabbit Polyclonal Primary IF: 1:100 AbCam ab48355 
Actin Mouse Monoclonal Primary WB: 1:1000 AbCam ab3280 

Adenovirus 
Type 5 Rabbit Polyclonal Primary WB: 1: 10,000 AbCam ab6982 

72k DNA 
Binding Protein Mouse Monoclonal Primary WB: Neat Phil Branton N/A 

HA Rat Monoclonal Primary 
 WB: 1:5000          

IF: 1:400 Roche 11867423001 

Mouse IgG Goat Secondary WB: 1: 200,000 
Jackson 

ImmunoResearch 115-035-003 

Rabbit IgG Goat Secondary WB: 1: 200,000 
Jackson 

ImmunoResearch 111-035-003 

Rat IgG Goat Secondary WB: 1: 200,000 
Jackson 

ImmunoResearch 112-035-003 
Rabbit IgG        

(Alexa Fluor 
488) Goat Secondary IF: 1:600 

Jackson 
ImmunoResearch 111-545-003 

Rabbit IgG        
(Alexa Fluor 

594) Goat Secondary IF: 1:600 
Jackson 

ImmunoResearch 111-585-003 
Mouse IgG       

(Alexa Fluor 
594) Goat Secondary IF: 1:600 

Jackson 
ImmunoResearch 115-585-003 

Mouse IgG      
(Alexa Fluor 

488) Goat Secondary IF: 1:600 
Jackson 

ImmunoResearch 115-545-003 
Rat IgG             

(Alexa Fluor 
594) Goat Secondary IF: 1:600 

Jackson 
ImmunoResearch 112-585-003 
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Note: All primers were supplied by IDT.  Annealing step of PCR was consistently 
performed at 55°C. 
 

 

 

 

 

 

 

 Table 2.2. List of Oligonucleotide Primers  
	   	  	  

Primer  Forward Primer (5'-3') Reverse Primer (5'-3') 

H1 Promoter AAATGCTAGCGTCCTGTGCCTGTGTTAC CTATCTCGAGGGTGGCAAGAAAC
TGCTAG 

DREF  
(N and C 
terminus) 

TTAGCAATTGTTAGCGCGACAGCAGCG
CCCCC 

TTAGCAATTGTGCCGCAAACTGGT
GGAG 

DREF (Mfe) 
CATGCAATTGGAGAATAAAAGCCTGGA

G 
CATGCAATTGCTACAGGAAGCTG

CTGTC 
DREFK307A GACAAGGTCGCCGACGGCGGCGGCTAC CAGCAGGCCCTTGGCTCTTTC 
DREFK113A CTGGCCGTCGCCGCCGGCCACGGCTAC CGCGTCCTGCCCGGGCTG 
DREFK98A TCCAAGCTGGCCCCCGAGTCGTCC GAAGGCGGTGGCGAAGGCTTCA 

DREFK176A ATCCCTGAGGCCTACGGGGCC GGCCTTGGTAGAGATGTACTTCCG 
DREFK307A CAGCTCCCGGCCCTGGGGGCGCTG GAAGGCCTGCTGGATGCCGGC 
DREFK263A ATCAGCGCCGCCGTCTTCGGGGC GCCCCACTCGATGAAGACCTC 
DREFK234A CGCTGCCTGGCCACCTTCGAGGTG GGAGCCCATGGACAGGCAGT 

DREF-p1 
GATCGGTACCCAATATATGACAGATGA

TGAAATGAGCC CTTTGCAACCTTCTGTCCTACAGA 

DREF-p4 
GATCGGTACCGGTCCTGGCTGGGGCTT

GAAT GACCCCAGCAGGGACCCTTCC 

DREF-p5 
GATCGGTACCTCTCGAACGCCTGGGCTC

AA 
GATCGGATCCCACATCTCACTGGG

ACCCTGGCA 
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Table 2.3. List of Plasmids Used  
	   	  	  

PPB 
#  Name 

Parent 
Vector Characteristics  

1 pCAN-myc pCAN-myc 
Expression vector with an N-

terminal myc tag  
2 pcDNA3-HA-hDREF  pcDNA3-HA HA-tagged full length DREF 

25 pSV-betagalactosidase pSV Beta Gal Reporter, LacZ Reporter 

36 pcDNA3-E1A 12S wt  pcDNA3 
Expression vector for 12S cDNA 

wt E1A 

46 pcDNA3-E1A-AD5-13S pcDNA3 
Expression vector for full length 

Ad5 E1A 13S cDNA 
71 pcDNA3.1-E1A  pcDNA3.1 Expresses all forms of E1A 

271 pGEX-6-P1 pGEX-6-P1 
GST-fusion vector for N-terminal 

fusion proteins 

281 pGL3-H1-promoter pGL3 
Luciferase vector expressing H1 

Promoter 
290 pCAN-myc-DREF pCAN-myc myc-tagged full length DREF 

299 
pGEX-6-P1-DREF N 

term  pGEX-6-P1 
GST-fusion vector expressing N 

terminus DREF 

300 
pGEX-6-P1-DREF C 

term  pGEX-6-P1 
GST-fusion vector expressing C 

terminus DREF 

317 
pcDNA3-HA-
DREFK98A pcDNA3 

AA 98 substitution from lysine to 
alanine 

318 
pcDNA3-HA-
DREFK113A pcDNA3 

AA 113 substitution from lysine to 
alanine 

319 
pcDNA3-HA-
DREFK501A pcDNA3 

AA 501 substitution from lysine to 
alanine 

320 pCANmyc-DREFK98A pCAN-myc 
AA 98 substitution from lysine to 

alanine 

321 pCANmyc-DREFK113A pCAN-myc 
AA 113 substitution from lysine to 

alanine 

322 pCANmyc-DREFK501A pCAN-myc 
AA 501 substitution from lysine to 

alanine 

357 pCANmyc-DREFK307 pCAN-myc 
AA 307 substitution from lysine to 

alanine 

358 pCANmyc-DREFK176A pCAN-myc 
AA 176 substitution from lysine to 

alanine 

359 
pcDNA3-HA-
DREFK234A pcDNA3 

AA 234 substitution from lysine to 
alanine 

360 
pcDNA3-HA-
DREFK263A pcDNA4 

AA 263 substitution from lysine to 
alanine 

361 pCANmyc-DREFK263A pCAN-myc 
AA 263 substitution from lysine to 

alanine 

362 
pcDNA3-HA-
DREFK307A pcDNA3 

AA 307 substitution from lysine to 
alanine 



 

 7 

 

 

 
 
 

 

 

 

 

 

 

 

363 
pCAN-myc-

DREFK234A pCAN-myc 
AA 234 substitution from lysine to 

alanine 

364 
pcDNA3-HA-
DREFK176A pcDNA3 

AA 176 substitution from lysine to 
alanine 

386 
pGL3-Basic-DREF-

promoter 1 pGL3-Basic 

PCR purified DREF promoter 1 
(approx. 500kb) cloned into pGL3-

Basic using KpnI/HindIII sites 

387 
pGL3-Basic-DREF-

promoter 4 pGL3-Basic 

PCR purified DREF promoter 1 
(approx. 500kb) cloned into pGL3-

Basic using KpnI/HindIII sites 

388 
pGL3-Basic-DREF-

promoter 5 pGL3-Basic 

PCR purified DREF promoter 1 
(approx. 500kb) cloned into pGL3-

Basic using KpnI/HindIII sites 
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2.5 Plasmid Transfections 
 
15cm2 plates (Sarstedt) were plated with 5x106 HT1080 cells for chromatin 

immunoprecipitation (ChIP) experiments. 10cm2 plates (Sarstedt) were plated with 2x106 

HT1080 cells for Liquid-Chromatography-Mass Spectrometry (LC-MS/MS) experiments. 

6-well plates (Sarstedt) were plated with ~300,000 HT1080, U2OS, IMR-90 cells for 

luciferase assays and for investigating viral replication during infection with E1A 

expressing isoforms prior to transfection. Immunofluorescence chamber slides (Nalgene 

Nunc) were plated with ~40,000 HT1080 cells prior to transfection. Purified plasmid 

DNA was transfected into cells using TurboFect reagent (ThermoScientific) 24 hours 

after plating, according to the manufacturer guidelines. 

2.6 Viruses and Viral Infections 
 
HAdV infections were carried out in serum free media. Cells were infected for 1h and 

were incubated at 37°C with 5% CO2, after which viral infection media was removed and 

cells were washed with 1X PBS. Fresh media was applied to cells and cells were 

incubated 37°C with 5% CO2 until their collection at the respective time points indicated 

by individual experiments. The HAdV viruses used for infections include HAdV-5 dl309 

(wild-type; WT) background, which contains a small deletion in the E3 region, knocking 

out the E3 14.7K, 14.5K and 10.4K proteins (122). In addition, pm975 virus that only 

expresses E1A 13S and dl520, which expresses E1A 12S, were also utilized for virus 

infections.  

2.7 Immunofluorescence  
 
HT1080 cells were plated at a density of ~ 40, 000 cells per chamber, on chamber slides 

(Nalgene Nunc) and subsequently infected or transfected as previously described. 
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Twenty-four hours after final transfection or infection, cells were fixed in 4% 

formaldehyde for 10 minutes at room temperature and washed three times with PBS. 

Cells were next permeabilized in 0.1% Triton/PBS and blocked in blocking buffer (1% 

normal goat serum, 1% bovine serum albumin (BSA), 0.2% Tween 20 in phosphate-

buffered saline (PBS) for 1h and stained with specific primary antibodies for an 

additional hour. M73 was used neat (hybridoma supernatant), 3F10 rat anti-HA antibody 

(Roche) was used at a dilution of 1:400, PML antibody (Abcam ab53773) was used at a 

dilution of 1:150, 72k DBP antibody was used neat (hybridoma supernatant), DREF 

antibody (Abcam ab48355) was used at a dilution of 1:100, 9E10 anti-myc antibody was 

used neat. After primary antibody incubation, chamber slides were washed three times 

with PBS-Tween (PBST). Alexa Fluor 488 and 594-conjugated secondary antibodies 

(Jackson ImmunoResearch) were used at a dilution of 1:600. After staining and extensive 

washing with PBS-Tween (PBST), slides were mounted using Prolong Gold with DAPI 

(4,6-diamidino-2-phenylindole; Invitrogen) and imaged using a Zeiss LSM700 confocal 

laser-scanning microscope. Images were analyzed using the Zeiss ZEN software package. 

2.8 siRNA Knockdown                                                

Small interfering RNA (siRNA) knockdown was carried out as previously described for 

virus growth assays and immunofluorescence (Radko et al., 2014). HT1080 cells were 

transfected with DREF-specific Silencer Select siRNA (Life Technologies no. s17567) 

using SilentFect reagent (Catalogue # 170-3361, Bio-Rad) according to the 

manufacturer’s protocol, using a 5nM final siRNA concentration in serum free media. 

Silencer Select negative-control siRNA no. 1 (Catalogue # 4390843, Life Technologies) 

was used as the negative siRNA control, at a final concentration of 5nM in serum free 
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media. siRNA and serum free media were incubated for 20 minutes and added drop wise 

to plates or chamber slides with freshly added complete media to a final volume of 3ml 

for 6-well plates and 1ml for chamber slides. Plates and chamber slides were incubated at 

37°C for 24 hours to achieve complete knockdown of DREF, prior to further 

experimentation.  

2.9 Virus Plaque Assays 
 
To analyze the role of DREF on virus growth and replication, HT1080 cells were 

transfected with hDREF siRNA along with negative control siRNA. Cells were then 

infected with HAdV-5 dl309 wildtype virus at a multiplicity of infection (MOI) of 1 and 

harvested at 24, 48, and 72 hours post infection. In addition, for the analysis of viral 

progression in arrested IMR-90 cells, cells were grown to 100% confluence and then 

contact inhibited cells were incubated for an additional 3 days, to allow for complete 

growth arrest (57). Arrested cells were next infected with HAdV5 dl309 wildtype, pm975 

and dl520 viruses, as described in Section 3.6, under conditions that would express equal 

amounts of E1A. Cells were next harvested at 24, 48, 72, 96 and 120 hours post-infection. 

All samples were subjected to three cycles of freeze thawing altering between -80°C and 

room temperature, in order to lyse the cells and release the virus. HEK293 cells were then 

plated on 6-well plates and grown to 90% confluency. Next, serial dilutions from 10-3 to 

10-8 of the previously collected viruses from the HT1080 and IMR-90 cells were used to 

inoculate the HEK293 cells. Cells were incubated for 1 hour at 37°C with 5% CO2, after 

which the virus was aspirated off. Lastly, cells were overlayed with a 1:1 ratio of 2X 

DMEM (Gibco) to 1% Agarose (Invitrogen) and incubated at 37°C with 5% CO2. Five 

days after overlaying, plaques were counted and used to determine viral titre. 
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2.10 H1 Promoter Luciferase Assays 
 
The histone H1 promoter was cloned into the pGL3 vector, a luciferase reporter plasmid 

that lacks a promoter and enhancer, as described in Section 3.4. Next, the reporter was 

co-transfected with pcDNA3-HA-DREF and pcDNA3-E1A 12S wt or pcDNA3-E1A-

AD5-13S respectively into 6-well plates of 70-90% confluent U2OS and HT1080 cells. A 

total of 4µg of plasmid DNA was transfected into each well, with equal amounts of each 

plasmid being transfected. Transfections were carried out as previously described in 

Section 3.5. Forty-eight hours after transfection, cells were harvested and lysed in 300µl 

1x Cell Culture Lysis Buffer (Promega E397A), scraped into labeled eppendorf tubes, 

which were centrifuged at 13,000rpm for 10 minutes. After centrifugation, 50µμl of lysate 

was pipetted into white opaque bottom detection plates (ThermoScientific). The 50µL of 

lysate was then mechanically mixed with 50µL of Luciferase Substrate (Promega E151A) 

and luciferase light production was detected by the FlexStation3 (Molecular Devices). 

Luciferase activity was measured by fold change differences relative to the reporter only. 

In addition, western blot was used to verify the presence or absence of DREF and E1A in 

the lysates. 

For histone H1 Promoter Luciferase Assays with infection, the pGL3-H1 promoter was 

co-transfected with pcDNA3-HA-DREF, into 6-well plates of 70-90% confluent U2OS 

and HT1080 cells. Transfections were carried out as described above. Twenty-four hours 

after transfection, infections were carried out at an MOI of 1, with dl309, pm975 and 

dl520 viruses, as previously described in Section 3.6.  Twenty-four post-infection cells 

were harvested and lysed, and luciferase production was detected as described above. 

Western blot was used to verify the presence or absence of DREF and E1A in lysates.  
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2.11 Protein Purification and GST-Pulldown 
 
To observe if E1A has a direct or indirect interaction with DREF, an in vitro Glutathione 

S-transferase (GST) pulldown assay was conducted. Initially, primers were designed for 

the DREF protein, for the N terminus (amino acids 1-314) and C terminus (amino acids 

315-694). cDNA was cloned into PGEX-6P-1, a GST fusion plasmid used for protein 

expression, as described in Section 3.4. Next, the DREF N and C terminus GST-fusion 

proteins, were grown in LB liquid culture at 37°C until an OD600= 0.6-0.8. After reaching 

the appropriate OD600, expression of the fusion proteins was induced by Isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 4h at 30°C. Liquid cultures were then centrifuged to 

pellet cells. Cells were resuspended and lysed in 20ml of NTEN Buffer (100mM NaCl, 

20mM Tris-Cl pH 8, 1mM EDTA, 1% Triton) containing protease inhibitor. Samples 

were sonicated three times for twenty seconds on ice and centrifuged again at 5000rpm 

for 10 minutes to clarify the samples. Next, 2ml of GST beads, that have been washed 

thoroughly with PBS were added to the supernatant and were incubated for 1 hour at 4°C. 

After the incubation, supernatants were centrifuged for 5 minutes at 5000rpm, after which 

the supernatant was aspirated. Subsequently, three 30ml washes with PBS were carried 

out, centrifuging for 5 minutes at 4000rpm between washes. The beads were then 

resuspended in 5ml of PBS and run through a gravity column. Fractions were then 

collected in increments of 0.5ml via a gravity column filtration using 50mM Tris-Cl pH 8 

and 20mM reduced glutathione. After fractionation, sample dialysis was conducted 

overnight in PBS buffer. Samples were collected after dialysis and tested by Bradford 

assay to test sample protein concentration. Dr. Peter Pelka previously made His-tagged 

E1A289R by subcloning the entire E1A289R cDNA into the pET42 vector (Novagen) in 
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frame with a C-terminal 6X︎His tag. GST pulldowns were then carried out as previously 

described, using 2µg of protein for immunoprecipitations in Pulldown Buffer (50mM 

HEPES/KOH pH=7.5, 150mM KCl, 1mM EDTA, 10% Glycerol, 0.1% NP-40 and 

2µg/µl BSA), followed by performing SDS-PAGE and western blot, where DREF and 

E1A were blotted. 

2.12 Western Blotting 
 
Cells were harvested from Sarstedt plates and lysed with NP-40 Lysis Buffer (0.5% 

NP40, 100 mM NaCl, 50 mM TRIS pH 7.8, protease inhibitor).	  Cells plated on: 10cm2 

dishes were lysed in 1mL of NP-40 lysis buffer and 6-well dishes were lysed in 300µL of 

lysis buffer per well. Samples were boiled in a 1:1 ratio of 2X Sample Buffer to 1M DTT. 

Samples were run on 10% SDS-PAGE self-cast gels or pre-cast Novex Bolt Mini Gels 

(LifeTechnologies). Gels were run in a BIORAD Mini-PROTEAN Tetra System cell 

with SDS-PAGE running buffer (25mM Tris, 250mM Glycine pH 8.3, 0.1% SDS) at 

200V for 60 minutes. Pre-cast gels were run in Novex Bolt Mini Gel Tank with 

MES/MOPS SDS Running Buffer (Life Technologies) at 120V for 60 minutes. Proteins 

were transferred onto Immobilon-P PVDF membrane (BioRad) in a BIORAD Mini-

PROTEAN Tetra System cell using transfer buffer (25mM Tris, 250mM Glycine pH 8.3 

and 5% MeOH) and were run at 100V for 1 hour and 15 minutes at 4°C. The membranes 

were blocked using 5% w/v skim milk powder in TBS-T (10% Tween-20 in TRIS-

buffered saline pH 7.6) for 1 hour at room temperature. Primary antibody was diluted into 

5% w/v skim milk powder in TBS-T and incubated with the membrane overnight at 4°C. 

The membrane was washed three times, ten minutes per wash with TBS-T. Appropriate 

secondary antibody with conjugated horseradish peroxidase enzyme was used at a 
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1:200,000 dilution in 5% w/v milk powder in TBS-T and was incubated with the 

membrane for 30 minutes. The membrane was washed again three times with TBS-T. 

Luminata Forte Western HRP Substrate (Millipore) was added to the membrane and 

incubated for five minutes at room temperature. Amersham Hyperfilm ECL (GE 

Healthcare Life Sciences) was exposed to the membrane in a dark room. The film was 

then developed using the automated film developer (Konica Minolta Medical Imaging, 

Model SRX-101A) in the dark room. 

2.13 Chromatin Immunoprecipitation (ChIP) 
 
15cm2 plates with HT1080 cells were plated and transfected with PPB290 (pCAN-myc-

DREF) as described previously Section 3.5. Twenty-four hours post-transfection the cells 

were cross-linked while rocking with formaldehyde at a final concentration of 1% for 10 

minutes at room temperature. The crosslinking reaction was stopped by adding glycine to 

a final concentration of 125mM to the plate. Cell media was next aspirated and the cells 

were washed three times with PBS, after which cells were harvested in PBS into 15ml 

tubes. The tubes were then centrifuged at 1500rpm for 5 minutes. The PBS was aspirated 

and the cell pellet was resuspended in 400µμl of ChIP lysis buffer (5mM PIPES pH 8, 

85mM KCl, 0.5% NP-40) containing protease inhibitors. Tubes were kept on ice for 10 

minutes and supernatants were transferred to eppendorf tubes. Nuclei were pelleted by 

centrifugation at 5000rpm for 5 minutes. The nuclei were resuspended in 400µμl of ChIP 

lysis buffer (500mM TRIS pH 8.1, 10mM EDTA, 1% SDS) supplemented with protease 

inhibitors and incubated on ice again for 10 minutes. The nuclei were sonicated on ice 

using the Covaris Focused- UltraSonicator M220. After sonication samples were 
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centrifuged at 13,000rpm for 10 minutes at 4°C. After centrifugation, 5µμl of sample was 

run on a 1% Agarose gel, to ensure that the DNA is less than 1kb in length.  

Next, 150 µμl  of the supernatant was added into new eppendorf tubes for the 

immunoprecipitation (IP) and the IgG negative control. The sample was diluted 10-fold 

(up to 1.5ml) with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 

16.7mM TRIS pH 8.1, 167mM NaCl with protease inhibitors). 5µμl of DREF antibody 

was used for the first IP and 100µμl 9E10 c-myc antibody was used for the second IP. 

Tubes were then incubated with agitation overnight at 4°C. After overnight incubation, 

125µμl  of Protein A Sephorose beads was added to tubes and incubated for 2h with 

agitation at 4°C. Beads were then washed for 5 minutes with agitation in the following 

buffers and order:  

a) Low salt wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM TRIS 

pH 8.1, 150mM NaCl) 

b) High salt wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM TRIS 

pH 8.1, 500mM NaCl) 

c) LiCl wash buffer (0.25M LiCl, 1% NP-40, 1% Deoxycholate, 1mM EDTA, 

20mM TRIS pH 8.0) 

d) 2X in 1X TE buffer (TRIS-EDTA) 

The complexes were eluted by adding 300µμl of elution buffer (1% SDS, 0.1 NaHCO3) to 

the beads. Samples were vortexed and agitated for 15 minutes. The beads were then 

pelleted and ~275-280 µμl  of  supernatants was transferred to new eppendorf tubes. 

Crosslinking was reversed by adding 5M NaCl to a final concentration of 0.3M and 

incubating overnight at 65°C. After overnight incubation, decrosslinked samples were 
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purified using the PCR Purification Kit (ThermoScientific) according to manufacturer 

guidelines. Next, the genome library fragmentation and amplification was conducted 

using the GenomePlex Whole Genome Amplification (WGA) Kit (Sigma-Aldrich). 

Following this, ligation into the TOPO vector was conducted using the TOPO TA 

Cloning Kit (Invitrogen) and transformed into competent E. coli DH5α cells. Colonies 

were miniprepped, digested with EcoRI enzyme and sent for sequencing at the Centre of 

Applied Genomics at SickKids Hospital in Toronto, Ontario, Canada.  

2.14 DREF Promoter Occupancy 
 
The DREF sequence was first analyzed for potential promoter sites using the TATA box 

core DNA sequence 5'-TATAAA-3', as a guide. Primers for some, but not all potential 

promoters were created and fragments were cloned into the pGL3-Basic luciferase assay 

reporter vector as described in Section 2.4. HT1080 and U2OS cells were plated on 6-

well plates and transfected with pGL3-Basic-DREF promoter 1,4 and 5 (PPB386-388) 

DREF promoter plasmids as described in Section 2.5, in the presence and absence of 

myc- and HA-tagged DREF plasmid (PPB290 and PPB2). Twenty-four hours after 

transfection cells were harvested and luciferase assays were carried out as described 

previously in Section 2.10 

2.15 Liquid Chromatography- Mass Spectrometry (LC-MS/MS) 
 
HT1080 cells were plated on three 10cm2 plates and transfected with PPB290 pCAN-

myc- DREF, as previously described in Section 2.5. Twenty-four hours after transfection, 

cells were harvested, lysed with NP-40 lysis buffer and immunoprecipitated for DREF 

for 1 hour using 9E10 (myc) antibody. Immunoprecipitated samples were resolved on an 

SDS-PAGE gel and stained with Colloidal Blue stain. The DREF ~75kDa band was 
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excised from the gel and sent to the SAMS Centre at the University of Calgary for mass 

spectrometry analysis. After in gel LC-MS/MS, a comprehensive list of the potential 

binding partners of DREF was provided. 
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3  Results 
 
3.1 Investigating the Interactions of hDREF and E1A Isoforms 
 
3.1.1 In vivo Transactivation of hDREF through the Histone H1 Promoter in the 
presence or absence of E1A  
 
Previously, Ohshima et al. have shown that hDREF transactivation is possible through 

the full-length histone H1 promoter, which contains a DREF-binding site, that matches 

all ten bases of the consensus sequence (5’-TGTCG(C/T)GA(C/T)A-3’) (Ohshima et al., 

2003). Therefore, I wanted to investigate the effects E1A has on the ability of hDREF to 

transactivate the human H1 promoter, which hDREF has previously been shown to do.                               

Initially, I cloned the histone H1 promoter into pGL3-basic, a luciferase reporter plasmid, 

which lacks an enhancer and promoter. The reporter was co-transfected into U2OS and 

HT1080 cells with pcDNA3-HA-DREF and pcDNA3-E1A 12S wt or pcDNA3-E1A-

AD5-13S respectively. Cells were harvested 48 hours after transfection and the effects of 

the presence or absence of E1A on expression levels of the luciferase reporter were 

assessed using a microplate reader.      

I observed a down regulation of histone H1 promoter activity with the presence of DREF 

(Figure 3.1). In fact, a two-fold decrease was observed in promoter activity when DREF 

was transfected alone. Furthermore, co-transfection of E1A 13S and E1A 12S plasmids 

with DREF was also unable to recover histone H1 promoter activity. However, when 

E1A was transfected alone with the reporter, histone H1 activity was still driven. More 

specifically, E1A 13S transfected alone showed an approximate 2-fold increase in H1 

promoter activity, whereas E1A 12S was able to show equal promoter activity to what is 

observed when the reporter is transfected alone.  

Additionally, because I observed a small fold change versus the reporter only, I repeated 
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the luciferase assays again with slight modifications. U2OS cells were co-transfected 

with the reporter and DREF plasmids and subsequently infected 24 hours after 

transfection with E1A expressing viruses (dl520 expresses 12S, pm975 expresses 13S, 

dl309 (expresses both 12S and 13S)), as well as an uninfected control. Forty-eight hours 

after initial transfection cells were harvested and expression levels of the luciferase were 

assessed using a microplate reader.                                   

As seen with the initial luciferase assays, the histone H1 activity can still be driven when 

E1A is present from dl520, pm975and dl309 viral infection (Figure 3.2). The pm975 

virus, which expresses E1A 13S, is still the most efficient at driving promoter expression 

with a 6-fold increase in H1 promoter expression when DREF is not present. However, 

interestingly, we see that with the presence of DREF and infection with the dl520 virus, 

there is a significant 6-fold decrease in the expression of the reporter. Conversely, with 

the presence of DREF and infection with E1A 13S virus there is no significant change in 

reporter expression. Additionally, with dl309 infection, expressing both E1A 13S and 

E1A 12S, there is no significant change in promoter expression when DREF is present or 

absent.  

3.1.2 E1A interacts directly with DREF.      
                                                 
Previously, it was determined that E1A binds to DREF using affinity chromatography 

followed by MS. This does not tell us whether this interaction is direct or whether other 

proteins mediate the interaction. Therefore, I wanted to determine whether E1A interacts 

directly with DREF. To do this, I performed a GST-pulldown assay using GST- fused N-

terminal (1-315 amino acid) and C-terminal (315-694 amino acid) bacterially expressed 

and purified DREF fragments, with a bacterially expressed and purified His-tagged 
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HAdV-5 E1A289R (13S) fragment. DREF was fragmented to conduct pulldowns, as full-

length DREF was unable to be bacterially expressed. Pulldowns were conducted and run 

on a SDS-PAGE gel and blotted for DREF, GST and E1A. E1A was found to interact 

directly with residues 315 to 694, which coincide with the C-terminus of DREF (Figure 

3.3).  
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Figure 3.1. Transactivation of hDREF through the histone H1 Promoter. U2OS cells 

were transfected with equal amounts of reporter and E1A (13S 289R or 12S 243R) 

expressing plasmids, in the presence or absence of DREF transfection. Forty-eight hours 

post-transfection cells were harvested and expression levels of the luciferase reporter 

were assessed. Luciferase activity was measured by fold change differences relative to 

the reporter only. Western blot was performed on the lysates to detect the presence of 

DREF and E1A.   
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Figure 3.2. Transactivation of histone H1 promoter by DREF during adenovirus 

infection. U2OS cells were transfected with reporter plasmid in the presence or absence 

of DREF. Twenty-four hours post-transfection cells were infected with E1A expressing 

viruses. pm975 virus expresses E1A 13S, dl520 virus expresses E1A 12S and dl309 

expresses both E1A 13S and 12S. Forty-eight hours after initial transfection cells were 

harvested and expression levels of the luciferase reporter were assessed. Luciferase 

activity was measured by fold change differences relative to the reporter only. Western 

blot was performed on the lysates to detect the presence of DREF and E1A.  

0

1

2

3

4

5

6

7

F
o

ld
 C

h
a

n
g
e
 v

s
. 
R

e
p

o
rt

e
r 

O
n
ly

R
e
p
o
rt

e
r 

o
n
ly

d
l5

2
0

d
l3

0
9

R
e
p
o
rt

e
r 

+
 D

R
E

F

p
m

9
7
5

d
l3

0
9

- DREF + DREF
R

e
p

o
rt

e
r 

o
n

ly

d
l5

2
0

p
m

9
7

5

d
l3

0
9

R
e

p
o

rt
e

r 
+

 D
R

E
F

d
l5

2
0

p
m

9
7

5

d
l3

0
9

+ DREF- DREF

E1A

DREF

p
m

9
7
5

d
l5

2
0



 

 23 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 3.3. Direct Interaction of DREF and E1A. Bacterially purified and GST-fused 

fragments of DREF N and C terminus were mixed with bacterially expressed and purified 

His- tagged E1A289R (13S) and collected using Ni-nitrilotriacetic acid (Ni-NTA) resin. 

Pulldowns were resolved on 4 to 12% gradient Novex Bolt gels using 2µg of each 

fragment. DREF was detected using a polyclonal anti-DREF antibody, GST was detected 

using a polyclonal anti- GST antibody, and input E1A was detected using the M73 

antibody. (Radko et al., 2014).   
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3.2 DREF is a Growth Restriction Factor and localizes to Viral Replication Centres 
 
3.2.1 DREF is a Negative Regulator of Virus Growth 
 
In addition to investigating the effect of E1A on hDREF transactivation of the histone H1 

promoter, I have also investigated the biological importance of the interaction between 

E1A with DREF by conducting virus growth assays. This has allowed me to investigate 

the effects DREF has on viral replication. Firstly, HT1080 cells were transfected with 

DREF-specific siRNA or control siRNA. Twenty-four hours after knockdown, cells were 

infected with HAdV-5 dl309 virus at an MOI of 1.  Viruses were harvested and assayed 

for titer at 24, 48 and 72 hours after infection. Knockdown of DREF caused a 3-fold 

enhancement of virus titers 72 hours after infection (Figure 3.4). Moreover, virus growth 

enhancement was observable as early as 48 hours after infection. Titers were not 

determined past 72 hours, as complete cytopathic effect (CPE) was observed at this point. 

The enhanced viral titers observed upon DREF knockdown suggest that DREF may be a 

viral restriction factor that inhibits virus growth or assembly.  

3.2.2 DREF Localizes to Viral Replication Centres 
 
Since it was discovered that DREF restricts virus growth, I next tested whether or not 

DREF localizes to viral replication centres. HT1080 cells were treated with HA- tagged 

DREF, DREF siRNA, or control siRNA and twenty-four hours after transfection, cells 

were infected with HAdV-5 dl309 virus. Cells were then stained for DREF and viral E2A 

72k DNA binding protein (DBP), which has been discovered by others to label viral 

replication centres in distinct sub-nuclear domains (Radko et al., 2014). DREF was also 

found to co-localize to 72K DBP in spots within the nucleus (Figure 3.5). However, in 

cells treated with DREF-specific siRNA, viral replication centres appeared to be bigger 
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and more pronounced. Moreover, they formed a dispersed structure surrounding the 

periphery of the nuclear membrane up DREF knockdown.  

3.2.3 SUMOylation of DREF is required for localization to Viral Replication 
Centres 

 
Previously, our lab has determined that DREF is SUMOylated by SUMO-1 via co-

immunoprecipitation experiments (Radko et al., 2014). Consequently, our lab utilized 

Abgent prediction software to determine possible SUMOylation sites within the hDREF 

protein sequence (Figure 3.6). We identified nine putative SUMOylation sites from the 

hDREF sequence. I generated both myc- and HA-tagged mutants of the top seven most 

likely prediction sites, by altering the lysine residue to alanine. The lysine residue is 

required for SUMOylation, as it conjugates the SUMO protein (Park-Sarge and Park, 

2009; Hay, 2005).  Dr. Pelka co-transfected these mutants with SUMO in HT1080 cells 

and following co-immunoprecipitation it was discovered that the K307 residue is 

required for DREF SUMOylation (Figure 3.7).                                           

There are several examples of viral proteins being SUMOylated such as AdV5 E1B 55K, 

and human papilloma virus (HPV) E1, which have regulatory effects on their protein 

function (Everett et al., 2013). Therefore, I wanted to investigate whether localization to 

viral replication centres is altered when DREF loses its ability to be SUMOylated. 

HT1080 cells were transfected with the myc-tagged K307A mutant. It was found that 

when DREF loses its ability to be SUMOylated, it no longer is able to co-localize to viral 

replication centres (Figure 3.8). In fact, it is distinctly seen that DREF localizes in close 

proximity to the viral replication centres but it no longer achieves complete co-

localization as observed in Figure 3.5. Therefore, SUMOylation of DREF appears to be 

required for localization to viral replication centres 
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Figure 3.4. DREF is a virus growth restriction factor. HT1080 cells were transfected 

with DREF-specific siRNA (siDREF) and negative control siRNA (siControl). Twenty-

four hours after siRNA transfection, cells were infected with HAdV5 (dl309) at an MOI 

of 1, and viral titers were determined on HEK293 cells at the indicated time points (n=4; 

error bars represent standard deviations of results for biological replicates). (Radko et al., 

2014). 
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Figure 3.5. DREF localizes to viral replication centres. Top row: HT1080 cells were 

transfected with a HA-tagged DREF plasmid and 24 hours later infected with HAdV5 

(dl309). DREF was detected using anti-HA (3F10) antibody and 72k DBP was detected 

using monoclonal anti-72k DBP antibody. PML was visualized using polyclonal anti-

PML antibody. The top row represents cells treated only with control siRNA and stained 

for 72k DBP and DREF; the middle and bottom rows represent cells that were stained for 

72k DBP and PML and were treated with either DREF siRNA or control siRNA. DAPI 

was used as a nuclear counterstain. (Radko et al., 2014). 
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Figure 3.6. SUMOPlot generated by Abgent software. Prediction of possible 

SUMOylation sites within the hDREF protein sequence. Motifs with highest probability 

are shown in red and motifs with lower probability are shown in blue.  
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 Figure 3.7. Residue K307 is required for DREF SUMOylation. HT1080 cells were 

co-transfected with myc-tagged DREF SUMO mutant plasmids as indicated, along with 

HA-SUMO1. Twenty-four hours after transfection cells were harvested and 

immunoprecipitated for SUMO using anti-HA 3F10 monoclonal antibody. IPs were 

resolved on 4-12% Novex Bolt gels, and DREF was detected with anti-myc 9E10 

antibody. The input control was 1.5% of the cell lysate used in the IPs.  
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Figure 3.8. SUMOylation of DREF is required for localization to viral replication 

centres. HT1080 cells were transfected with a myc-tagged DREF K307A mutant and 

twenty-four hours later infected with HAdV5 (dl309). DREF was detected using anti-myc 

(9E10) antibody and 72k DBP was detected using monoclonal anti-72k DBP antibody. 

DAPI was used as a nuclear counterstain. (Radko et al., 2014). 
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3.3 Investigating the Interaction of hDREF and Promyelocytic (PML) Bodies   
 
3.3.1 Localization of DREF to PML Bodies 
 
PML bodies recruit many proteins that are SUMOylated, including many viral proteins. 

E1A has also been shown to alter PML body morphology upon expression with other 

proteins (Radko et al., 2014). Therefore, I wanted to investigate whether or not DREF 

localizes to PML and whether this localization could be altered by the presence of E1A.  

HT1080 cells were transfected with HA-tagged DREF alone or with the presence of 

E1A243R (12S). Cells were then stained for DREF and for PML. It was observed that 

DREF co-localizes with PML nuclear bodies within the nucleus (Figure 3.9). However, 

when E1A was co-transfected with DREF, distribution of DREF within PML bodies was 

altered to a peripheral location showing minimal signal overlap with PML itself (Figure 

3.9).  

With the knowledge that DREF localizes to PML bodies, I also investigated whether 

knockdown of DREF alters PML morphology and localization upon infection. HT1080 

cells were treated with DREF- specific siRNA and control siRNA and twenty-four hours 

after transfection, cells were infected with HAdV5 dl309 virus. Cells were stained for 

DREF and PML. It was observed that knockdown of DREF causes PML bodies to 

change morphology from punctate nuclear structures to more diffuse structures on the 

periphery of the nuclear membrane (Figure 3.5). Additionally, I observed that 

approximately 55% fewer PML bodies were present in HT1080 cells with DREF 

knockdown compared to control treated cells (Figure 3.10). Combined, these results show 

that DREF localizes to PML. 
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Figure 3.9. DREF localizes to PML bodies. HT1080 cells were transfected with a 

plasmid expressing HA-tagged DREF alone or together with wild-type E1A243R (12S). 

DREF was detected using anti-HA antibody (3F10) and anti-PML antibody detected 

PML. DAPI was used as a nuclear counterstain. (Radko et al., 2014).   
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Figure 3.10 Analysis of PML Bodies present in Control and Knockdown DREF 

treated cells. Results of immunofluorescence analyzing the average number of PML 

bodies per slide in HT1080 cells treated with siControl and siDREF. Images of random 

fields within a slide were taken at 20X magnification using Zeiss LSM700 confocal laser-

scanning microscope. Nuclei and PML bodies were counted per field to determine the 

average number of PML bodies (n=5). DREF appears to be required for PML body 

formation.  
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3.4 Investigating Protein-DNA Interactions of hDREF 
 
3.4.1 Chromatin-Immunoprecipitation of hDREF 
 
To identify novel protein-DNA interactions of hDREF, ChIP experiments were 

conducted with endogenous and transfected levels of DREF in HT1080 cells following 

standard procedure as described in Section 3.13. The result obtained from ChIP of DREF 

was the DREF sequence itself and no other hits were determined (Figure 3.11). This 

implies that hDREF could be a transcription factor that binds to its own promoter and can 

either activate or repress its own transcription. Therefore, DREF may have the possibility 

to autoregulate itself.  

3.4.2 DREF Promoter Occupancy 
 
ChIP experiments that were conducted implied that hDREF might be a transcription 

factor that autoregulates itself, therefore I decided to conduct DREF promoter occupancy 

experiments. The DREF sequence was first analyzed for potential promoter sites using 

the TATA box core DNA sequence 5'-TATAAA-3', as a guide. Primers for some, but not 

all potential promoters were created and fragments were cloned into the pGL3-Basic 

luciferase assay reporter vector. HT1080 and U2OS cells were transfected with these 

promoters and luciferase assay light production was assessed. It was determined that 

none of the potentially isolated promoters were the one that DREF may utilize to activate 

or repress its own transcription. This is because no light production was detected from 

any of these potential promoters when myc-tag DREF or HA-tag DREF is present with 

the promoter.  
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Figure 3.11 Sequence analysis from ChIP of hDREF. Quality graph and sequence as 

provided by SickKids Sequencing Facility (Toronto, Ontario, Canada). BLAST analysis 

of this sequence revealed hDREF as a hit.  
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3.5 Effects of E1A isoforms on viral replication in arrested IMR-90 cells 
 
3.5.1 E1A isoforms affect virus replication 
 
Previous work conducted by Pelka et al., has shown that HAdV-5 expressing E1A289R 

(13S), E1A243R (12S), dl309 that expresses both 13S and 12S have the ability to drive 

arrested IMR-90 cells into S-phase (Ohno and Yamada, 1984). I wanted to investigate 

whether different E1A isoforms contribute differently to virus growth in arrested IMR-90 

cells. In order to compare how the different E1A isoforms contribute to virus growth, 

infection conditions were used where E1A protein levels were equally expressed between 

all viruses twenty-four hours after infection. IMR-90 cells were first arrested by contact 

inhibition for 72 hours prior to virus infection with dl309 (expressing all E1A isoforms), 

dl520 (expressing E1A243R), or pm975 (expressing E1A289R). Viral titers were 

determined by virus plaque assays on HEK293 cells from 24 hours to 120 hours post –

infection (Figure 3.12A). It was observed that the E1A289R virus produced higher titers, 

meaning it replicates to the highest level, compared to the other viruses. Conversely, 

HAdV-5 dl520, that does not contain CR3, showed consistently lower titers than both 

pm975 and dl309. 

3.5.2 Phenotypic effects of viral infection in arrested IMR90 cells 
 
As a result of observing differences in virus titers, I decided to assess the phenotypic 

effects of viral infection. Therefore, we monitored CPE and changes in cellular 

morphology during the infection from 24 hours to 120 hours post-infection (Figure 

3.12B). As expected, uninfected cells showed unaltered morphology.  Both dl309 and 

pm975 infected cells, showed preliminary signs of CPE as early as 72 hours, which was 

much sooner than dl520-infected cells. CPE was not observed in dl520 cells until 
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approximately 96 hours post-infection. Only cells infected with pm975 reached complete 

CPE by 120 hours, however dl309-infected cells showed nearly complete CPE at this 

time point. At 120 hours dl520 infected cells only showed CPE that was similar to what 

was observed at 96 hours for dl309- or pm975-infected cells. 

3.5.3 Analyzing Viral Protein levels in infected arrested IMR-90 cells 
 

Lastly, having determined that different E1A isoforms affect virus growth, I wanted to 

investigate whether this is due, in part at least, to differences in viral protein levels. 

Therefore, I performed western blot analysis on infected cells at 24, 48, 72, 96, and 120 

hours after infection (Figure 3.13). E1A protein levels appeared to peak early on 

infection, ranging between 24 and 48 hours depending on the virus. After this point, the 

expression of E1A steadily declined for the remainder of the time points. This was most 

apparent in both dl309 and pm975-infected cells. After 48 hours, there appeared to be a 

shift in the E1A isoform expression, where E1A243R and E1A171R were the 

predominantly expressed isoforms. 

Examining other viral proteins revealed that in dl520-infected cells expression was 

lagging. For example, the expression of 72k DBP and hexon lagged compared to dl309 

and pm975 infection. DBP was only detectable in dl520-infected cells at 48 hours after 

infection, with only a faint band present at 24 hours (Figure 3.13). Other structural 

proteins, such as penton, were also not detectable in dl520-infected cells until 72 hours 

after infection. Additionally, structural proteins such as protein V and VII were never 

detectable in dl520-infected cells by western blot.  
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Figure 3.12. E1A isoforms affect viral replication.  A) IMR-90 cells were arrested by 

contact inhibition for 72 hours. Cells were next infected with HAdV5 dl309, dl520, or 

pm975 for 1 hour in serum-free media. Conditioned media from contact inhibited cells 

was saved prior to infection and replaced after 1 hour. Virus titers were determined on 

HEK293 cells at the indicated time points. B) Representative images of infected cells 

from A and mock-infected cells that were treated identically as infected cells, without 

viral infection. Images were taken prior to cells being harvested for titer determination 

and were taken at 100X magnification using phase-contrast optics. 
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Figure 3.13. Viral protein levels after HAdV-5 infection in arrested IMR-90 cells.     

A) IMR-90 cells were arrested by contact inhibition for 72 hours. Cells were next 

infected with HAdV-5 dl309, dl520, or pm975 for 1 hour in serum-free media. 

Conditioned media from contact inhibited cells was saved prior to infection and replaced 

after 1 hour. At indicated time-points, cells were lysed and 20µg total cellular lysate was 

resolved by SDS-PAGE on Novex BOLT 4-12% gradient minigel. E1A was detected 

with a combination of M58 and M73 monoclonal antibodies and visualized using a 

secondary HRP-conjugated anti-mouse antibody (Jackson Immunoresearch). B) Same as 

Panel A but probed for the 72kDa E2A DNA-binding protein (DBP). C) Same as Panel A 

but probed with HAdV5 viral structural protein antibody (Abcam). Secondary anti-rabbit 

HRP-conjugate antibody was used for detection (Jackson Immunoresearch). D) Same as 

Panel A but probed for cellular actin (Abcam) as a loading control. 
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4 Discussion  
 
4.1 Analyzing the Interaction of E1A and hDREF  
 
E1A is known to remodel the host cell’s environment to maximize permissivity for viral 

replication. It is also a major transactivator of viral early gene expression and a co-

regulator of many cellular genes. E1A does this by binding many cellular regulatory 

proteins and altering their function. The C terminus of E1A is the least characterized 

region of the protein and few binding partners are known. DREF was identified as a 

novel binding partner of E1A C-terminus via affinity chromatography followed by mass 

spectrometry. Confirmation of this interaction was observed via GST pulldown assays 

where it was determined that E1A directly binds the C-terminus of DREF (Figure 3.3). 

Thus initial experiments focused on analyzing this direct interaction and identifying 

whether E1A is able to alter DREF function.  

4.1.1 Analyzing HA-hDREF Transactivation of the pGL3-H1-Luciferase Reporter  
 
Initially, hDREF transactivation was investigated by conducting luciferase assays using a 

fragment of the histone H1 promoter, which has previously reported to be regulated by 

DREF (Ohshima et al., 2003). Results showed that there was approximately a two-fold 

decrease in promoter activity in U2OS and HT1080 cells when DREF was transfected 

alone with or without HAdV-5 infection (Figure 3.1, Figure 3.2). 

This is contradictory to the results observed by Ohshima et al., who observed significant 

levels of transactivation of the histone H1 promoter when a minimal amount of the 

pcDNA3-HA-hDREF plasmid was transfected in HeLa cells (Ohshima et al., 2003). It is 

unclear why such a discrepancy was observed, but one can speculate as to the possible 

causes. One of the possibilities for the discrepancy in results observed is that 
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transactivation of the histone H1 promoter may be a cell-type specific response. This has 

been previously observed with several viral proteins. For example, Tax, a human T-cell 

leukemia virus type I protein shows cell-type specific transactivation of the herpes 

simplex virus thymidine kinase promoter. In murine NIH 3T3 fibroblasts and human 

HeLa cells, trans-activation by the Tax protein was remarkably stronger than in human 

chondrocytic HCS-2/8 and monkey kidney Cos-7 cells, where the responsiveness of the 

thymidine kinase promoter to Tax was poor (Kubota et al., 2001; Israel et al., 1995). 

Therefore, perhaps transactivation of the histone H1 promoter is more efficient in HeLa 

cells compared to HT1080 and U2OS cells that were used in this current study.  

Additionally, the amount of transfected DREF-expressing plasmid in the experiments 

conducted by Ohshima et al., was significantly less than what was transfected in our 

current study. The highest amount of DREF plasmid transfected by Ohshima et al. was 

300ng, compared to 2µg, which was used in our study (Ohshima et al., 2003). The 

difference in the amount of DNA transfected is a result of different transfection agents 

being used. Ohshima et al. used Lipofectamine (Life Technologies) versus TurboFect 

(ThermoScientific), which was used for the aforementioned luciferase assays in this 

thesis. Therefore, transfection efficiency may also play a role when discussing the 

inability of DREF to transactivate the histone H1 promoter.  

Additionally, luciferase assays also showed that E1A isoforms 289R and 243R to drive 

promoter activity without the presence of DREF (Figure 3.1, 3.2). Moreover, it was found 

that with pm975 virus infection, promoter activity was unaltered with DREF transfection, 

whereas with dl520 virus infection there was a 6-fold decrease in the expression of the 

promoter (Figure 3.1, 3.2). Therefore, perhaps E1A is able to activate the histone H1 
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reporter. Classically, E1A has transcription activation domain within CR3 and this 

conserved region is unique to E1A 289R (13S) (Bondesson et al., 1994; Boulanger and 

Blair, 1991; Akusjarvi, 1993). This domain is able to act upon transcriptional activation 

by physically interacting with the transcription factor (Bondesson et al., 1994; Boulanger 

and Blair, 1991; Akusjarvi, 1993). On the other hand, E1A 12S lacks the CR3 domain 

and is classically been known as a transcriptional repressor, which is largely mediated 

through CR1. However, findings have shown that there may be a 63 amino acid peptide 

within CR1 of E1A243R (12S) that can act as transactivator as potent as CR3 when 

tethered to a promoter (Bondesson et al., 1994). This may elucidate a possible tactic that 

E1A 12S employs to stimulate histone H1 promoter activity in the luciferase assays, 

however the exact mechanism of this is unknown.  

Histone H1 is generally viewed as a transcriptional repressor that prevents the access of 

transcription factors and chromatin remodelling complexes to DNA (Misteli et al., 2000). 

DREF appears to be depleting histone H1 promoter activity, as transactivation levels are 

diminished with DREF presence. Previous studies have shown that H1 depletion caused 

dramatic changes in chromatin structure in mammals, including decreased global 

nucleosome spacing, reduced local chromatin compaction, and decreases in core histone 

modifications (Fan et al., 2005). Currently, no evidence on the effect of DREF on histone 

H1 has been published, other than the fact that DREF is able to transactivate histone H1 

promoter, however it can be hypothesized that perhaps DREF may alter global chromatin 

structure through modifications of histone H1 promoter activity. This would also have 

major effects on gene regulation within cells. 
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4.1.2 DREF Autoregulation 
 
Auto-regulation of eukaryotic transcription factors is extremely common and they are an 

important component of controlling the expression of many basal, cell cycle specific, 

inducible response and cell type-specific factors (Bateman, 1998). The possibility that 

hDREF autoregulates itself is supported by the ChIP results obtained in Figure 3.11. The 

results show that the only target sequenced from ChIP experiments (both endogenous and 

transfected levels of DREF) in HT1080 cells was DREF itself. This suggests that hDREF 

could be a transcription factor that binds to its own promoter and can either activate or 

repress transcription. Promoter occupancy was analyzed, however the promoter, which 

DREF could potentially be using to autoregulate its own activity was not identified. 

Although, several potential promoters were identified from the DREF sequence using the 

TATA box core DNA sequence, not all potential promoters were analyzed. Furthermore, 

there is also the possibility that DREF uses a TATA-less promoter to autoregulate itself, 

which is common in eukaryotic systems. This was not a parameter used in analyzing the 

DREF sequence for potential promoters. Koritschoner et al., have previously shown that 

a novel human zinc finger protein interacts with the core promoter element of a TATA 

box-less gene. Since DREF also contains a zinc-finger in its structure, there is a 

possibility it employs an interaction with a TATA-less promoter itself. Future work will 

focus on verifying the other identified promoters from the DREF sequence as well as 

looking at potential novel promoters, which lack a TATA-box, but may still bind DREF. 

4.2 Analyzing the Effect of hDREF on Viral Replication and Localization to Viral 
Replication Centres 
 
Upon investigating the biological role DREF has on virus growth, it was found that 

knockdown of DREF enhances virus titers 3-fold (Figure 3.4). Indicating that DREF 
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restricts viral growth. This was further verified by the observation that complete CPE was 

achieved in knockdown cells at 72 hours, but was not reached in control cells at this time 

point. Thus, viral replication is occurring more efficiently in knockdown cells.  

Additionally, our lab has also found that DREF appears to drive expression of viral 

promoters (E1A, E1B, E3A, E3B, E4ORF6/7 and hexon) during infection, as reduced 

levels of viral mRNAs and proteins were observed early in infection. Therefore, DREF 

appears to work together with E1A as a coactivator driving viral gene expression (Radko 

et al., 2014). As a result, we have postulated that DREF has a dual role in virus 

replication, however the more critical role for DREF, appears to be its function as a viral 

restriction factor. This is because viral mRNA and protein levels return to normal during 

late infection with knockdown of DREF. This may be a result of E1A overcoming the 

lack of DREF present at later times during infection or that the high viral genome copy 

numbers later stages of viral infection are able compensate for the reduced ability of E1A 

to activate viral promoters when DREF is knocked down (Radko et al., 2014).  

Many cellular and viral proteins have been shown to localize to adenovirus replication 

centers and to participate in DNA replication (Miron et al., 2009). Moreover, nucleolar 

antigens such as B23.1, B23.2 and UBF have also been known to associate with the 

adenovirus DNA replication machinery (Hindley et al., 2007; Lawrence et al., 2006). 

DREF appears to be no exception, as it was able to localize to viral replication centres 

suggesting it may play a direct regulatory role in viral reproduction (Figure 3.5).  

Additionally, viral infection appeared to be further along in knockdown cells, resulting in 

a redistribution of PML bodies, where PML bodies form adjacently to viral replication 

centres (Figure 3.5). This is likely because the virus replication centres counteract PML-
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dependent antiviral activities, as well as benefit from components and the scaffold 

formed by PML bodies (Rodriguez, 2014). Therefore, viruses have been nicknamed 

hijackers of PML bodies  (Moller et al., 2003). This is a general feature of many DNA 

viruses and their genomes, which tend to be associated with PML bodies (Everett, 2001). 

However, the molecular connections between PML body function and viral infection 

remains poorly understood.  

Additionally, we discovered that DREF is SUMOylated and the exact residue required 

for SUMOylation is K307, which was one of the predicted sites provided by Abgent 

software analysis (Figure 3.6). More importantly, it was found that when DREF loses its 

ability to be SUMOylated, it could no longer localize to viral replication centres (Figure 

3.6). Therefore, SUMOylation may regulate the DREF-mediated antiviral response that is 

responsible for targeting viral replication (Duggal and Emerman, 2012; Fu et al., 2011). 

This would not be the first time SUMOylation is shown to mediate antiviral response, as 

SUMOylation of MDA5 (melanoma differentiation-associated gene 5) has been shown to 

be necessary for its antiviral function to work at full capacity. Additionally, enhanced 

SUMOylation of MDA5 by UBC9, a SUMO-conjugating enzyme, showed upregulation 

of IFN expression and repressed virus replication (Fu et al., 2011). DREF SUMOylation 

is enhanced by the presence of E1A. This is the first time E1A has been reported to 

enhance the SUMOylation state of a cellular protein.  

Previous studies have shown that E1A targets SUMOylation machinery and UBC9. This 

interaction was first identified in 1996 (Hateboer et al., 1996). Yousef et al., have also 

identified that E1A interacts with UBC9 through the EVIDLT motif in CR2 region. 

Moreover, the authors also discovered that the interaction of E1A with UBC9 does not 
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change overall SUMOylation, both in vivo and in vitro SUMOylation of two test 

substrates, HDAC4 or E2-25K proteins (Yousef et al., 2010; Wilson, 2012).  However, 

since E1A enhances DREF SUMOylation, it can be speculated that E1A function in the 

SUMOylation of proteins is host protein specific. 

Changes in SUMOylation have been well known to alter sub-cellular localization of 

modified proteins, likely due to the changes in their interaction with nuclear transport 

machinery caused by SUMO (Fu et al., 2011). Several proteins have been identified that 

alter in their localization when SUMOylation is inhibited, including adenovirus E1B 

protein required for virus growth. Normally, during infection E1B localizes to viral 

replication centres in the nucleus, which also increases the level of SUMOylated E1B 

protein (Kindsmuller et al., 2007). However, when SUMOylation is inhibited, E1B no 

longer localizes to viral replication centres and becomes cytoplasmic (Kindsmuller et al., 

2007). Analogously perhaps, DREF SUMOylation is a requirement for recruitment of the 

protein to viral replication centres and necessary for DREF to have a role in antiviral 

response.  

To determine whether abrogation of DREF SUMOylation alters viral replication, virus 

growth assays may be conducted transfecting cells with the K307A DREF mutant 

plasmid that expresses unSUMOYlable form of DREF prior to infection. This might 

elucidate whether or not SUMOylation of DREF mediates antiviral response and if 

SUMOylation of DREF affects viral replication.  

4.3 hDREF may be required for PML localization  
 
As previously mentioned, PML bodies play a role in multiple cellular pathways, 

including apoptosis, DNA damage repair, cellular stress response, transcriptional 
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regulation, antiviral defense, and posttranslational modification (Lallemand-Breitenbach 

and de The, 2010; Boisvert et al., 2000; Randall and Goodbourn, 2008; Berscheminski et 

al., 2013). There are six human isoforms of PML bodies and it is becoming clearer that 

each of these isoforms has a specific function (Lallemand-Breitenbach and de The, 2010; 

Berscheminski et al., 2013).  For example, studies associating PML with apoptosis and 

senescence have been linked to the PMLIV isoform, whereas those implicating PML in 

antiviral defense have been observed with PMLIII, IV, or VI (Berscheminski et al., 

2013). 

PML bodies also recruit many proteins that are SUMOylated, including many cellular 

and viral proteins. Their own SUMOylation is also critical for localization within the 

nucleus (Lallemand-Breitenbach and de The, 2010; Boisvert et al., 2000; Randall and 

Goodbourn, 2008; Berscheminski et al., 2013). There are a growing number of proteins 

identified to be recruited to PML as a result of co-localization studies. Our results show 

that DREF co-localizes with PML nuclear bodies in the nucleus (Figure 3.7). Knockdown 

of DREF also appears to change the localization of PML bodies to the periphery of the 

nuclear membrane during infection (Figure 3.5).  

The association of DREF and PML may be occurring through SUMO-interacting motif 

(SIM), which has been proposed to facilitate interactions with other SUMOylated 

proteins, recruiting them to PML bodies (Berscheminski et al., 2013; Ullman and 

Hearing, 2008). Interestingly, co-transfection of E1A and DREF altered the distribution 

of DREF within PML bodies to a peripheral location and DREF showed minimal signal 

overlap with PML bodies (Figure 3.7). PML body morphology is altered by the 

interaction of E1A with UBC9. This interaction is eliminated by the loss of E1A binding 
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to UBC9 by the E1A T123H mutant (Yousef et al., 2010). Therefore, it appears that only 

partial recruitment of DREF to PML bodies occurs with the presence of E1A.   

Determining whether or not DREF binds one or more of the PML isoforms directly has 

been attempted by conducting co-IP experiments. However, this has proved to be 

severely challenging because the nuclear form of PML is highly insoluble. This is a result 

of PML being SUMOylated, which gives its nuclear localization (Berscheminski et al., 

2013). Further experimental modifications must be conducted in order to release the PML 

protein from the nucleus to be readily available for co-IP interactions with DREF.  

Moreover, PML bodies are known to positively regulate IFN response, by promoting the 

transcription of ISGs (Berscheminski et al., 2013; Regard et al., 2001). Hence, PML is a 

key player in both intrinsic and innate host defenses. Knockdown of DREF showed an 

approximate 55% decrease of PML bodies present within the nucleus (Figure 3.10). 

Therefore, the association of DREF with PML may prove to be essential for IFN 

response, as fewer PML bodies could result in a less efficient innate immune response to 

pathogens and viral infection. However, analysis has not been conducted to determine 

how the presence or knockdown of DREF affects IFN expression directly.   

4.4 Analyzing viral progression in IMR-90 arrested cells 
 
Adenovirus has five different E1A mRNA species with proteins of 289R, 243R, 217R, 

171R, and 55R that are all expressed during viral infection (Stephens and Harlow, 1987). 

However, the contribution of these various isoforms, especially E1A289R, to viral 

infection has not been comprehensively studied. Previous work has been conducted 

comparing growth of viruses expressing all E1A isoforms versus those expressing only 

E1A289R (13S) or E1A243R (12S) isoforms. The results obtained showed some 
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differences in how these viruses behave however; proteins levels and phenotypic effect 

during viral infection were not thoroughly analyzed. Therefore, the experiments 

conducted provide an overview of the functional contribution E1A isoforms make to the 

replication of HAdV in primary cells. 

4.4.1 Analyzing the effect of E1A isoforms on virus replication 

Virus replication occurred with all viruses, dl309, pm975 and dl520 in arrested IMR-90 

cells, showing differences in virus titres. (Figure 3.12A). Throughout the entire period of 

observing viral replication, infection by dl520, which is deficient in E1A289R lagged by 

approximately 24 hours compared to dl309 and pm975. Interestingly, pm975, which 

expresses only the E1A289R isoform, replicated slightly better than dl309 virus, which 

expresses all E1A isoforms. These results however differ from what has been reported 

previously by Spindler et al., 1985, who found that growth of pm975 was reduced in 

comparison to d1309. Therefore, the authors postulated that the ElA mutation of pm975 

is responsible for the reduced replication in arrested WI-38 cells. Moreover, virus 

replication of dl520 was never assessed in this study in comparison to d1309 and pm975 

viruses. However, Miller et al., also conducted assays on virus growth in arrested IMR-

90 cells and found that dl520 lags behind in virus replication compared to d1309 and 

pm975. This is consistent with the results that we have obtained, but the authors also 

infected arrested cells at an MOI of 5.  

Another study assessed wildtype dl309 with mutants dl347 and 348 that carry cloned 

segments corresponding to the EIA 12 and 13S mRNAs respectively. Although these 

mutants are genetically different from pm975 and dl520, they are functionally the same. 

The results showed that dl309 and dl348 (13S) behave similarly, with dl347 (12S) 
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lagging behind in growth (Winberg and Shenk, 1984). These results are more similar to 

what we have observed, however it is important to note that they did not use primary 

cells in their study and therefore replication occurred more rapidly. In addition to this, 

infections were conducted at an MOI of 1.  

Induction of CPE also occurred earlier in pm975-infected cells and pm975 was the only 

virus able to achieve complete CPE (Figure 3.12B). The reasons for the differences both 

in phenotype and viral replication are not explicitly known, however several possibilities 

can be deduced to explain this phenomena.  

An important requirement of any side-by-side comparison between wildtype and mutant 

virus infections is similarity between input virus amounts. Typically, equal multiplicities 

of infection are used with known virus titres, however the experiments aforementioned 

use inputs of each virus that have been adjusted to give equal E1A expression. This may 

attest to why subtle differences in virus growth were observed, when comparing to 

previous studies.  

Additionally, Spindler et al., who also compared dl309 and pm975 used arrested WI-38 

cells, whereas our study used arrested IMR-90 cells (Spindler et al., 1985). Although 

these cell lines originate from the same cell type and tissue they have different original 

donors. Moreover, comparison studies between these two cell types have previously 

shown clear differences in how these cells support viral replication (Koropchak, 1978; 

Houghton and Stidworthy, 1979). Specifically, CPE was achieved consistently earlier in 

IMR-90 cells compared to WI-38 cells when analyzing viral replication in clinical 

isolates infected with a variety of viruses (Koropchak, 1978). Miller et al., 2007 have also 

shown that HAdV5 gene expression and replication is delayed in normal fibroblasts as 
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compared with transformed cells, which would explain the differences when comparing 

this work to that of Winberg and Shenk (1984).  

4.4.2 Examining viral protein levels in infected arrested IMR-90 cells 
 
Adenovirus cement or structural proteins play crucial roles in virion assembly, 

disassembly, cell entry, and viral infection (Reddy and Nemerow, 2014). Therefore, in 

addition to assessing virus growth, viral protein levels were also assessed. Viral protein 

levels differed between viruses that express all E1A isoforms, and those expressing either 

E1A289R (pm975), or E1A243R (dl520) (Figure 3.13). Once again, this is contradictory 

to Spindler et al., who observed no differences in both early and late structural protein 

formation with pm975 and dl309 infection. The E1A 289R protein was present at very 

low levels in dl309 and pm975-infected cells at 24 hours and was undetectable at later 

time-points. (Figure 3.10A). Concurrently, E1A243R levels were also high early in the 

infection, but steadily decreased at later time-points (Figure 3.13A). The differences in 

observed protein levels are hypothesized to be a result of splicing selection changes in 

E1A pre-mRNA during the course of viral infection (Akujarvi and Stevenin, 2003; 

Muhlemann et al., 2000).  

E2A-72k DBP expression was similar across all infections (Figure 3.13B). Previously, 

Bellet et al., found pm975 was indistinguishable from wildtype HAdV5, which confirms 

the results that were obtained. In contrast to this the authors also analyzed five mutants 

with altered ElA 289R products, which appeared to be defective for DBP and late (II) 

viral protein synthesis. The interpretation for this is that the mutants have different 

residual ElA functions. 

Lastly, evaluating expression of viral structural proteins revealed a consistent reduction in 
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the amount and type of proteins expressed by dl520 as compared to the other viruses 

examined. Unexpectedly, some late proteins were not detectable in dl520-infected 

lysates, such as Protein V and VII, however, infectious virus particles were still made 

(Fig. 3.13C). Therefore, perhaps the E1A289R protein may be required for full activation 

of viral late mRNA transcription. This would not be unexpected, as E1A recruitment has 

been observed to the viral late promoter during infection (Radko et al., 2014; Fessler and 

Young, 1998). 

4.5 Summary of Findings  
 
E1A has been studied extensively, yet there are only five known C-terminus E1A binding 

partners. In comparison, the remaining regions of the E1A protein are known to bind 

many cellular proteins. My thesis has elucidated several novel findings about the poorly 

characterized hDREF protein. This information increases our understanding of the C-

terminus of E1A, but also expands our knowledge of human DREF and its function. 

Firstly, the C-terminus of DREF is able to interact directly with E1A as discovered by 

GST pulldown assays. Additionally, although previous findings have observed DREF to 

be a transactivator of histone H1, our findings show that transactivation with DREF is not 

sufficient to drive histone H1 promoter activity.  

Additionally, I also investigated the biological role of DREF, which appears to be very 

complex during viral infection. DREF appears to be a viral restriction factor and inhibits 

virus growth, as determined by virus growth assays. However, analysis of early infection 

has shown DREF to be a coactivator of viral gene expression. Therefore, it is postulated 

to have a dual role during viral infection.  
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It was also determined that DREF is SUMOylated and the exact residue required for 

SUMOylation is K307. Furthermore, DREF is targeted to viral replication centres during 

HAdV infection and this localization is disrupted when DREF loses its ability to be 

SUMOylated.  

DREF was also found to localize to PML bodies in uninfected cells in punctate structures 

in the nucleus. However, this localization was disrupted when DREF was knocked down 

in cells. PML bodies are known to have a wide range of roles within the cell, including 

having a role in host innate immune response. Therefore if DREF interacts with PML 

bodies, it may also have a role in antiviral response during infection.   

The findings of this thesis elucidate the complexity of the arms race-like dynamics 

between viruses and their hosts. In addition, our novel findings of DREF provide a 

platform for future work to understand the role of DREF in HAdV biology, its role in 

uninfected cells, virus growth, as well as its possible role in innate immune response.  
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Appendix 
 
A-1- Potential Binding Partners of DREF 
 
HT1080 cells were transfected with a DREF-expressing plasmid and cells were lysed 24 

hours after transfection. The lysate was resolved on an SDS-PAGE gel, which was 

stained in with Colloidal Blue stain. The DREF ~75kDa band was excised from the gel 

and sent to the SAMS Centre at the University of Calgary for in gel LC-MS/MS. The top 

potential binding partners are listed in Table A-1.  

The two binding partners of most interest are HGMA1 and PARP. More specifically, 

HGMA1 is a known architectural transcription factor that is overexpressed in a wide 

range of cancers (Liau and Whang, 2008). PPOL/PARP is an enzyme that modifies 

nuclear proteins by poly(ADP-ribosy)lation (Pacher and Szabo, 2007). This modification 

is involved in a variety of cellular processes such as transcription, proliferation and 

differentiation (Pacher and Szabo, 2007; Vyas and Chang, 2013). Future work can focus 

on verifying these binding partners by conducting co-IP experiments with DREF.  
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Table A-1. Potential DREF binding partners as determined by LC-MS/MS.  

 Potential Binding Partner Function 
Actin Actins are highly conserved proteins that are involved in cell 

motility, structure, and integrity 

Histone H2B Recent advances have defined a clear role for histone H2B 
monoubiquitination in transcriptional regulation and, interestingly, 

the enzymes regulating this PTM have been linked to 
tumorigenesis 

Histone H4 H4 is a structural component of the nucleosome, and is subject to 
covalent modification, including acetylation and methylation, 

which may alter expression of genes located on DNA associated 
with its parent histone octamer. 

HSP70-1A/B This intronless gene encodes a 70kDa heat shock protein. This 
protein stabilizes existing proteins against aggregation and 

mediates the folding of newly translated proteins in the cytosol and 
in organelles. It is also involved in the ubiquitin-proteasome 

pathway 
MYL6 MYL6 (myosin, light chain 6, alkali, smooth muscle and non-

muscle) is a protein-coding gene. 

FHL2 This gene encodes a member of the four-and-a-half-LIM-only 
protein family. This protein is thought to have a role in the 

assembly of extracellular membranes 
VIM This gene encodes a member of the intermediate filament family. 

The protein encoded by this gene is responsible for maintaining 
cell shape, integrity of the cytoplasm, and stabilizing cytoskeletal 

interactions. It is also involved in the immune response, and 
controls the transport of low-density lipoprotein (LDL)-derived 

cholesterol 
MRCL3 Myosin regulatory subunit that plays an important role in 

regulation of both smooth muscle and non-muscle cell contractile 
activity via its phosphorylation. Implicated in cytokinesis, receptor 

capping, and cell locomotion 
MYO1C This gene encodes a member of the unconventional myosin protein 

family, which are actin-based molecular motors. The nuclear 
isoform associates with RNA polymerase I and II and functions in 

transcription initiation. 
* PPOL/PARP This gene encodes a chromatin-associated enzyme, poly(ADP-

ribosyl)transferase, which modifies various nuclear 
proteins by poly(ADP-ribosyl)ation. The modification is dependent 

on DNA and is involved in the regulation of 
various important cellular processes such as differentiation, 

proliferation, and tumor transformation and also in 
the regulation of the molecular events involved in the recovery of 

cell from DNA damage. 
* HGMA1 This gene encodes a non-histone protein involved in many cellular 

processes, including regulation of inducible gene transcription, 
integration of retroviruses into chromosomes, and the metastatic 

progression of cancer cells. 

* Top potential binding partners 
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