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ABSTRACT 

 The recently discovered Canis familiaris papillomavirus type 2 (CfPV2) 

provides a unique opportunity to study papillomavirus (PV) gene functions in vitro and 

in vivo.  Unlike the previously characterized canine oral PV (COPV), CfPV2 contains 

an E5 ORF and is associated with progression to squamous cell carcinoma.  In the 

current study, we have expressed and characterized the CfPV2-encoded E5 protein: a 

small, hydrophobic, 41 amino acid polypeptide.  Similar to the E5 protein from high-

risk human PV type 16 (HPV-16), we demonstrate that the CfPV2 E5 protein is 

localized in the endoplasmic reticulum.   Differential-detergent permeabilization studies 

indicate that its N- and C-termini are exposed at the cytoplasmic ER surface, suggesting 

that this hydrophobic polypeptide most likely forms a short intramembrane loop.  

CfPV2 E5 seems to be unique from other PV E5 proteins, as it is neither capable of in 

vitro cellular transformation, nor is it located in detergent-resistant membranes.  

Although, our attempts to develop a method for analyzing in vivo transformation were 

unsuccessful, they did lead to the development of a novel whole-genome pseudovirus 

preparation that can be utilized to elucidate many aspects of the PV life cycle, including 

the role of E5.  Similar to the HPV-16 E5 protein, expression of the canine E5 protein 
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slows keratinocyte proliferation; with a concomitant increase in G1 phase and decrease 

in the S phase of the cell cycle.  We have employed a new real-time PCR method, based 

upon the splicing of XBP1 mRNA, to demonstrate that CfPV2 E5 expression induces 

ER stress, providing a plausible explanation for cell growth inhibition.  Interestingly, 

the growth inhibition and ER stress induced by CfPV2 E5 are tempered significantly by 

co-expression of canine PV E6 and E7 genes, suggesting that differential expression of 

E6/E7 genes during keratinocyte differentiation might spatially modulate E5 activity.  

In addition, E5-induced ER stress may play an important role in the viral life cycle as 

well as in the progression of viral lesions toward malignancy.    
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INTRODUCTION 

1. Papillomaviruses 

A. Papillomaviruses 

 Papillomaviruses (PVs) are a large group of DNA tumor viruses that infect 

cutaneous and mucosal epithelia in a wide variety of mammalian species.  There are 

over 100 types of Human papillomaviruses (HPVs) (177), some of which are termed 

high-risk (e. g. HPV-16 and HPV-18) and have the potential to result in malignant 

transformation and cause cervical cancer (165).  An estimated 20 million cases of HPV 

infection occur each year in the United States alone (2) with cervical cancer being the 

second most common cancer among women worldwide (1).  Other types of HPVs are 

termed low-risk (e. g. HPV-6 and HPV-11) and result in the formation of benign 

papillomatosis (165).  Given the prevalence of HPV infection and cervical cancer, it is 

important that we fully understand the molecular mechanisms and host-virus 

interactions that contribute to the disease.  PVs are highly species-specific; therefore 

HPVs cannot be studied in other animal models.  In order to study PV biology in vivo, 

PVs from other mammalian species must be used.  There are several PVs from various 

mammalian species that have become invaluable in elucidating viral replication and 

virus-host cellular interactions.  For example, bovine papillomavirus-1 (BPV-1), 

cottontail rabbit papillomavirus (CRPV), and canine oral papillomavirus (COPV) have 

been used in studies to determine the roles of the early viral genes in tumor induction 

and to develop prophylactic vaccines.  BPV-1 and its role in the development of benign 
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fibropapillomatosis on the skin of cattle is one the most studied of the PVs ((107) and 

reviewed in (26)).  It also causes benign epithelial sarcoids in horses (112).  CRPV is 

another well-studied PV that results in benign epithelial papillomas on the skin that can 

cause development of malignant carcinoma in rabbits ((170) and reviewed in (26)).  

COPV is a mucosatropic PV and forms benign oral papillomas in young canines, which 

typically spontaneously regress and, on rare occasions, can cause transformation into 

squamous cell carcinoma (39, 156).  This canine model was used for the development 

of the current HPV vaccine, Gardasil® (distributed by Merck) (156).  Recently, Canis 

familiaris papillomavirus type II (CfPV2) has been isolated from the footpad of an 

immunosuppressed dog.  Unlike COPV, it persists and can result in progression to a 

highly metastatic squamous cell carcinoma (186).  This new PV presents us with yet 

another model system to utilize and apply to HPV and cervical cancer prevention and 

will be analyzed further in this thesis. 

 

B. Papillomavirus Structure & Genome 

 Papillomaviruses are small, non-enveloped, icosahedral viruses (Figure 1A).  

The virions are made of seventy-two capsomeres, which are composed of the L1 and L2 

capsid proteins.  Each virion is approximately 55 nm in diameter and contains a 

circular, double-stranded DNA viral genome of approximately 8 kilobases (kb) (Figure 

1B).  The PV genome contains six early open reading frames (ORFs) and two late 

ORFs, all of which are encoded on the same strand of DNA and expressed in a complex 
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pattern of spliced mRNAs.  The expression of these genes is tied to differentiation of 

the squamous epithelium (Figure 2).  The differential expression of PV genes is due to 

specific enhancer elements that are regulated by keratinocyte differentiation.  The early 

ORFs are expressed ‘early’ in the viral life cycle (i.e. near the basal surface of the 

epithelium) and contribute to the viral life cycle, such as viral genome replication, 

cellular transformation, while the late ORFs are expressed ‘late’ in the viral life cycle 

(i.e. near the suprabasal surface of the epithelium) and encode the structural proteins.  

There are also two non-coding regions: the upstream regulatory region (URR) and the 

early-late region (ELR).  These regions contain the replication origin, promoters, 

transcriptional enhancers, and polyadenylation signals (73, reviewed in 94).   

 The six early ORFs are E1, E2, E4, E5, E6, and E7.  The E1 and E2 proteins are 

required for replication of the viral genome (36, 75, 152).  The exact function of E4 is 

unclear, but it may have a role in viral release by reorganizing the cytoskeleton (43).  

E5, E6 and E7 are typically involved in cellular immortalization and transformation 

((57, 69, 72, 89, 122) and reviewed in (94)).  The role of each of these genes in the viral 

life cycle will be discussed later in greater detail. 

 The late ORFs encode the L1 and L2 capsid proteins.  L1 is the major 

component of the PV virion, representing approximately 95% of the capsid protein.  

The minor component of the capsid is the L2 protein, which is involved in selectively 

packaging the viral genomes and facilitating penetration of the virions during infection 

(81, reviewed in 94).  
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Figure 1: Papillomavirus structure and genome. 

Icosahedral structure of the papillomavirus virion composed of L1 and L2 capsid 

proteins arranged into 72 capsomeres (adapted from 

http://microbewiki.kenyon.edu/images/thumb/1/1c/Hpvcol3.gif/200px-Hpvcol3.gif) 

(A).  The double-stranded DNA, circular papillomavirus genome is approximately 8 

kilobases.  The early, or non-structural, genes E1, E2, E4, E5, E6, and E7 and the late, 

or structural, genes L1 and L2 are separated by two non-coding elements, the upstream-

regulatory region (URR) and the early-late region (ELR) (B).
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Figure 2: Productive infection of papillomaviruses in differentiating epithelium. 

Uninfected stratified squamous epithelium is characterized by proliferating epitheial 

cells in the stratum basale.  The cells differentiate into the suprabasal layers defined as 

the stratum spinosum, stratum granulosum, and the stratum corneum (A).  

Papillomavirus infection occurs within the stratum basale, where expression of the early 

genes E1, E2 and E5 initially occur to mediate replication of the viral genome.  As the 

cells continue to differentiate, the E6 and E7 genes are expressed followed by 

expression of the late proteins L1 and L2, as well as E4 and E5.  New virions are 

assembled and shed from the surface of the epithelium (B).  Adapted from Longworth 

& Laimins, 2004 (reviewed in 94). 
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C. Papillomavirus Life Cycle 

 Infection and replication of PVs is tightly linked to the differentiation of 

squamous epithelium (Figure 2).  Infection occurs in the basal cells (Figures 2B & 3A), 

usually through an injury to the epithelium, and replication is dependent upon the 

differentiation of these cells.  The species-specific nature of PV infection is not due to 

species-specific receptor binding and uptake, since studies have shown that PVs are 

capable of infecting tissues and cells from a variety of different species.  Therefore, the 

species-specificity of PVs must lie in events that occur after binding and uptake of the 

virus (109).  Due to the differentiation-dependent replication of PVs, in vitro 

propagation of native and recombinant PVs has proven difficult.  Although, recently a 

pseudovirus system has been developed in which recombinant PVs can be generated in 

cultured cells (22), as well as an organotypic raft culture system using primary human 

keratinocytes that allows replication of viral genomes (166).  After infection of the basal 

cells, the genome is maintained in the nucleus as an episome, where the early E1 and E2 

proteins mediate its replication.  E1 binds to the origin of replication and is stabilized by 

its interaction with the adjacent E2 protein (52, 75).  This complex is required for 

initiation of viral DNA replication.  After initiation, E2 is removed from the complex 

and more E1 is recruited to form E1 hexamers, which function as helicases to allow 

elongation of DNA replication.  E2 may also be involved in recruiting host replication 

factors to the origin of replication and has also been shown to repress expression of E6 

and E7 by binding to promoter elements in the URR (5, 9, 79, reviewed in 94).   



 9 

 Replication of the viral genome occurs by two methods, in a maintenance mode 

or a productive mode.  Studies have indicated that during a productive infection the 

viral genome is replicated in the rolling circle model in order to generate a large amount 

of PV genomes to package into new virions, whereas the replication required for 

maintenance of the viral genomes in the basal cells uses a theta mode of replication 

(50).  Replication of a PV genome in a productive infection results in a high copy 

number of episomal genomes within the nucleus, which associate with cellular histones 

and are packaged within the capsid at the suprabasal surface (stratum granulosum) of 

the epithelium (Figures 2B & 3A) ((73, 129) and reviewed in (94)). 

 The E6 and E7 genes are expressed early in the life cycle in the suprabasal 

layers (stratum spinosum) of the differentiated squamous epithelium (Figure 2), 

although, recently it has been shown that E7 expression diminishes as viral genomes are 

amplified within the epithelium (166).  The roles for E6 and E7 in a productive 

infection are not clear, although E6 has been shown to be required for replication of 

viral episomes and E7 has been shown to associate with histone deacetylases (HDACs) 

to stabilize the episomal genomes ((95, 119, 159) and reviewed in (94)).   

 The primary role of E6 and E7 is in cellular immortalization and development of 

carcinoma when a high-risk PV genome has been integrated into the host genome 

(Figure 3B) (110, 135, 171). Immortalization is not known to occur with the low-risk 

PVs.  The PV genome is integrated randomly into the host genome, often with the viral 

genome interrupted in the E2 ORF, thereby abolishing its expression and repression of 
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E6 and E7 expression.  This enables E6 and E7 to be transcribed uninhibitedly, which 

has been previously proposed to be the key to malignant transformation (5, 9, 10, 79, 

reviewed in 94).  Interestingly, however, only 51% of cervical carcinomas have been 

found to contain integrated PV genomes, whereas the other 49% contained either 

episomal or both episomal and integrated viral genomes (61).  This indicates that high 

expression levels of E6 and E7 by removal of E2 repression are not solely responsible 

for transformation.   

 The E6 protein is known principally for its role in binding to and degrading the 

p53 tumor suppressor protein.  The ubiquitin-protein ligase E6AP is recruited to the E6-

p53 complex to facilitate ubiquitination and proteasomal degradation of p53, which 

prevents p53-mediated cell cycle arrest and apoptosis, therefore promoting cellular 

proliferation (69, 74, 76, 77, reviewed in 94).  E6 is also known to activate the promoter 

of the hTERT gene, which encodes the catalytic subunit of telomerase. Telomerase 

facilitates the elongation of telomeres and contributes to cellular immortalization.  

Activation of the hTERT promoter requires association of E6 with E6AP and the 

transcription factor Myc (93).   E6 also binds to PDZ domain-containing proteins, 

which are involved in negatively regulating cellular proliferation, presumably to 

promote cell cycle progression by inhibiting their activity (88, 111).  A critical role of 

E6 in tumor formation seems to be in the induction of telomerase and consequent 

cellular immortalization (reviewed in 94).   
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 The most notable function of E7 is its binding and destabilization of the 

retinoblastoma tumor suppressor protein (pRb), resulting in proteolysis of pRb and cell 

cycle progression (46, 110).  E7 proteins typically contain the LXCXE (X is any amino 

acid) motif required for pRb binding (121).  The E7-pRb association sequesters pRb, 

which allows expression of genes that facilitate cell cycle progression, and also results 

in ubiquitination and proteasomal degradation of pRb ((12, 47, 167) and reviewed in 

(94)).  Together, E6 and E7 cooperate to induce cellular immortalization by inactivation 

and degradation of critical tumor-suppressor proteins, enabling progression to squamous 

cell carcinoma.   

  The E4 gene is termed an early gene, although its expression typically occurs 

late in the viral life cycle (Figure 2B).  It is expressed as a fusion protein generated by 

splicing of the E1 and E4 ORFs.  E4 has been shown to associate with keratin in the 

cytoskeleton, resulting in collapse of the cellular structure, which is proposed to aid in 

the release of new virions from the cell.  Alternative activities for E4 include regulation 

of gene expression and cell cycle arrest, although these are not well understood (43, 73, 

reviewed in 94).  

 The E5 gene has been shown to be expressed both early and late in the PV life 

cycle (Figure 2B) (11, 24, 55, reviewed in 94).  It is not well conserved among the 

many types of PVs (16, reviewed in 94).  The characteristics and activities of E5 will be 

discussed later in detail.   
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Figure 3: Productive infection versus malignant transformation by 

papillomaviruses. 

Infection of stratified epithelium by papillomaviruses occurs at the basement 

membrane.  Here, replication of the viral genome begins and early proteins are 

expressed.  The viral genome is further amplified as the epithelium differentiates.  Near 

the surface of the epithelium the L1 and L2 proteins are produced and new virions are 

assembled and shed from the surface (A).  Malignant transformation of epithelium can 

occur due to integration of the papillomavirus genome into the host genome.  The viral 

genome is broken within the E2 gene, resulting in loss of E2 expression and subsequent 

loss of repression of the E6 and E7 genes.  This increases expression of E6 and E7 and 

their degradation of p53 and pRb, respectively, tumor suppressor proteins (B).  Adapted 

from Man, 1998 (98). 
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D. Codon Modification of Papillomavirus Genes 

 In 1952 it was discovered that DNA encodes the amino acid sequence to 

produce proteins (44).  Almost a decade later that DNA code was deciphered and 

determined to be a redundant triplet code, where mRNA transcribed from the DNA is 

composed of sequential three nucleotide codons that determine the amino acid sequence 

of proteins (113).  There are over sixty codons that equate to the twenty amino acids, as 

well as a start codon to initiate translation and stop codons to terminate translation.  

Obviously, most amino acids have more than one corresponding codon.  This code has 

been optimized to minimize errors that may occur during translation by having amino 

acids with similar properties encoded by codons with similar sequences (173, 174).  

Interestingly, some codons and their corresponding tRNAs are more abundant than 

others.  It has been observed that fast growing bacterial cells have more available 

tRNAs, although those tRNAs are less diverse.  This has led to the idea of codon usage 

bias in fast growing cells compared to slower growing cells (130).  A similar bias has 

been observed in differentiating mammalian cells (143).   

 Given the tight link of the PV life cycle to differentiation, it is possible that 

expression of the different genes may be tied to their codon usage.  The use of virus-like 

particle (VLPs) in the development of PV vaccines requires the L1 and L2 proteins to 

be produced en masse in cultured cells.  In order to accomplish this in undifferentiated 

cultured cells, the sequences of L1 and L2 were codon modified to enhance their 

expression (33, 108, 192).  Also, HPV-16 E5 required codon modification to generate 
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significant protein levels in cultured cells (42).  It is also possible that the inefficient 

translation of these proteins could be due to mRNA structure or instability (176).  There 

could be significant base pairing or loop structures formed in the secondary structure of 

the mRNAs that interfere with translation and these restricting structures might be 

abrogated by changes in codon usage.  Similarly, codon usage changes could alter the 

targeting of HPV mRNAs for degradation.   

 

2. Canine Papillomaviruses 

 As previously discussed, the use of animal papillomaviruses is key to our 

understanding PV/host cell interactions and the analysis of PV biology in vivo.  The 

canine model and COPV have been utilized to develop an L1-specific vaccine (156), 

which is the basis for the Gardasil ® (distributed by Merck) vaccine that prevents 

infection by two high-risk (HPV-16 and HPV-18) and two low-risk (HPV-6 and HPV-

11) HPV types (68, 164).  Recently, a novel canine PV was isolated from 

immunosuppressed dogs and was designated Canis familiaris papillomavirus type II, or 

CfPV2.  Histological analysis of CfPV2 lesions showed that they contain all the 

hallmark features of a papillomavirus infection, including vacuole formation 

surrounding the nuclei (koilocytosis) and L1-specific staining in the nuclei (Figure 5) 

(186).   

 There are some significant differences between COPV and CfPV2.  One of the 

most obvious differences is their tissue tropism.  COPV is a mucosatropic PV that 
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typically infects the oral mucosa of young, immunocompetent dogs and results in 

benign papillomatosis that persists for approximately four weeks before it 

spontaneously regresses; it rarely results in malignant transformation (Figure 4B).  On 

the other hand, CfPV2 infects the footpads of immunosuppressed canines, resulting in 

painful papillomas that usually persist and progress to malignant squamous cell 

carcinoma (Figure 4C).  In vivo studies have shown that CfPV2 is capable of infecting 

canine oral mucosa, as CfPV2 L1-specific antibodies were isolated from the infected 

dogs, though no oral papillomas developed (Figure 4B).  This suggests that mucosal 

infection and tumor induction are separate events for the type II canine papillomavirus 

(186).   

 The other differences between COPV and CfPV2 lie within their genomes 

(Figure 4A), where there is only 57% sequence homology between the two canine PVs 

and even less with other PV species.  This places CfPV2 in a unique PV genus.  The 

sizes of their genomes differ by approximately 500 base pairs (bp), where COPV is 

8607 bp while CfPV2 is 8101 bp.  The early-late region (ELR) of COPV is ~1200 bp 

larger than the 368 bp ELR found in CfPV2, and accounts for the majority of the size 

difference between these two PVs.  Also, CfPV2 has an enlarged E4 ORF, which 

represents one of the largest known for all PVs.  There are also striking differences 

within the E6 and E7 ORFs.  CfPV2 E6 contains a PDZ-domain protein-binding motif 

that is representative of high-risk PVs, while COPV does not, indicating that CfPV2 E6 

may behave similarly to high-risk HPVs.  There are no data available on whether either 
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canine E6 protein is capable of binding and degrading p53.  CfPV2 E7 does not have 

the LXCXE motif typically required for pRb binding, while COPV E7 does contain this 

motif (186).  However, unpublished data from our lab have shown that CfPV2 E7 is 

capable of binding to pRb, an indication that it may behave similarly to E7 proteins 

from high-risk HPVs (Yuan, personal communication).  Its ability to degrade pRb is 

still not clear.  The activities of the  CfPV2 and COPV E6 and E7 proteins are still 

being analyzed.  The CfPV2 E1, E2, E4, L1, and L2 ORFs only have between 24%-

58% DNA sequence homology to the COPV ORFs and they have not yet been analyzed 

in any functional assays (186). 

 The most remarkable feature of CfPV2 that distinguishes it from COPV is the 

presence of an E5 ORF (Figure 4A).  It encodes a 41 amino acid protein with little 

sequence homology to other E5 proteins (Figure 6).  It has hydrophobic characteristics 

that are common to all E5 proteins.  In addition, it is relatively  small, with two cysteine 

residues at the carboxyl terminus and two polar amino acids (D, aspartic acid & Q, 

glutamine) within the transmembrane domain, most similar to that of the BPV-1 E5 

protein (186).  Figure 7 shows Kyte-Doolittle hydrophobicity plots of CfPV2 E5, as 

well as HPV-16 and BPV-1 E5s, indicating that it is an extremely hydrophobic protein 

with virtually no hydrophilic regions.  CfPV2 E5 appears to be unique among all PVs 

and its characterization will be the focus of this thesis. 
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Figure 4:  Canine papillomavirus genomes and infections. 

Canine Oral Papillomavirus (COPV; left) and Canine Papillomavirus Type II (CfPV2; 

right) genomes show that COPV is approximately 500 base pairs larger than CfPV2 and 

lacks an E5 open reading frame (A).  Canine oral mucosa infected with COPV or 

CfPV2.  COPV infection causes benign papillomas to form, while CfPV2 does not 

result in any lesion on the oral mucosa (B).  Naturally occurring CfPV2 infections 

results in painful papillomas on the footpads of immunosuppressed dogs (C).  B & C 

adapted from Yuan, et al. 2007 (186). 
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Figure 5:  Histology and immunohistochemistry of CfPV2 papillomas. 

H & E staining (A) and L1 capsid protein staining (B) of a CfPV2 papilloma show a 

productive infection, with differentiating epithelium, koilocytosis, and L1-specific 

staining indicative of production of new virions.  The circle highlights koilocytes 

formed due to papillomavirus infection.  Adapted from Yuan, et al. 2007 (186). 
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3. Papillomavirus E5 Proteins 

A. Structure & Localization of E5 Proteins 

 The PV E5 proteins are of interest due to their roles in cellular transformation 

and cervical cancer.  They are small hydrophobic transmembrane proteins with little 

sequence homology between the different species of PV (Figures 6 & 7).  There are 

many activities associated with the E5 proteins, including growth factor receptor 

activation, koilocytosis, and immune evasion by targeting major histocompatability 

complexes.  The most understood of the E5 proteins belong to the BPV-1 and HPV-16 

PVs.   

 BPV-1 E5 is a 44 amino acid type II transmembrane protein and the smallest 

known viral oncoprotein (23, 138, reviewed in 154).  It is localized to the Golgi 

compartment with its C-terminus oriented in the Golgi lumen (23, reviewed in 154).  

BPV-1 E5 can effectively transform immortalized murine fibroblasts and its cellular 

transformation activity is dependent upon its localization to the Golgi apparatus (144, 

reviewed in 154).  As previously discussed, the PV life cycle is linked to cellular 

differentiation, therefore the location of E5 expression in stratified epithelia is important 

for understanding its activities.  BPV-1 E5 has been localized at the basal surface of the 

epithelium, coinciding with viral genome replication, as well as at the suprabasal 

surface, where new virions are packaged (11, 24).  Also, there are two cysteine residues 

near the C-terminus that support the formation of dimers and higher order oligomers of 

E5, which are also critical for its transforming ability (72, reviewed in 154). 
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 The HPV-16 E5 protein is also a small hydrophobic transmembrane protein.  It 

is 83 amino acids and approximately two times larger than BPV-1 E5 (20, 34, 63, 

reviewed in 154).  It is localized to the ER membrane and nuclear envelope, although if 

over-expressed it can also be found in the Golgi compartment (34, 42, reviewed in 154).  

It is suggested to pass through the ER membrane three times (20) with its C-terminus in 

the cytoplasm and N-terminus in the ER lumen (Krawczyk, personal communication).  

Localization of the HPV-16 E5 protein within differentiated epithelium has proven 

difficult due to lack of reagents specific for the native protein. It is hypothesized to be 

present in the suprabasal layers within differentiating epithelium of a productive 

infection by its ability to facilitate amplification of the viral genome (55, reviewed in 

154).  E5 was not found to be expressed when the viral genome has been integrated, 

which is a frequent event in malignant transformation (reviewed in 94), because of 

cleavage of the viral genome in the E2 gene, thereby isolating E5 from its promoter(s).  

Although, since episomal PV genomes have been identified in a large percentage of 

cervical cancers it is very likely that E5 is expressed (61).  Also, 60% of HPV-16 

positive cervical cancers have been shown to express E5, suggesting that it may have a 

role in malignant progression (30, reviewed in 154).  There are six cysteine residues 

present in HPV-16 E5, some of which might participate in disulfide bonding.  HPV-16 

E5 forms dimers and higher order oligomers when HPV-16 E5 is over-expressed (42, 

reviewed in 154) and disulfide bond formation appears to be responsible for some of 

these events.  However, the necessity of oligomerization for its biological functions has 
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not been established.  Studies of HPV-16 E5 have been difficult due to its low 

expression levels.  The E5 gene has a high percentage of rare-use codons and it has 

been codon modified for optimal expression in mammalian cells (42). 
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Figure 6: Sequence alignment of papillomavirus E5 proteins. 

Amino acid sequence alignment of bovine (BPV-1), canine (CfPV2), and human (HPV-

16) E5 proteins (generated by T-COFFEE Version 7.71 software 

[http://www.tcoffee.org]).  Asterisks represent amino acids conserved between the three 

E5 proteins. 
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Figure 7: Hydrophobicity of E5 proteins. 

Kyte-Doolittle hydrophobicity plots for HPV-16, BPV-1 and CfPV2 E5 proteins 

indicate that all of the E5 proteins are rich in amino acids with high hyropathy indices. 
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B. Biological Activities of E5 

 Persistent infection by HPV can lead to progressive dysplastic changes in 

cervical cells, with the E6 and E7 genes being the primary effectors of this progression 

(reviewed in 94).  Some PV E5 proteins play critical roles in cell transformation.  For 

example, the BPV-1 E5 protein has been identified as the major transforming protein in 

a BPV-1 infection ((40, 59, 136, 138, 179) and reviewed in (154)), and when it is 

expressed in fibroblasts and epithelial cells it is capable of inducing focus formation, 

colony formation, and tumor growth in nude mice ((58, 136, 138, 179) and reviewed in 

(154)).  It is the primary causative agent of aggressive benign equine sarcoids (29).  

While BPV-1 E5 is a strong transforming oncoprotein, E5 of HPV-16 is only weakly 

transforming (41, 103, reviewed in 154) and enhances transformation induced by E6 

and E7 expression (163).  Alone, HPV-16 E5 is only capable of inducing colony 

formation in soft agar when expressed in fibroblasts (89, 122, 151).  There are a variety 

of mechanisms by which E5 is capable of contributing to cellular transformation, which 

include growth factor receptor activation and proton pump inhibition that promote 

continuous proliferative signaling.  Since the E5 proteins are assumed to have no 

intrinsic enzymatic activity, their activities must lie in their abilities to associate and 

alter the functions of host proteins. 

 Activation of growth factor receptors triggers a signal cascade that results in 

activation of genes that promote cellular proliferation, and if that signal persists can lead 

to cellular transformation.  BPV-1 specifically activates the platelet derived growth 
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factor receptor (PDGF-R) (58, reviewed in 154), while HPV-16 E5 appears to activate 

the epidermal growth factor receptor (EGF-R) (37, 45, 58, 122, 151, reviewed in 154).  

Activation of the PDGF-R occurs in a ligand-independent manner by associating with 

BPV-1 E5 (45, 58, reviewed in 154).  This results in persistent tyrosine phosphorylation 

and dimerization of the PDGF-R and subsequent signaling, promoting cellular 

proliferation and transformation (reviewed in 154).  Mutational analyses have indicated 

that a hydrophilic, polar glutamine residue centered within BPV-1 E5 is critical for 

PDGF-R binding and activation (82, 83, 120).  It is also important to note that BPV-1 

E5 specifically targets PDGF-R, as it is not capable of functionally interacting with 

other endogenous receptors, such as EGF-R or colony stimulating factor-1 (CSF-1), 

except when both BPV-1 E5 and the growth factor receptors are over-expressed (58, 

102, 153, reviewed in 154).   

 Activation of the EGF-R by HPV-16 E5 occurs by a mechanism unique from 

that of BPV-1 E5.  EGF-R activation by HPV-16 E5 occurs in a ligand-dependent 

manner (37, 122, 151, reviewed in 154).  While BPV-1 E5 is capable of binding to the 

PDGF-R, HPV-16 E5 has not been shown to associate with endogenous EGF-R .  HPV-

16 E5-EGF-R associations have only been observed when both are over-expressed .  

Cells expressing HPV-16 E5 also appear to have an increased amount of EGF-R on the 

cell surface (151, reviewed in 154), potentially promoting cellular proliferation and 

transformation.  The increased surface EGF-R is proposed to be the result of the 

association of HPV-16 E5 with the 16-kDa pore-forming subunit c of the V-ATPase 
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proton pump (16K) (151, reviewed in 154).  The V-ATPase is used to acidify the lumen 

of cellular compartments, such as the Golgi compartment, endosomes, and lysosomes.  

Acidification of these compartments is crucial for protein degradation, trafficking, 

endocytosis, and glycosylation (51, 149).  It is proposed that the 16K-E5 association 

interferes with proper assembly of the V-ATPase, therefore resulting in alkalinization of 

endosomes.  Normally, acidification would cause dissociation and degradation of the 

EGF-R-EGF complex, but expression of E5 is suggested to cause recycling of these 

complexes back to the cell surface.  This causes constitutive activation of the EGF-R 

and proliferative signaling that could lead to cellular transformation (151, reviewed in 

154).  HPV-16 E5 and c-Cbl have been shown to associate in keratinocytes (188).  c-

Cbl mediates the degradation of EGF-R and EGF-R-EGF complexes, but when HPV-16 

E5 binds to c-Cbl, this activity is abolished, therefore allowing EGF-R activation to 

persist.  Since HPV-16 E5 can disrupt actin filaments and alter endocytic trafficking 

((160) and reviewed in (154)), this may act with endosome alkalinization to potentiate 

the mitogenic signaling by the EGF-R.  HPV-16 E5 activation of the EGF-R also can 

induce expression of the transcription factors c-fos and c-jun, which promote cell 

proliferation and transformation (15, 31, 32, 37, 89, reviewed in 154).  HPV-16 is 

capable of enhancing activation of the EGF-R without any direct association. 

 BPV-1 is also capable of binding to the 16K subunit of the V-ATPase, though 

its ability to induce transformation is independent of PDGF-R activation (134, reviewed 

in 154).  Also, the polar glutamine residue found in BPV-1 E5 is required for its stable 
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association with 16K (4).  The result of this association is proposed to be similar to that 

of the HPV-16 E5-16K interaction, where proper assembly of the pump is hindered 

(134, reviewed in 154), resulting in alkalinization of the trans-Golgi compartment. This 

phenomenon is necessary for transformation to occur (134, reviewed in 154).  BPV-1 

E5 also activates the protein tyrosine kinase c-Src independently of PDGF-R activation.  

c-Src is an important regulator of cellular proliferation and survival (101, reviewed in 

154) and the glutamine residue found in BPV-1 E5 is required for c-Src activation (153, 

reviewed in 154).  Constitutive activation of c-Src by E5 results in activation of 

phosphoinositide kinase-3 (PI-3K) and is required in combination with c-Src activation 

to induce transformation independent of PDGF-R activation (153, reviewed in 154).  

The mechanism by which E5 activates c-Src is unknown, though it is speculated that it 

is linked to the 16K-E5 association and its subsequent trans-Golgi alkalinization (134, 

153, reviewed in 154).  Together, Golgi alkalinization and c-Src activation are sufficient 

to induce transformation independent of PDGF-R activation. 

 The zinc transporter ZnT1 and transmembrane channel-like proteins EVER1 and 

EVER2 are also cellular targets for HPV-16 E5.  Zinc plays an important role in the 

overall metabolic processes within a cell and ZnT1 is crucial for early embryonic 

development.  ZnT1 and the EVER proteins can associate and regulate the distribution 

of intracellular zinc and down-regulate transcription factors that are affected by zinc, 

such as c-jun.  Interestingly, it has been proposed that HPV-16 E5 can associate with 

both ZnT1 and EVER1/2 and block their suppression of c-jun, therefore further 
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enhancing the effects of EGF-R activation and promoting cellular transformation (86, 

114).   

 Another potential biological activity of the PV E5 proteins is immune evasion.  

PV-infected cells are normally killed by triggering an adaptive immune response in 

which cytotoxic T lymphocytes (CTLs) are recruited by presentation of foreign peptides 

via class I MHC (MHC I) (53, 54, reviewed in 154).  PVs might evade this CTL 

response since they express low levels of viral antigens in areas that are not accessible 

to CTLs, such as the basal surface of the epithelium.  Immune evasion might also be 

mediated by the lack of an inflammatory response to PV infection (53, 115, reviewed in 

154), possibly due to a lack of activation of antigen-presenting cells and subsequent 

cytokine signaling (80).   

 The above methods of avoiding immune detection are general, while recent 

studies have shown that PV E5 proteins are capable of specifically evading a CTL 

response by down-regulating MHC I expression (6, 7, reviewed in 154).  Both BPV-1 

and HPV-16 E5 bind to MHC I molecules and sequester them within the cell, 

preventing MHC I complexes from reaching the cell surface to present viral antigens.  

Not only does E5 decrease the amount of MHC I on the cell surface, it also decreases 

the total available MHC I (6, 7, reviewed in 154).  Associations of antigenic peptides 

with MHC I require an acidic environment (60, 127), therefore the alkalinization of 

internal membrane compartments by E5 also interferes with the formation of stable 

MHC I complexes (99, reviewed in 154).  HPV-16 E5 can specifically down-regulate 
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the HLA-A and HLA-B types of MHC I, but not HLA-E (6, reviewed in 154).  An 

innate immune response can be triggered by low levels of MHC I on the cell surface, in 

which natural killer cells (NKs) are recruited and mediate killing of these altered cells.  

HLA-E has the unique ability to inhibit NK cell function, therefore negating the NK 

response to the absence of HLA-A and HLA-B (181).  HPV-16 E5 is also capable of 

down-regulating MHC II as a mechanism by which infected cells can circumvent the 

adaptive helper T-cell response.  The alkalinization of endosomes induced by HPV-16 

E5 is also involved in down-regulation of MHC II by preventing the proper assembly of 

MHC II, the invariant chain, which is required for antigen presentation, and the 

antigenic peptide ((187) and reviewed in (154)).  Gangliosides, like GM1, are known to 

inhibit immune synapse formation and many tumor cells have increased levels of GM1 

on the surface ((27, 155) and reviewed in (154)).  The increased expression of these on 

the surface of HPV-16 E5-expressing cells provides another mechanism for immune 

evasion and enhancement of malignant transformation.  If the above mechanisms of 

immune evasion by E5 are operative, it would allow infected cells to persist and 

progress further toward a malignant phenotype (115, reviewed in 154).   

 B-cell associated protein 31 (Bap31) is an integral membrane protein involved 

in trafficking proteins through the ER, such as MHC I.  HPV-16 E5 has been shown to 

associate and co-localize with Bap31 in keratinocytes to promote the HPV life cycle in 

differentiating cells.  This interaction does not affect amplification of the viral genomes, 

therefore it is suggested to mediate late functions in the viral life cycle, such as virion 
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assembly.  This association may also be involved in immune evasion by providing 

another mechanism to down-regulate MHC I, though this has yet to be analyzed.  It 

does have a clear role in the productive life cycle of HPV-16 by aiding in production of 

new virions (126). 

 Detergent-resistant membranes (DRMs) are domains of the cellular membrane 

that are rich in cholesterol and sphingolipids (64, 128) and are sites where proteins are 

concentrated to mediate cellular signaling, communication, and trafficking (142).  HPV-

16 E5 is located within DRMs (155) and affects some of the lipid and protein 

components found in DRMs.  Connexin-43 (CX43), which is the major protein found in 

gap junctions, is found in DRMs and mediates cellular communication (92, 131).  HPV-

16 E5 can bind to CX43 (Disbrow & Roman, personal communication) and causes a 

decrease in its expression, which acts to block cellular communication to reduce 

homeostatic signaling, which contributes to malignant progression ((118, 162) and 

reviewed in (154)).  Caveolin-1 and ganglioside GM1 are also present in DRMs and 

HPV-16 E5 up-regulates their expression at the plasma membrane.  Caveolin-1 plays a 

role in endocytosis and signal transduction (92) and its increased expression may aid in 

cellular transformation.  As previously discussed, the increased levels of ganglioside 

GM1 could allow immune evasion and contribute to transformation. 

 Koilocytosis is a hallmark morphological feature of PV infected cells.  It is 

characterized by nuclear enlargement, more than one nucleus, hyperchromasia (darkly 

stained nuclei due to abundant DNA), and perinuclear vacuolization (62).  Recently, 
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this has been shown to occur through a not yet understood mechanism where HPV-16 

E6 and E5 act cooperatively to induce these changes (85).  There are data that suggest 

that the association between HPV-16 E5 and karyopherin beta 3 (KNβ3) (84) may be 

necessary for koilocyte formation (Krawczyk, personal communication).  KNβ3 is a 

nuclear import protein that transports ribosomes, histones, and viral proteins into the 

nucleus (67, 78, 175, 180).  It is also implicated as a cytoplasmic chaperone and 

microtubule motor adaptor (67).  The E5-KNβ3 interaction is proposed to affect 

vesicular trafficking and the speculation behind its involvement in koilocyte formation 

is from experiments performed where siRNA directed against KNβ3 significantly 

reduced koilocytosis in cells co-expressing HPV-16 E6 and E5 (84). 

  

4. ER Stress & the Unfolded Protein Response 

 The endoplasmic reticulum (ER) is an important organelle that is responsible for 

several critical cellular activities.  The four major activities include synthesis of 

membrane and secretory proteins, folding of membrane and secretory proteins into their 

native conformations and post-translational modifications, storage of intracellular 

calcium, and biosynthesis of lipids and sterols.  If any of these are not properly 

maintained within the ER, misfolded or unfolded proteins can accumulate and interfere 

with the function of other cellular proteins.  Non-native hydrophobic domains are 

exposed in misfolded proteins and these can bind to other proteins and membranes, 

disrupting cellular signaling and gradients across membranes, therefore causing general 
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havoc throughout the cell.  This disruption in ER homeostasis is called ER stress and 

results in activation of the Unfolded Protein Response (UPR).  The overall function of 

the UPR is to reprogram translation, translocation of proteins, and lipid synthesis in 

order to regain balance within the ER.  It induces ER-associated degradation (ERAD), a 

process where unfolded proteins are retro-translocated into the cytoplasm and 

ubiquitinated for proteasomal degradation, thereby enabling clearance of the damaging 

unfolded proteins.  The UPR is also capable of inducing autophagy, where parts of the 

ER are targeted to lysosomes and vacuoles, presumably to secrete the misfolded 

proteins.  The extent to which an autophagic response is involved in removing unfolded 

proteins is not clear, although it is induced by ER stress and disrupts the membrane 

composition of the ER.  If the extent of damage to the cells is beyond repair, the UPR is 

also capable of inducing apoptosis ((139) and reviewed in (97)). 

 There are three branches to the UPR defined by the proteins that sense the 

unfolded proteins present in the ER: the transcription factor ATF6α, PERK kinase, and 

IRE1 protein kinase endoribonuclease (Figure 8).  In unstressed cells, BiP (heavy chain 

binding protein), a general chaperone protein, is present in the ER and associates with 

the luminal domains of each of the three sensor proteins.  In ER stressed cells, BiP 

associates with the abundant unfolded proteins, which sequesters it from the luminal 

domains of the sensor proteins to induce activation of the three branches of the UPR 

((13, 91, 169) and reviewed in (97, 133, 139, 190)).  
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 ATF6α (activating transcription factor 6) is a transcription factor that is 

maintained in the ER by its association with BiP and represents one branch of the UPR.  

The luminal domain of ATF6α contains two Golgi localization signals, which are 

masked by the presence of BiP.  When cells experience ER stress and BiP dissociates 

from ATF6α, these two signals are revealed and ATF6α translocates to the Golgi 

compartment.  In the Golgi, it is cleaved by S1P and S2P proteases into its active form, 

which is capable of activating transcription of various genes, such as chaperones and/or 

CHOP (CAAT/enhancer-binding protein homologous protein), which inhibits 

transcription factors that promote apoptosis, to facilitate either reorganization of the ER 

or apoptosis (Figure 8) ((87, 183) and reviewed in (97, 133, 139, 190)). 

 PERK (PKR-like ER kinase) is a type-I transmembrane protein and represents 

the second branch of the UPR (Figure 8).  Upon ER stress and removal of BiP from its 

luminal domain, PERK trans-autophosphorylates itself on its cytoplasmic domain.  

PERK is then capable of phosphorylating and inactivating the translation initiation 

factor eIF2α.  This effectively reduces the amount of new protein synthesis within the 

cell in order to aid in restoring ER homeostasis ((13, 100, 139, 140) and reviewed in 

(97, 190)).  This has also been shown to cause cell cycle arrest at G1 by inhibiting 

translation of cyclin D1, which is required for the G1 to S transition of the cell cycle 

(17, 18, reviewed in 190).  Inactivation of eIF2α also promotes selective translation of 

ATF4 (activating transcription factor 4), which activates transcription of genes involved 
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in amino acid metabolism, protein folding (chaperones), and apoptosis (CHOP) ((65, 

139, 140) and reviewed in (97, 190)).   

 IRE1 (inositol requiring 1) is another type-I transmembrane protein that 

activates the third branch of the UPR (Figures 8 & 9).  Release of BiP from its luminal 

domain by induction of ER stress results in trans-autophosphorylation of itself, which 

increases its affinity for ribonucleotides and is accompanied by endonuclease activity.  

Its only known substrate is the mRNA for the transcription factor XBP1 (X-box binding 

protein 1).  Activated IRE1 specifically cleaves a 26-nucleotide portion out of the XBP1 

mRNA.  This spliced form produces an active transcription factor that promotes 

transcription of chaperones, genes required for lipid synthesis, and genes for ERAD.  

Transcription of XBP1 is also specifically induced by activation of both ATF6α and 

PERK, thereby providing an abundance of XBP1 mRNA.  The unspliced form of XBP1 

will predominate when ER homeostasis is restored and repress UPR gene expression by 

either forming heterodimers with the spliced form of XBP1 or competitively binding 

and inhibiting activation of its target promoters.  IRE1 is also capable of associating 

with TRAF-2 (TNFR-associated factor 2) to activate the JNK pathway and caspase 12, 

promoting apoptosis (Figure 8) ((87, 139-141, 182-184) and reviewed in (97, 190)). 

 ER stress and activation of the UPR has been implicated in diabetes, 

cardiovascular disease, viral infections, cancer, the immune response, and 

neurodegenerative diseases ((139, 190) and reviewed in (97)).  It has not been 

established whether ER stress is a primary cause of disease or a secondary response to 
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the disease state.  The IRE1 branch of the UPR is selectively activated in the immune 

response to facilitate B cell differentiation and antibody production and secretion in 

plasma cells (189, reviewed in 190).  The PERK pathway is over-activated in Type I 

diabetes by an abundance of misfolded insulin in β-cells in the pancreas (66, reviewed 

in 190).  In cancer, induction of ER stress occurs due to the hypoxic conditions found in 

solid tumors, although its role is not well understood.  Interestingly, p53 is 

phosphorylated in response to ER stress, relocating it to the cytoplasm and suppressing 

its pro-apoptotic activity (124, 132, reviewed in 190).  It is clear that ER stress plays an 

important role in many disease states. 

 ER stress and activation of the UPR can occur due to viral infections.  RNA 

viruses, such as hepatitis B virus (HBV) (90), hepatitis C virus (HCV) (191), dengue 

virus serotype 2 (DEN-2) (185), Japanese encephalitis virus (JEV) (185), and West Nile 

virus (WNV) (104), and DNA viruses, such as cytomegalovirus (CMV) and herpes 

simplex virus 1 (HSV1) (70), have been shown to induce ER stress.  The X protein of 

HBV (HBx) is a regulatory protein with a variety of functions involved in the viral life 

cycle, virus-host interactions, cell cycle regulation, and cellular proliferation.  Recently, 

HBx has been shown to specifically induce ER stress and activate both the ATF6α and 

IRE1 branches of the UPR.  This may facilitate HBV replication (90).  The flaviviruses 

(WNV, HCV, JEV, and DEN-2) are also capable of activating the UPR.  WNV induces 

expression of CHOP to promote apoptosis.  This is a host response to viral infection and 

most likely contributes to the neurodegenerative pathology of WNV (104).  The small, 
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hydrophobic non-structural protein NS4B of HCV, which mediates HCV replication, 

activates the UPR via IRE1 and ATF6α.  This response favors replication of the HCV 

RNA genome (191).  IRE1 activation and splicing of XBP1 mRNA have also been 

shown to occur due to JEV and DEN-2 infection (185).  The DNA viruses CMV and 

HSV1 also activate the UPR, presumably to aid in their replication (70).  Typically, ER 

stress and subsequent activation of the UPR are associated with the host response 

against viral infection.  It is clear that some viruses, such as WNV, have not been able 

to overcome this response, while others, such as HCV, DEN-2, JEV, and HBV, have 

evolved to utilize it to their advantage.  
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Figure 8: ER stress-induced activation of the Unfolded Protein Response. 

ER stress activates three branches of the UPR: PERK, ATF6α, and IRE1.  Activation 

occurs by sequestration of BiP from IRE1, ATF6, or PERK due to the presence of 

unfolded proteins within the ER.  Activation of IRE1 results in splicing of XBP1 

mRNA and transcription chaperones, genes that mediate apoptosis, and genes involved 

in ER associated degradation (ERAD).  Disassociation of BiP from ATF6 causes ATF6 

to translocate to the Golgi apparatus, where it is proteolytically cleaved into an active 

transcription factor that activates transcription of chaperones and CHOP.  PERK 

activation results in phosphorylation and inactivation of the transcription initiation 

factor eIF2α, which attenuates translation and promotes translation of the transcription 

factor ATF4 to activate transcription of chaperones, CHOP, genes involved in amino 

acid metabolism.  Adapted from Malhorta & Kaufamn, 2007 (97). 
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Figure 9: IRE1 activation & XBP1 mRNA splicing in the Unfolded Protein 

Response. 

Activation and transphosphorylation of IRE1 results in splicing of XBP1 mRNA, which 

produces an active transcription factor that activates transcription of genes required for 

restoring balance to the ER, such as chaperones, ERAD proteins, and genes involved in 

lipid synthesis.  Adapted from Ron & Walter, 2007 (133). 
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5. Hypothesis & Specific Aims 

 The recent discovery of CfPV2 in immunosuppressed dogs has provided a new 

tool for gaining further knowledge of the complex life cycle of PVs.  It is hypothesized 

that CfPV2 E5 is capable of cellular transformation.  In this thesis, a codon modified 

CfPV2 E5 was examined in tissue culture systems, comparing and contrasting its 

biochemical and biological properties to those of HPV-16 E5 and E5 proteins from 

other PVs in order to determine its ability to contribute to cellular transformation. 
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MATERIALS & METHODS 

1. Codon Optimization of CfPV2 E5. 

Codons were modified for mammalian expression from their original sequences 

based on the table entitled “Percentage of Codon Synonymous Usage and Frequency of 

Codon Occurrence in Various Organisms” found in Current Protocols in Molecular 

Biology (Table A.1.4, (8)).  The constructs for CfPV2 E5 were made without an epitope 

tag (E5) and with an HA.1 epitope tag (YPYDVPDYA) at either the C-terminal (E5HA) 

or N-terminal (HAE5) ends.  These constructs were generated by Celtek Bioscience, 

LLC (Nashville, TN) with an EcoRI restriction site at the 5’ end and XhoI followed by 

BamHI restriction sites at the 3’ end for cloning.  A Kozak consensus sequence (GCC 

ACC) was also placed 5’ of the start codon to facilitate translation.  Celtek Bioscience, 

LLC, also constructed two amino acid substitutions for CfPV2 E5.  One substitutes 

alanine residues for the two cysteines (mcys) and the second substitutes alanine residues 

for the three phenylalanines that are part of the caveolin-binding motif (mcav).  Each of 

these constructs was cloned into the following vectors using the EcoRI and XhoI/BamHI 

restriction sites:  pJS55 for transient expression via the SV40 promoter (modified from 

pSG5, Stratagene, La Jolla, CA (145)) or pLXSN for stable expression via the LTR 

promoter (Clontech, Mountain View, CA). 
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2. Cells and Cell Culture. 

Cos-1, NIH3T3, and SD3443 cells were obtained from the American Type 

Culture Collection  (Manassas, VA) and maintained in Dulbeco’s Modified Eagle’s 

Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum, 2 mM glutamine, and penicillin (100 units/ml)/ streptomycin (100 µg/ml).  

NIH3T3 stable cell lines were prepared by transduction with Phoenix retrovirus (LXSN, 

E5, E5HA, mcys, and mcav) followed by G418 selection at 1 mg/ml.  Human 

ectocervical cell (HEC) lines were immortalized with Human papillomavirus 16 E6E7 

and then transduced at passage 45 with Phoenix retrovirus (LXSN, E5, E5HA, mcys, 

and mcav) followed by G418 selection at 100 µg/ml.  Human foreskin keratinocytes 

(HFKs) were obtained and prepared from human foreskins donated by Georgetown 

University Hospital (Washington, DC) (137) and transduced with Phoenix retrovirus 

(LXSN, E5, E5HA, mcys, codon optimized HPV 16 E5 (42), or CfPV2 E6E7 plus 

LXSN, E5, or E5HA) by passage 5 followed by selection with G418 at 50 µg/ml.  

HECs and HFKs were maintained in Keratinocyte growth medium (Invitrogen) 

supplemented with 50 µg/ml bovine pituitary extract, 26 ng/ml recombinant epidermal 

growth factor, and 10 µg/ml gentamycin.  Primary canine oral keratinocytes (DOKs) 

were obtained from fresh canine oral mucosa donated by Marshall Farms (North Rose, 

NY) and maintained on NIH3T3 feeder cells (treated with 10 µg/ml mitomycin C for 2 

hours at 37°C) in F12/DMEM medium (22.6% F12 nutrient mix (Invitrogen), 67% 

DMEM plus supplements, 25 ng/ml hydrocortisone, 0.1 ng/ml EGF, 5 µg/ml insulin, 
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0.5 ml Fungizone (250 µg/ml stock, Gibco BRL), and 10 µg/ml gentamycin.  The 

DOKs were transduced with Phoenix retrovirus (CfPV2 E6E7 and HPV16 E6E7) and 

maintained to see whether immortalization occurred.   All cells were maintained in 

either T75 or T175 tissue culture flasks (BD Falcon, San Jose, CA).  Cells to be 

harvested for protein or RNA were plated in 35 mm, 60 mm, 100 mm or 150 mm tissue 

culture plates (BD Falcon) based on the amount needed. 

 

3. Retroviral Preparation & Transduction. 

Phoenix retrovirus was prepared as previously described (105, 150) with 

constructs in the pLXSN expression vector.  Briefly, SD3443 packaging cells were 

plated in 100 mm2 dishes (BD Falcon) at 5 x 106 cells per plate in DMEM plus 

supplements.  After 24 hours, the medium was replaced with plain DMEM plus 

chloroquine (25 µM) for at least 15 minutes to enhance transfection efficiency.  The 

cells were then transfected with Lipofectamine Plus reagent (Invitrogen) according to 

the manufacturer’s protocol.  No more than 24 hours later, the medium was replaced 

with 5 ml DMEM plus supplements to concentrate the retrovirus.  After at least 24 

hours, the retrovirus was harvested by collecting the medium (containing the retrovirus 

which was shed from the cells) and filtered through a 0.22 µM filter (Millipore, 

Bedford, MA).  The retrovirus was stored at -80oC until used. 

In order to transduce cells and to facilitate infection, 4 µg/ml polybrene was 

added to the Phoenix retrovirus, which was then added to cells that were less than 60% 
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confluent using a syringe equipped with a 0.22 µm filter.  The cells and retrovirus were 

gently rocked at 37°C for 1.5-2 hours.  Then the retrovirus was replaced with medium 

appropriate for the cells being transduced.  G418 selection was begun after no more 

than 4 days and maintained until the un-transduced cells died (56). 

 

4. Transfection of Cos-1 Cells. 

Cos-1 cells were plated onto 100 mm2 tissue culture dishes (BD Falcon) at 6 x 

105 cells per dish in DMEM plus supplements.  The following day the cells were 

washed with 7 ml Dulbeco’s Phosphate Buffered Saline (DPBS), followed by the 

addition of 12 ml of OptiMem (Invitrogen).  The cells were then transfected with pJS55 

constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

protocol.  Cells were harvested 48 hours after transfection for immunoprecipitation.  For 

immunofluorescence, Cos-1 cells were plated onto sterile glass coverslips (22 x 22 mm) 

in 6-well plates (BD Falcon) at 1 x 105 cells per well and transfected with pLXSN 

constructs as per manufacturer’s protocol with Lipofectamine 2000 (Invitrogen). 

 

5. Immunoprecipitation. 

 Sub-confluent cell lines or transfected Cos-1 cells were harvested for 

immunoprecipitation (IP) as follows. The cells were washed with 7 ml cold phosphate 

buffered saline (PBS) and kept on ice.  Excess PBS was removed and the cells were 

lysed with Bolen modified RIPA buffer (0.04 M MOP, pH 7.2, containing 0.15 M 
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NaCl, 0.001 M EDTA, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS).  The 

following protease inhibitors were added to the buffer: 2 µg/ml aprotinin, 2 µg/ml 

leupeptin, 2 µg/ml pepstatin, and 1 mM PMSF.  The lysates were sheared by passage 

through a 21-gauge needle to break up DNA and membranes.  Cellular debris was 

pelleted by centrifugation at 4,000 x g at 4°C for 5 minutes.  The protein concentration 

was determined using the BioRad Dc Protein Assay Kit (BioRad, Hercules, CA) 

according to the manufacturer’s protocol.  Lysates were added (250 µg to 1.2 mg) to 40 

µl of Immunopure immobilized Protein A Plus beads (Pierce, Rockford, IL) or 

Magnetic Protein A beads (New England Biolabs, Ipswich, MA).  The appropriate 

antibody (see below for the antibodies used) was added to the mixture and the tube was 

rotated at 4°C for at least 90 minutes and no more than 4 hours.  The 

immunoprecipitates were washed three times with 1 ml cold RIPA buffer by rotating for 

5 minutes at 4°C and centrifugation at low speed (600 x g) for about 1 minute.  For the 

magnetic protein A beads the lysates were placed next to a magnet and the supernatant 

was removed.  Finally, 1 ml cold PBS was used to wash the immunoprecipitate which 

was centrifuged again.  The supernatant was discarded and the samples were eluted in 

40 µl 2x Laemmli Buffer (0.125 M Tris-HCl, pH 6.8, containing 4% SDS, 20% 

glycerol, 0.004% bromophenol blue, and 10% β-mercaptoethanol (β-ME)) and boiled 

for 10 minutes at 110°C.  The beads were separated from the samples by centrifugation 

at 12,000 x g or by placing next to a magnet.  Samples that were not reduced did not 
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contain β-ME in the 2X Laemmli Buffer.  The samples were either run immediately on 

Tris-Glycine gels (Invitrogen) or snap frozen on dry ice and stored at  -70°C.   

 The following antibodies were used for IP: 4 µl polyclonal mouse anti-HA 

12CA5 (5-7 mg/ml stock) (a gift from Dr. J. Bolen, Millenium Pharmaceuticals, 

Cambirdge, MA); 4 µg polyclonal rabbit anti-karyopherin β-3 (Santa Cruz, Santa Cruz, 

CA,); 4 µg polyclonal rabbit anti-caveolin-1 N-20 (Santa Cruz); 4 µg polyclonal rabbit 

anti-connexin-43 H-150 (Santa Cruz); 4 µg normal mouse IgG (Santa Cruz); 4 µg 

normal rabbit IgG (Santa Cruz). 

 

6. Western Blot. 

Immunoprecipitates or whole cell lysates were analyzed by SDS-PAGE with 

electrophoretic separation on 1.5 mm Tris-Glycine gels (Invitrogen, see below for 

specific gels used) with See Blue Plus 2 protein standards (Invitrogen).  The proteins 

were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, 

MA) at 3200 mAmp in transfer buffer (25 mM Tris-HCl, pH 8.3 containing 192 mM 

glycine).  The membranes were then rinsed in PBS before blocking or stored in PBS at 

4°C.  The membranes were blocked using the appropriate blocking solution by rocking 

at room temperature for 30 minutes.  The following are the blocking solutions used for 

Western Blot analyses: BSA/PT contains 2% BSA in 0.05% Tween-20/PBS (PT), BSA 

contains 2% BSA in Wash Buffer (0.5% (w/v) Triton-X 100, 140 mM NaCl, 10 mM 

Na3PO4, pH 7.4) (WB), and milk contains 5% non-fat dry milk in PT).  Primary 
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antibodies (see below for a list of antibodies used) were diluted in the appropriate 

blocking solution and added to the membrane and rocked at 4°C overnight.  The 

membranes were briefly rinsed in either PT or WB and then washed twice for 15 

minutes at room temperature with gentle rocking.  Secondary antibodies conjugated 

with horseradish peroxidase (HRP) (Santa Cruz) were used at a dilution of 1:5000 in the 

appropriate blocking solution and the blots were incubated with the secondary 

antibodies with rocking at room temperature for 30 minutes.  The membrane was then 

rinsed with the appropriate buffer followed by three 10 minute washes with gentle 

rocking.  Then the membrane was suspended for 2 minutes in Western Blotting 

Luminol Reagent (Santa Cruz) as substrate for HRP.  The membrane was then placed in 

a development folder (Applied Biosystems) and exposed to Kodak BioMax MR film 

(Kodak).   

The Tris-Glycine gels (Invitrogen) used were as follows:  for Western blots with 

12CA5 (used to detect the HA.1 epitope tagged CfPV2 E5), caveolin-1, and connexin-

43 protein, samples were separated on 18% running gels. Ten percent Tris-Glycine 

running gels were used to separate proteins for detection of karyopherin β-3, and 4-20% 

Tris-Glycine gradient gels were used for separating all other samples. 

The following primary antibodies were used for Western blot analysis: 1-1.4 

µg/ml mouse polyclonal anti-HA 12CA5 in BSA/PT (a gift from Dr. J. Bolen, 

Millenium Pharmaceuticals, Cambridge, MA); 1 µg/ml polyclonal rabbit anti-

karyopherin β-3 in milk (Santa Cruz); 0.25 µg/ml monoclonal mouse anti-caveolin-1 in 
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BSA (BD Biosciences); 0.05 µg/ml monoclonal mouse anti-flotillin-2 in BSA (BD 

Biosciences); 0.08 µg/ml monoclonal mouse anti-transferrin receptor in BSA (BD 

Biosciences); 0.4 µg/ml polyclonal rabbit anti-connexin-43 H-150 in milk (Santa Cruz). 

 

7. RT-PCR for CfPV2 E5 & E6E7. 

Total RNA was prepared from sub-confluent cells using the RNaqueous-4PCR 

Kit (Ambion, Austin, TX) with DNase treatment according to the manufacturer’s 

protocol. Reverse transcriptase-PCR (RT-PCR) was performed with the RETROScript 

Kit (Ambion) according to the manufacturer’s protocol with the optional RNA 

denaturation step of 3 minutes at 80°C with Oligo d(T).  The RT step was 60 minutes at 

50°C followed by 10 minutes at 92°C, and the PCR step was 95°C for 4 minutes; 94°C 

for 30 seconds, 55°C for 30 seconds, 72°C for 1 minute for 25 cycles and 72°C for 10 

minutes.  Samples of the RNA were also subjected to PCR alone to confirm that they 

were free of DNA.  CfPV2 E5-specific primers were used for both the codon optimized 

HA.1 epitope-tagged E5 and the untagged E5 as follows:   

RTE5-F, 5’ ATGTACATGCTGGAGCTGCTGCAC 3’ 

RTE5-R, 5’ TCACAGGAAGTACTGCAGGATGAAG 3’  

CfPV2 E6E7 specific primers were used as follows: 

 E6-F, 5’ GGCCACTGAGCATACGCAGT 3’ 

 E7-R, 5’ GCCCGTCTAAGAGAAGCTGC 3’ 
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The PCR products were run on a 2% agarose gel containing ethidium bromide and 

photographed under ultraviolet light.  

 

8. Immunofluorescence Microscopy & Differential Permeabilization. 

Cells were grown to approximately 80% confluency or transfected on 22 x 22 

mm glass coverslips in 6-well plates (BD Falcon).  After 24 hours, the cells were 

washed with PBS and fixed with 4% (w/v) paraformaldehyde for 20 minutes at room 

temperature.  Cells were then washed four times with PBS, permeabilized with 0.1% 

saponin (w/v) in PBS for 10 minutes at room temperature and washed two times with 

PBS.  Coverslips were transferred to a humidity chamber and blocked for 20-30 minutes 

in Pgel-S (PBS containing 0.2% gelatin and 0.1% saponin) supplemented with 20% 

normal donkey serum.  The coverslips were washed three times with PBS (in six-well 

plates) and returned to the humidity chamber for incubation with the primary antibodies 

for one hour at room temperature.  These were then washed three times in PBS and 

incubated with secondary antibodies (diluted in Pgel-S) for one hour at room 

temperature in the dark.  Coverslips were then washed three times in PBS containing 

0.2% gelatin and once with PBS.  Nuclei were stained for three minutes at room 

temperature with 0.5 µg/ml Hoescht stain in PBS and washed three times with PBS.  

Coverslips were mounted on glass slides using ProLong Antifade mounting medium 

(Invitrogen) for one hour at room temperature and were stored at 4°C.  A Zeiss 

Axioskop microscope (Carl Zeiss, Inc., Thornwood, NY) equipped with a 63x 
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objective, Hammamutsu CCD camera, and Openlab 3.0.7 software was used to image 

the cells.  A volume of 3 ml of PBS and detergent solutions were used for 

permeabilization and all washes, and 250 µl of blocking solutions and antibody 

dilutions were used for blocking and antibody labeling.  

 For differential permeabilization of the plasma membrane, 5 µg/ml digitonin 

(Calbiochem) was substituted for saponin and the 10 minute permeabilization step was 

omitted.   

 The following primary antibodies were used for immunofluorescence labeling: 

5-7 µg/ml mouse monoclonal anti-HA HA.11 (Covance), 2.7 µg/ml rabbit polyclonal 

anti-calnexin (Santa Cruz), 0.6 µg/ml rabbit polyclonal anti-GM-130 (Calbiochem), 1.3 

µg/ml rabbit polyclonal anti-karyopherin β-3 (Santa Cruz #sc-11369), 2 µg/ml rabbit 

polyclonal anti-caveolin-1 N-20 (Santa Cruz); 4 µg/ml rabbit polyclonal anti-connexin-

43 H-150 (Santa Cruz) and 1 µg/ml mouse monoclonal anti-EGF-R (Chemicon, 

Temecula, CA).  The following secondary antibodies were used at 5 µg/ml:  Alexa 

Fluor 488 donkey anti-mouse IgG (Invitrogen), Alexa Fluor 488 donkey anti-rabbit IgG 

(Invitrogen), Alexa Fluor 555 donkey anti-mouse IgG (Invitrogen), and Alexa Fluor 

555 donkey anti-rabbit IgG (Invitrogen). 

 

9. Isolation of Detergent-Resistant Membranes. 

HEC lines were grown to subconfluency in 150 mm2 tissue culture dishes and 

washed with 10 ml PBS at 4oC.  Then 5 ml cold TX-100 extraction buffer (25 mM 
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HEPES-NaOH, pH 7.4), containing 150 mM NaCl, 1% (w/v) Triton-X 100) plus 

protease inhibitors (2 µg/ml aprotinin, 2 µg/ml leupeptin, 2 µg/ml pepstatin, and 1 mM 

PMSF) were added to the cells at 4oC, which were rocked gently for 20 minutes to 

solubilize detergent-sensitive membranes.  The proteins solubilized with cold TX-100 

were removed and the remaining detergent-resistant membrane proteins in the dish were 

solubilized in 2 ml RIPA buffer (0.04 M MOP, pH 7.2, containing 0.15 M NaCl, 0.001 

M EDTA, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) plus protease 

inhibitors.  For total cell lysates, the cells were lysed in 5ml RIPA.  The protein 

concentration of the lysates was determined using the BioRad Dc Protein Assay kit and 

immunoprecipitations were performed using 4 µl of 12CA5 anti-HA mouse ascites (a 

gift from Dr. J. Bolen, Millenium Pharmaceuticals, Cambirdge, MA) and 800-1000 µg 

of protein.  Flotillin-2 and the transferrin receptor were detected in RIPA lysates that 

were concentrated by precipitation with 20% (w/v) trichloracetic acid (TCA) for 30-60 

minutes at 4oC.  Precipitates were collected by centrifugation for 5 minutes at 7,000 x g, 

washed in cold 95% acetone containing 0.1 N HCl, and centrifuged again.  After 

removal of the supernatant, pellets were resuspended in 2x Laemmli SDS PAGE sample 

buffer containing 10% β-ME and heated for 10 minutes at 110oC.  The 

immunoprecipitates and TCA precipitates were separated using Tris-Glycine mini-gels 

(Invitrogen) and analyzed by Western blot.  The HA epitope tag was detected with 

12CA5 ascites diluted 1:5000 in PBS containing 2% BSA and 0.05% Tween-20.  



 58 

Antibodies recognizing flotillin-2 (0.05 µg/ml) and transferrin receptor (0.08 µg/ml; BD 

Biosciences) were diluted in BSA. 

 

10. Generation of Native CfPV2 E5 Antibodies. 

CfPV2 E5 peptides were generated by New England Peptide (Gardner, MA) and 

used to immunize rabbits.  The following peptides were generated with and without 

conjugation to keyhole limpet hemocyanin (KLH) and used to immunize rabbits with 

adjuvant (Freund’s Complete Adjuvant (400 µg peptide/protein per rabbit) for the first 

immunization and Freund’s Incomplete Adjuvant (200 µg peptide/protein per rabbit) for 

subsequent immunizations): C-terminal half of CfPV2 E5 

(IGLHVCLYIMFCTFILQYFL), the final 10 amino acids of CfPV2 E5 (CTFILQYFL); 

and the N-terminal 20 amino acids of CfPV2 E5 (MYMLELLHGLLFVVIFILDI).  

Also, the CfPV2 E5 protein was fused to GST with the pDEST27 mammalian 

expression vector (Invitrogen) according to the manufacturer’s protocol and expressed 

in Cos-1 cells.  The primers used for cloning CfPV2 E5 into pDEST27 are as follows:  

GST-E5-F, 5’ CACCCTGGAGCTGCTGCACGGCCTG 3’ 

GST-E5-R, 5’ TCACAGGAAGTACTGCAGGATGAA 3’   

Expression of GST-E5 was confirmed by GST pull down with immobilized glutathione 

agarose (Pierce) and Western blot analysis with a GST-specific antibody (Sigma, 

Milwaukee, WI), which is the only antibody that is specific for this particular GST tag.  

For the GST-E5, the fusion protein was left bound to the glutathione agarose and 
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injected into rabbits as a slurry to enhance the immune response.  All of the antibodies 

generated were tested for specificity using immunofluorescence, immunoprecipitation, 

or Western blot. 

 

11. iTRAQ. 

HEC lines (LXSN and E5HA) were grown on a large scale in 150 mm2 tissue 

culture plates (BD Falcon) and lysed with cold TX-100 extraction buffer containing 

protease inhibitors (as previously described).  The lysates were clarified by 

centrifugation for five minutes at 4°C at 4,000 x g.  A 10 mg aliquot of lysate was used 

in a large scale IP with 100 µl Immunopure immobilized Protein A Plus beads (Pierce) 

with 20 µl 12CA5 (gift from Dr. J. Bolen, Millenium Pharmaceuticals, Cambirdge, 

MA).  The IP was performed as previously described, except that the washes employed 

5 ml TX-100 extraction buffer and the samples were eluted with 1 ml SDS-lysis buffer 

(50mM HEPES-NaOH, pH 7.4 containing 0.4% SDS, 10 mM NaCl, and 2 mM EDTA) 

and boiled for 20 minutes at 110°C.  After cooling to room temperature, 100 µl of 20% 

TX-100 (2% final concentration) was added to remove the SDS and a second IP was 

performed with 100 µl beads and 75 µl of rabbit anti-mouse IgG (Thermo Scientific, 

Rockford, IL) overnight at 4°C to remove as much of the mouse antibody as possible.  

The supernatant was then isolated from the beads by centrifugation at 12,000 x g at least 

five minutes and TCA precipitated as previously described.   The protein precipitates 

were not resuspended and stored at -70°C as a dry pellet until they were labeled for 
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iTRAQ (Applied Biosystems, Boston, MA) analysis by the Mass Spectrometry core 

facility (Georgetown University) as described below.  

The protein pellets were dissolved in dissolution buffer (Applied Biosystems) 

and denatured.  Cysteine residues were blocked as described in the iTRAQ protocol 

(Applied Biosystems).  Each sample was then digested with sequencing grade modified 

trypsin (Promega) solution at 37°C overnight and labeled with the iTRAQ tags (as per 

manufacturer’s protocol) as follows: the control sample (LXSN) was labeled with 

iTRAQ 114 and the experimental sample (E5HA) was labeled with iTRAQ 115.  The 

labeled samples were mixed and fractionated using strong cation exchange 

chromatography using Macrospin SCX columns (Nest Group, Inc. MA).  Fractions 

were eluted with stepwise salt plugs of 12 different molar concentrations ranging from 

100 mM to 800 mM sodium chloride. Each fraction was desalted using reverse phase 

C18 spin columns (Nest Group, Inc. MA) following the manufacturer’s protocol and 

evaporated to dryness.  

Nano-LC-MS/MS analysis was performed on a TEMPO MDLC nanoflow LC 

system (Exsigent) interfaced with a QSTAR ELITE mass spectrometer (Applied 

Biosystems/MDS Sciex).  

Relative abundance quantitation and peptide/protein identification were 

performed using Protein-PilotTM Software 2.0 (Applied Biosystems).  Each MS/MS 

spectrum was analyzed against the NCBI_200803_23 database. The searches were run 

using the following parameters: fixed modification of methylmethanethiosulfate-labeled 
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cysteine, fixed iTRAQ modification of free amine in the amino terminus and lysine, 

variable iTRAQ modifications of tyrosine, and allowing serine and threonine residues 

undergoing side reaction with the iTRAQ reagent.  Other parameters such as tryptic 

cleavage specificity, precursor ion mass accuracy, and fragment ion mass accuracy are 

built-in functions of ProteinPilot software.  

Detection of several proteins identified by the iTRAQ method was attempted by 

immunoprecipitation and Western blot with various antibodies.  The following 

antibodies were used at various concentrations for both IP and Western blots as 

recommended by the manufacturers (all blots were performed using milk): BubR1 

(BubR1 Bethyl Laboratories, Inc., Montgomery, TX and BubR1 8G1 Santa Cruz); 

EPLIN (Bethyl Laboratories, Inc.); CDP (C-20, Santa Cruz); Ki-67 (H-300, Santa 

Cruz).  

 

12. Soft Agar Assay. 

NIH3T3 and HEC cell lines were counted and mixed with 0.3% SeaPlaque 

Agarose (FMC BioProducts, Rockland, ME) in the appropriate medium at 1,000 cells 

per plate/well.  This was placed over a layer of 0.6% SeaPlaque Agarose in the 

appropriate medium in 60 mm2 tissue culture dishes or six-well plates (BD Falcon).  

Appropriate medium was added to the agar and changed once a week for the duration of 

the experiment.  After 6-8 weeks, the agar was stained with 0.005% crystal violet for 90 



 62 

minutes and washed with distilled water 5 times for 10 minutes.  These experiments 

were performed in triplicate. 

 

13. Focus Formation Assay. 

NIH3T3 cell lines were counted and mixed at a 1:1000 ratio with normal 

NIH3T3 cells.  The cells were allowed to grow beyond confluence to establish whether 

contact inhibition and anchorage independent growth were affected.  They were 

maintained in T175 tissue culture flasks (BD Falcon) for 4-6 weeks, which is the 

approximate time for abundant foci to form in the BPV-1 positive control.  The cells 

were stained with 1% methylene blue in methanol for 15 minutes and rinsed thoroughly 

with tap water before being photographed. 

 

14. Preparation of Crude Pseudovirus Extract. 

The CfPV2 genome was cloned into pBR322 with the SacI restriction enzyme to 

allow for amplification in bacteria.  To generate whole CfPV2 genomes without the 

vector backbone, 400 µg of the plasmid was digested with SacI and NdeI restriction 

endonucleases so that the genome was removed from the vector and then the vector cut 

again in order to reduce ligation of the CfPV2 genome back into the vector backbone.  

The DNA from the restriction enzyme digest was isolated by phenol: chloroform and 

ethanol precipitated.  The CfPV2 genome was co-transfected into 293TT cells (which 

have increased SV40 large T-antigen (22)) along with the packaging vector, p16LlW 
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(38), which expresses codon modified HPV16 L1L2 capsid proteins.  The transfection 

was carried out in T150 flasks (Corning) with Lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s protocol using 37.5 µg DNA each for the CfPV2 

genome and p16LLW.  Within 24 hours the cells were expanded into two T225 flasks 

(Corning).  After at least another 24 hours, a crude pseudovirus extract was prepared as 

previously described (22).  Briefly, the medium was collected and then the cells were 

trypsinized.   The medium and the trypsinized cells were combined and centrifuged at 

1,500 x g for 5 minutes at 4°C and the supernatant was discarded.  The cells were then 

resuspended in PBS, counted, and centrifuged again before being resuspended at 100 

million cells per milliliter in DPBS containing 9.5 mM MgCl2.  These cells were placed 

into siliconized microcentrifuge tubes.  Then 1/40 volume of 10% Brij 58 (final 

concentration 0.5%, Sigma), benzonase (1,500 units/ml, Sigma) and 20 units/ml 

Plasmid Safe ATP-Dependent DNase (Epicentre, Madison, WI) was added to the lysate 

and incubated at 37°C overnight.  The crude lysate was clarified by centrifugation at 

500 x g for 10 minutes at 4°C and stored at -80°C. 

 

15. SCID Mouse Xenograft. 

 Marshall Farms generously provided fresh canine oral mucosa.  It was rinsed in 

70% EtOH and washed three times in PBS and once with KGM.  The tissue was cut 

into small pieces of approximately 1 mm3.  The pieces of tissue were incubated for 2 

hours at 37°C in wells of a 24-well plate (BD Falcon) in 1 ml of KGM containing the 
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following viruses:  CfPV2 E6E7 + E5 Phoenix retroviruses, CfPV2 E6E7 + E5HA 

Phoenix retroviruses, CfPV2 pseudovirus crude extract, or wild-type CfPV2 virus.  The 

pieces were then implanted subcutaneously on the flanks of SCID mice.  Each mouse 

had two sites where tissue was implanted and no mouse was implanted with identical 

pieces of infected tissue in order to reduce the loss of samples from a single group 

should a mouse die.  Each type of infected tissue was implanted into six different sites.  

The mice were then observed for the formation of tumors and the sizes were recorded.  

Tumors were excised at different time points in order to determine the optimal time for 

tumor growth for future experiments. 

 

16. Histology & Immunohistochemistry. 

 Any growths formed in the mice were excised and fixed for at least 24 hours in 

3.7% formalin in PBS.  The Lombardi Comprehensive Cancer Center Histopathology 

and Tissue Shared Resource (HTSR) core facility embedded the growths in paraffin and 

sections were cut onto slides at 5 µm for hematoxylin and eosin (H & E) staining and 

immunohistochemistry (IHC) using a Leica microtome.  The slides were dried and 

baked at 60oC for one hour.  The slides were then deparaffinized and rehydrated by 

soaking two times in xylene for ten minutes each followed by soaking for 3 minutes in a 

graded series from ethanol solutions to distilled water.  The slides were then incubated 

at 98oC for 20 minutes in citrate buffer (10 mM sodium citrate, pH 6.0 containing 

0.05% Tween-20) for heat-induced epitope retrieval.  The sections were allowed to cool 
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for 20 minutes and rinsed in distilled water.  The tissue section was then circled with a 

hydrophobic barrier pen.  The tissue was treated with 3% hydrogen peroxide for 10 

minutes at room temperature to block endogenous peroxidase activity and then rinsed 

for 5 minutes with TBS.  The tissue was then treated with Avidin and Biotin Blocking 

Solutions (Vector Labs) for 10 minutes each at room temperature with a TBS rinse 

between and after each incubation.  Ten percent normal goat serum (Vector Labs) was 

used to block the tissue for 10 minutes at room temperature and then decanted (without 

rinsing).  The primary antibody was diluted in TBS containing 0.05% Tween-20 (TBS-

T) (5-7 µg/ml mouse anti-HA HA.11 (Covance); 1:4000 mouse monoclonal anti-BPV1 

L1 (Dako) and added to the tissue section and incubated overnight at 4oC.  The slides 

were rinsed twice for 5 minutes in TBS-T.  The sections were then incubated in either 

Biotin conjugated anti-rabbit IgG or anti-mouse IgG secondary antibody (Vector Labs) 

diluted 1:200 in TBS-T for 30 minutes at room temperature.  They were rinsed twice for 

5 minutes in TBS-T and then incubated in ABC reagent (Vector Labs) for 30 minutes at 

room temperature and then rinsed twice for 5 minutes in TBS-T.  The slides were then 

incubated in DAB chromogen (Dako) for 5 minutes at room temperature.  Rinsing the 

slides with water stopped the reaction.  The slides were counterstained with 

hematoxylin (Fisher, Harris Modified Hematoxylin) diluted at 1:17 for 2 minutes at 

room temperature and then rinsed for 2 minutes in distilled water.  They were then 

incubated in 1% ammonium hydroxide for 1 minute at room temperature to adjust the 

counterstain intensity.  The slides were then dehydrated in a series of increasing ethanol 
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solutions that ended with incubation in xylene.  Coverslips were applied to the slides 

and then the sections were observed and photographed.  To ensure that the secondary 

antibodies were not cross-reacting with the samples, controls were performed where the 

primary antibodies were excluded from the experiments.  

 

17. Growth Inhibition Assay. 

Primary HFKs were transduced with Phoenix retrovirus and selected with G418 

(as previously described).  After selection, the cells were maintained in T75 tissue 

culture flasks and split 1:4 when the cells reached 80-90% confluency.  Every split was 

counted as two population doublings.  Experiments were terminated when the cells no 

longer grew to 80-90% confluence within 21 days.  The average growth rates 

(population doublings per day) were calculated and normalized against the LXSN 

vector control.  Also, the average lifespan was measured (total population doublings) 

and compared to the LXSN control cells. Statistical analysis was performed using the 

paired t-Test.  These experiments were repeated a minimum of three times, each with a 

different batch of donor HFKs. 

 

18. Cell Cycle Analysis. 

After trypsinizing HFK cells at no more than 90% confluence from a T75 flask, 

at least half of the cells were washed with 2 ml PBS and centrifuged at low speed (200 x 

g) at 4°C for five minutes to generate a soft pellet.  The cells were kept on ice and the 
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supernatant was carefully aspirated.  The cell pellet was resuspended in 0.5 ml cold 

PBS.  While vortexing at low speed, 0.5 ml ice cold 100% ethanol was added 

sequentially three times to obtain a final concentration of 75% ethanol.  The fixed cells 

were stored for no more than one week at -20°C before being stained by the Lombardi 

Comprehensive Cancer Center Flow Cytometry & Cell Sorting core facility with 

propidium iodide (50 mg/ml propidium iodide, 50 mg/ml RNase A, and 0.01% Triton-X 

100 in PBS) at room temeperaure for 30 minutes followed by 1-2 hours at 4oC.  After 

staining, 20,000 cells were analyzed by FACS with a BD FACSort Cell Sorter (BD 

Biosciences, San Jose, CA) and FCS Express software (De Novo Software, Los 

Angeles, CA).  The DNA histograms were modeled using the ModFit LT software with 

the Sync Wizard tool (Verity Software House, Topsham, ME).  Statistical analysis was 

performed using a paired t-Test. 

 

19. Microarray Analysis. 

 Total RNA was harvested using the RNAqueous-4PCR kit (Ambion) from 

HFKs that were transduced with LXSN, E5HA, and E5.  The RNA was sent to 

MOgene, LC (St. Louis, MO) for microarray analysis performed by the following 

methods.  The Agilent Low Input Linear Amplification kit (Agilent Technologies, Santa 

Clara, CA) was used to amplify the total RNA according to the manufacturer’s protocol.  

Between 1-5 µg of the amplified cRNA was labeled with either cyanine-3 or cyanine-5 

using the ULS aRNA Fluorescent Labeling Kit (Kreatech Biotechnology, Amsterdam, 
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The Netherlands) as per manufacturer’s protocol.  The concentration of cRNA and label 

incorporation was determined using a Nanodrop-1000 spectrophotometer (Thermo 

Fisher Scientific, Inc., Waltham, MA).  All of the labeling and subsequent procedures 

were performed in an ozone-free enclosure to ensure the integrity of the samples.  The 

labeled samples were set up for a fragmentation reaction according to the Agilent 

protocol outlined in their processing manual and hybridized overnight in a rotating oven 

at 65°C.   The samples were hybridized to the Agilent whole Human Genome slide with 

4 x 44K format.  No more than 1000 ng of labeled cRNA was used to co-hybridize 

using the sureHyb chambers from Agilent.  Washes were performed as described in the 

Agilent processing manual (version 4.0) and the arrays were scanned with an Agilent 

scanner (G2505B).  Agilent Feature Extraction software was used to obtain the array 

data.  A basic analysis of the data was performed using Rosetta Luminator software 

(Rosetta Biosoftware, WA, USA) and a pathway analysis was done using KEGG 

pathway (http://kegg.jp/).  The pathway analysis was used to generate a pie chart in 

which pathways were grouped into categories.  Also, the pathway analysis was used to 

identify genes that were altered similarly in all four microarrays. 

 

20. Real-Time PCR Analysis for XBP1 mRNA Splicing. 

Primary HFKs were transduced with Phoenix retrovirus and selected with G418.  

Controls for XBP1 splicing were prepared with primary HFKs that were either treated 

with tunicamycin (3 µg/ml, Sigma) for 2 hours at 37°C or untreated.  RNA was 
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prepared from sub-confluent cells using the RNaqueous-4PCR Kit (Ambion) according 

to the manufacturer’s protocol with the optional DNase treatment.  cDNA was 

generated using the RETROScript Kit (Ambion) following the manufacturer’s protocol 

using Oligo d(T).  Approximately 20-30 ng cDNA was used to perform real-time PCR 

using iQ SYBR Green Supermix (BioRad) and the following primer sets:   

Total XBP1-F (oXL527), 5’ CCTTGTAGTTGAGAACCAGG 3’ 

Total XBP1-R (oXL534), 5’ GACTCAGCAGACCCGGCCAC 3’ 

XBP1s-F (oXL528), 5’ GGTCTGCTGAGTCCGCAGCAGG 3’ 

XBP1u-F (oXL530), 5’ GGTCTGCTGAGTCCGCAGCACTC 3’ 

XBP1s/u-R (oXL531), 5’ TCCAGAATGCCCAACAGGAT 3’ 

The samples were run on a BioRad My iQ Single Color Real-Time PCR 

Detection System (PCR Cycles: 95°C 3’; 95°C 10’’, 60°C 30’’, 55°C 10’’ (40x), 

followed by a melting curve up to 95°C at 0.5°C intervals) and analyzed using BioRad 

iQ5 software. The relative ratio of spliced to unspliced XBP1 mRNA was normalized to 

1 relative unit for the controls with the experimental groups represented as the fold 

change compared to the control groups.  Statistical analysis was performed using a 

paired t-Test. 
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RESULTS 

1. Expression of Codon-Modified CfPV2 E5 in Tissue Culture Systems. 

A. Codon Modification & Expression in Cultured Cells.  

 CfPV2 E5 was codon modified from the wild-type sequence (NCBI Accension 

NC_006564) for expression in cultured cells.  Codon modification has been used 

previously for expression of HPV-16 E5 (42) and L1 (33).  The amino acid sequence of 

CfPV2 E5 is aligned with the wild type and codon modified nucleotide sequences in 

Figure 10.  Two E5 constructs were prepared where either the two cysteine residues 

(mcys) or the three aromatic phenylalanines of a caveolin-binding motif (mcav) (35) 

were substituted with alanine residues (Figure 10).  Alanine was chosen because it is a 

non-polar aliphatic amino acid with a non-reactive methyl group, which makes it ideal 

for mutational analyses.  Due to lack of an E5-specific antibody, an HA epitope tag was 

added to either the N- or C-terminal end of the protein (HAE5 and E5HA, respectively) 

for detection by immunoprecipitation followed by immunoblotting (IP/IB).  Both the 

HAE5 and E5HA were transfected into Cos cells and analyzed by IP/IB with a HA-

specific antibody.  Figure 11A demonstrates that the E5 protein with the C-terminal HA 

tag was expressed at levels that could be detected by IP/IB when transiently expressed 

in Cos cells, while the N-terminally tagged E5 could not, therefore we continued using 

E5HA in our following studies and also placed an HA epitope tag at the C-terminus of 

both of the amino acid substitutions.  Although HAE5 was not detected by IP/IB, the 

more sensitive method of immunofluorescence did show that it is expressed and was 
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used for other experimental procedures of the same nature (refer to Figures 17 & 18).  

Expression of HAE5 was also confirmed by real-time PCR (data not shown).  Also, the 

use of the reducing agent β-mercaptoethanol (β-ME) did show a very slight change in 

size of E5 (Figures 11A & 11B) which will be discussed further when analyzing the 

biochemical properties of E5.  Expression of E5HA, mcav, and mcys was verified in 

transiently transfected Cos cells (Figure 11B), as well as stable NIH3T3 lines (Figure 

12A) and HEC lines (Figure 12B) by IP/IB.  Expression of E5HA and mcys was 

confirmed in stable HFK lines by IP/IB (Figure 13A).  The specificity of the anti-HA 

antibody (12CA5) was validated by IP of E5HA lysates from transiently transfected Cos 

cells with non-specific IgG (Figure 11B, right), in which no E5HA was detected by IB.  

Reverse transcriptase PCR (RT-PCR) with specific primers was used to detect untagged 

E5 mRNA in stable HEC (Figure 12C) and HFK lines (Figure 13B).  This method was 

also utilized to confirm co-expression of CfPV2 E6E7 and E5 or E5HA in stable HFK 

lines (Figure 13C).  Although the epitope tagged E5 proteins were useful for cell culture 

studies, we also intended to examine E5 expression in dog tumors.  To achieve this, we 

also attempted to generate antibodies against the native E5 protein. 
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Figure 10:  Codon modification of CfPV2 E5. 

CfPV2 E5 amino acid sequence aligned with the nucleotide sequences of the wild type 

(WT), codon modified (CM), E5 with amino acid substitution for cysteines (mcys), and 

E5 with amino acid substitutions for the three aromatic amino acids of the caveolin-

binding motif (mcav). 
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Figure 11: Expression of codon-modified CfPV2 E5 in Cos-1 cells. 

IP/IB with 12CA5 with and without reducing agent (β-ME) for N- and C-terminally HA 

epitope tagged E5 (HAE5 and E5HA, respectively) (A) and E5HA, mcys, and mcav or 

IP with mouse IgG and IB with 12CA5 (B). 
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Figure 12: Expression of CfPV2 E5 in NIH3T3 fibroblast and HEC lines. 

IP/IB with 12CA5 for E5HA, mcys, and mcav in NIH3T3 fibroblast cell lines (A).  

IP/IB with 12CA5 with and without reducing agent (β-ME) for E5HA, mcys, and mcav 

in HEC lines (B).  RT-PCR for E5 in HEC lines with E5-specific primers (C). 
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Figure 13: Expression of CfPV2 E5 in HFK lines. 

IP/IB with 12CA5 for E5HA and mcys for HFK lines transduced with epitope-tagged 

E5 alone (A).  RT-PCR for E5 with E5-specific primers for HFK lines transduced with 

E5 alone (B).  RT-PCR for E5 and CfPV2 E6E7 with specific primers for HFK lines 

transduced with either E5 alone or with CfPV2 E6E7 (C). 
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B. Generation of CfPV2 E5-Specific Antibodies. 

 We took several different approaches to elicit an antibody response against the 

native E5 protein in rabbits.  First, we attempted to generate peptides against the N-

terminal and C-terminal halves of the E5 protein, as well as the final ten amino acids of 

the C-terminus.  The N-terminal peptide could not be synthesized due to its 

hydrophobic nature and, therefore, was not used to immunize rabbits.  Peptides from the 

C-terminus were successfully synthesized and a portion of these was conjugated to 

KLH as a carrier to help elicit a stronger immune response.  Conjugated and 

unconjugated peptides were emulsified with Freund’s complete and incomplete 

adjuvants and used to immunize rabbits (one rabbit each for KLH conjugated and 

unconjugated peptides). Various techniques of immunofluorescence and IP/IB were not 

successful in detecting anti-CfPV2 E5 antibodies in the serum obtained from the 

immunized rabbits.   

 Since the CfPV2 E5 protein can be expressed in cultured mammalian cells, we 

also made a glutathione-S-transferase (GST)-fusion protein of E5.  The GST was placed 

at the C-terminal end and expressed in Cos cells.  The GST-E5 was bound to 

glutathione agarose and injected into rabbits as a slurry to enhance an immune response 

against E5.  As with the serum generated from the E5 peptides, various methods of 

detection were unsuccessful. 
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 Due to our unsuccessful attempts at generating an E5-specific antibody, we were 

unable to perform the planned experiments detecting the native, non-tagged E5 protein 

in tissue culture systems or in canine tumors.   

 

2. Biochemical Properties of CfPV2 E5. 

A. Dimerization of E5. 

 BPV-1 (146) and HPV-16 E5 (42) are capable of forming dimers or higher order 

oligomers through disulfide bonding of cysteine residues.  Given that there are two 

cysteine residues at the C-terminal end of CfPV2 E5, we thought that it might also be 

capable of forming dimers through disulfide bonding.  Beta-mercaptoethanol (β-ME) 

reduces a disulfide bond to two sulfhydryl groups and is used to disrupt tertiary and 

quaternary protein structures into secondary protein structures.  Figure 11A shows that 

there is only a slight change in size of E5HA when reducing agent was added.  If E5 

were indeed forming dimers, it would be anticipated that reducing agent would have 

decreased the apparent molecular weight by 50%.  To further exclude the possibility 

that E5 was forming dimers, we constructed an E5 in which the two cysteine residues 

were substituted with alanines (mcys, Figure 10).  The mcys E5 was expressed in 

transiently transfected Cos (Figure 11B) and stable HEC lines (Figure 12B).  The 

molecular weights of wild-type E5 and mcys were identical under both reducing and 

non-reducing electrophoretic conditions.  This indicates that there is no dimer formation 

occurring in the wild-type E5 protein.  Interestingly, however, both the wild-type E5 
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and mcys showed slight increases in mobility when separated in the presence of 

reducing agent.  This indicates that dimer formation is not occurring due to disulfide 

bonding and we can conclude that the CfPV2 E5 differs from both HPV-16 and BPV-1 

E5 proteins in its lack of dimer formation.  

 

B. Localization & Membrane Topology. 

 BPV-1 and HPV-16 E5 proteins are known to be present in internal membranes 

(23, 34), and we wanted to examine if CfPV2 E5 shares this same general localization 

pattern.  Immunofluorescence microscopy (IF) analysis was performed in transiently 

transfected Cos cells (Figure 14), stable NIH3T3 lines (Figure 15), and stable HEC lines 

(Figure 16).   Cells were co-immunostained for the HA epitope as well as either the ER-

specific marker calnexin (42, 161) or Golgi-specific marker GM130 (96).  Merging of 

the HA, calnexin, and nuclear (Hoescht) stains indicate that CfPV2 E5, mcys, and mcav 

are present in the ER in all of the cell types.   Merging of HA, GM130, and the nuclear 

stains indicate that E5, mcys, and mcav only localize to the Golgi (in addition to the 

ER) in Cos cells, in which the transient expression of E5 is amplified compared to that 

in stable cell lines. Thus, it appears that CfPV2 E5, similar to the HPV-16 E5 protein, is 

localized in the ER membranes when the protein is stably expressed in cell lines.   

 To characterize the membrane topology of CfPV2 E5, differential 

permeabilization was employed to deduce the orientation of the N- and C-termini of the 

E5 protein within the ER membrane.  Figures 17 and 18 show both stable HEC lines 
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and transiently transfected Cos cells that were either permeabilized with digitonin 

(which makes the cytoplasmic compartment accessible to antibodies) (117) or saponin 

(which makes all cell compartments accessible to antibody) (116).  As a control, we 

utilized an EGF receptor (EGF-R) antibody that recognizes the extracellular domain of 

the receptor, which is localized in the lumen of the Golgi compartment during 

processing before it is transported to the plasma membrane (168).  Confirming the 

different permeabilization properties of the detergents, we found that digitonin-

permeabilized cells showed EGF-R only on the cell surface.  In contrast, saponin-

permeabilized cells also showed fluorescence of the EGF-R in the Golgi compartment.  

Karyopherin beta-3 (KNβ3) was also used as a control for detergent permeabilization. 

KNβ3 is a cytoplasmic protein (180) and exhibits the same staining pattern with either 

permeabilization method (Figures 17 & 18).  Cells expressing either N- or C-terminal 

HA epitope-tagged CfPV2 E5 (HAE5 and E5HA, respectively) were then 

immunostained with the HA.11 antibody following permeabilization by digitonin 

(Figures 17 & 18).  Both E5 constructs stained positively under these conditions, 

indicating that both termini of E5 are exposed to the cytoplasm and are not sequestered 

in the lumen of the ER.  A diagram of the proposed CfPV2 E5 membrane topography is 

shown in Figure 18B.  Due to its extremely hydrophobic nature, we assume that CfPV2 

E5 is mostly or completely embedded within the ER membrane, and that only minimal 

portions of each end, or perhaps simply the HA epitope tag, are exposed to the 
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cytoplasm.  This is a unique orientation for a short E5 protein and the data suggest that 

the CfPV2 E5 protein must form a short loop in the ER membrane.  
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Figure 14:  CfPV2 E5 localizes to the ER and Golgi apparatus in Cos-1 cells. 

Co-immunofluorescence for E5HA, mcys, and mcav with HA.11 antibody and the ER 

with calnexin-specific antibody (A) or the Golgi with a GM130-specific antibody (B).  

The nuclei are stained with Hoescht stain.  The three stains are merged at the bottom of 

the panels.  
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Figure 15:  CfPV2 E5 localizes to the ER in NIH3T3 fibroblast cell lines. 

Co-immunofluorescence for E5HA, mcys, and mcav with HA.11 antibody and the ER 

with calnexin-specific antibody (A) or the Golgi with a GM130-specific antibody (B).  

The nuclei are stained with Hoescht stain.  The three stains are merged at the bottom of 

the panels.  
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Figure 16:  CfPV2 E5 localizes to the ER in HEC lines. 

Co-immunofluorescence for E5HA, mcys, and mcav with HA.11 antibody and the ER 

with calnexin-specific antibody (A) or the Golgi with a GM130-specific antibody (B).  

The nuclei are stained with Hoescht stain.  The three stains are merged at the bottom of 

the panels.  
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Figure 17: Membrane topology of CfPV2 E5 in Cos-1 cells. 

Digitonin (partial permeabilization) and saponin (total permeabilization) permeabilized 

cells immunostained for either EGF-R or KNβ3 (top panel) as controls.  N- and C-

terminally HA epitope tagged E5 (HAE5 or E5HA, respectively) were labeled with 

HA.11 (bottom panel).  The nuclei are stained with Hoescht stain (blue). 

 



 93 

 



 94 

Figure 18: Membrane topology of CfPV2 E5 in HEC lines. 

Digitonin (partial permeabilization) and saponin (total permeabilization) permeabilized 

cells immunostained for either EGF-R or KNβ3 (top panel) as controls.  N- and C-

terminally HA epitope tagged E5 (HAE5 or E5HA, respectively) were labeled with 

HA.11 (bottom panel).  The nuclei are stained with Hoescht stain (blue) (A).  A 

representative cartoon of a model of the membrane topology of E5 in the ER membrane 

with its termini oriented towards the cytoplasm and an intramembrane loop (B). 
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C. Associations with Detergent-Resistant Membrane Proteins. 

 Detergent-resistant membranes (DRMs) are sphingolipid- and cholesterol-rich 

portions of membranes that are resistant to detergent solubilization (64, 128).  They are 

rich in proteins associated with cell signaling, communication, trafficking, immune 

responses, and viral entry (142).  HPV-16 E5 has been shown to associate with several 

DRM proteins, such as caveolin-1 and connexin 43 (Suprynowicz, Disbrow, personal 

communication).  Caveolin-1 is an integral membrane protein present in DRMs, where 

it acts as a scaffolding protein to form caveolae and aid the transport of proteins into 

and out of the cell.  Caveolin-1 is also known to facilitate membrane trafficking and 

signal transduction (92).  CfPV2 E5 contains a caveolin-binding motif (*xx*xxxx* or 

*xxxx*xx*, where * represents an aromatic amino acid and x represents any amino 

acid) (35) at the C-terminal end, therefore it is possible that it associates with caveolin-

1.  Connexin-43 is a component of gap junctions located in DRMs.  It is commonly 

associated with cellular communication, although more recent studies suggest 

alternative roles in cellular growth and differentiation (131).  We therefore examined 

whether CfPV2 E5 might also associate with both caveolin-1 and connexin-43.  These 

potential associations were analyzed by IP/IB and IF methods.   

 In transiently transfected Cos cells, E5HA, but not either mcys or mcav, was 

shown to associate with caveolin-1 when an IP was performed with a caveolin-1-

specific antibody (Figure 19A).  However, when a reverse IP was performed using an 

HA-specific antibody, no caveolin-1 could be detected in association with E5HA (data 
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not shown).  More importantly, when E5HA, mcys, and mcav were expressed in stably 

transduced HEC lines, association with caveolin-1 was not observed after performing 

the IP/IB in either direction (Figure 20A).  Expression of caveolin-1 was confirmed in 

both Cos cells (Figure 19A) and HEC lines (Figure 20A).  E5HA, mcys, and mcav do 

co-localize with caveolin-1 in both Cos cells (Figure 19B) and HEC lines (Figure 20B), 

although this does not necessarily imply direct association.   

 Connexin-43 is another potential protein that could associate with CfPV2 E5, 

although Figure 21A shows that this does not occur.  IP/IB analyses were performed 

with both HA- and connexin-43-specific antibodies and neither was pulled down in 

association with the other.  Again, E5HA does co-localize with connexin-43, yet this 

does not mean that they are associated (Figure 21B).  We have examined whether 

CfPV2 E5 is associated with two different proteins found in DRMs and found that it is 

not associated with either. 

 To further confirm the anticipated absence of canine E5 in DRMs, we performed 

differential detergent extraction (19, 28).  Membrane proteins that reside in DRMs are 

insoluble in TX-100 detergent at 4oC.  Figures 22A and 22C, however, demonstrate that 

the CfPV2 E5 protein is virtually completely solubilized with cold Triton X-100 (TX-

100), with little E5 residing in DRMs in either stable HEC lines (Figure 22A) or 

NIH3T3 cell lines (Figure 22C).  To verify the effectiveness of our detergent 

fractionation technique, the same detergent extracts were probed for the presence of 

flotillin-2, which is present predominantly in DRMs (14),  and the transferrin receptor,  
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which is present primarily in detergent-sensitive membrane domains (28) (Figure 22B).  

The data demonstrate that both flotillin-2 and the transferrin receptor are present in the 

expected membrane fractions (DRM fraction for flotillin-2 and TX-100-soluble fraction 

for the transferrin receptor).  It was not possible to perform these controls in NIH3T3 

cells because we lacked reagents specific for the murine proteins.  That E5 is not 

present in DRMs, confirms our inability to find that E5 associated with any DRM 

proteins except in situations where E5 expression is enhanced in the Cos cells. 



 98 

 



 99 

Figure 19: CfPV2 E5 associates with caveolin-1 in Cos-1 cells. 

IP for E5HA, mcys, and mcav or caveolin-1 and IB for HA (A).  Co-

immunofluorescence for E5HA, mcys, and mcav with HA.11, caveolin-1, and the 

nucleus (Hoescht).  The three stains are merged at the bottom of the panel (B). 
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Figure 20: CfPV2 E5 does not associate with caveolin-1 in HEC lines. 

IP/IB for E5HA, mcys, and mcav or caveolin-1 (A).  Co-immunofluorescence for 

E5HA, mcys, and mcav with HA.11, caveolin-1, and the nucleus (Hoescht).  The three 

stains are merged at the bottom of the panel (B). 
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Figure 21: CfPV2 E5 does not associate with connexin-43 in HEC lines. 

IP/IB for E5HA and mcys or connexin-43 (CX43) (A).  Co-immunofluorescence for 

E5HA and mcys with HA.11, CX43, and the nucleus (Hoescht).  The three stains are 

merged at the bottom of the panel (B). 
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Figure 22: CfPV2 E5 is not present in detergent-resistant membranes. 

IP/IB of E5HA with differential detergent extraction in HEC lines (A) and NIH3T3 

lines (C).  IB for flotillin-2 and transferrin receptor (Tf-R) with differential detergent 

extraction in HEC lines (B).  RIPA solubilizes all membrane proteins, TX-100 

solubilizes detergent-sensitive membrane proteins, and the remaining proteins are those 

present in detergent-resistant membranes (DRMs).  

 



 106 

D. Karyopherin beta-3 Association. 

 Karyopherin β-3 (KNβ3) is a cytoplasmic protein that acts as a nuclear import 

receptor (67, 78, 175, 180).  It regulates the import of different types of proteins into the 

nucleus, such as ribosomes, histones, and viral proteins.  It may also act as a 

microtubule motor adaptor or a cytoplasmic chaperone (67).  HPV-16 E5 has been 

shown to associate with KNβ3 and may have a potential role in the formation of 

koilocytes (84).  Koilocytes are a histological feature of cells infected by PVs.  They are 

characterized by large, perinuclear vacuoles which displace hyperchromatic nuclei (62).  

Given that all PVs are known to form koilocytes during a productive infection (62) and 

histological analysis of natural CfPV2 tumors shows the presence of koilocytes (Figure 

5), we thought that CfPV2 E5 may also associate with KNβ3, especially since both its 

termini are oriented toward the cytoplasm.  IP/IB analysis shows that E5HA (and mcys 

and mcav) does associate with KNβ3 in transiently transfected Cos cells (Figure 23A), 

but not in HEC lines (Figure 24A).  Although, in both Cos cells (Figure 23B) and HEC 

lines (Figure 24B) E5HA is partially co-localized with KN-β3 in areas that are 

perinuclear. 
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Figure 23: CfPV2 E5 associates with karyopherin-β3 in Cos-1 cells. 

IP/IB for E5HA, mcys, and mcav or KNβ3 (A).  Co-immunofluorescence for E5HA, 

mcys, and mcav with HA.11, KN-β3, and the nucleus (Hoescht).  The three stains are 

merged at the bottom of the panel (B). 
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Figure 24: CfPV2 E5 does not associate with karyopherin-β3 in HEC lines. 

IP/IB for E5HA, mcys, and mcav or KNβ3 (A).  Co-immunofluorescence for E5HA, 

mcys, and mcav with HA.11, KN-β3, and the nucleus (Hoescht).  The three stains are 

merged at the bottom of the panel (B). 
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3. Biological Properties of CfPV2 E5. 

A. In vitro Transformation Assays. 

 E5 has been shown to be critical in in vitro cellular transformation for both 

BPV-1 E5 (40, 59, 125, 136, 138, 179) and HPV-16 E5 (41, 49, 103).  In vitro methods 

for detecting cell transformation include the focus formation assay and the soft agar 

assay.  Both assays were performed in NIH3T3 fibroblast lines and did not indicate that 

CfPV2 E5 caused transformation (Figure 25).  There was no focus (Figure 25A) or 

colony (Figure 25B) formation indicative of in vitro transformation.  Since this is not 

the best system to reproduce a natural infection that would occur in canine tissue, we 

further pursued possible transforming activity by CfPV2 E5 in an in vivo mouse model. 
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Figure 25: CfPV2 E5 does not transform NIH3T3 fibroblast lines. 

Focus formation assay (A) and soft agar assay (B) of E5, mcys, and mcav with BPV-1 

E5 as the positive control.  
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B. In vivo Transformation Assay in SCID Mice. 

 An alternative method for studying the transforming abilities of E5 is to utilize 

an in vivo mouse xenograft model.  In this system, a small piece of tissue is infected 

with retrovirus or recombinant PV (pseudovirus) expressing E5 and then implanted 

subcutaneously into an immunodeficient SCID mouse.  Wild type COPV and CfPV2 

have both been used to successfully infect canine oral mucosa in the xenograft mouse 

model, resulting in a productive papilloma in a SCID mouse (Figures 26 & 27) (186).  It 

might be possible to infect canine oral mucosa with pseudovirus or Phoenix retroviruses 

to elicit either transformation of the tissue or a productive papilloma, although this has 

never been attempted.   

 A pseudovirus is a recombinant PV, where L1 and L2 capsid genes (the 

packaging vector) are co-transfected with a target genome into 293TT cells.  The L1 

and L2 capsid proteins encapsidate the target genome into infectious pseudovirus (22).  

In these experiments, we used HPV-16 L1L2 to package our target genomes. It has 

previously been shown that pseudovirus composed of HPV-16 L1L2 and a target 

genome containing GFP can successfully infect canine MDCK cells (Yuan, personal 

communication).  Pseudoviruses containing single genes have been made and used to 

successfully infect cells in culture (21, 22, 123, 148), but pseudoviruses containing a 

whole PV genome have yet to be prepared successfully.  We used the whole CfPV2 

genome and HPV-16 L1L2 capsid proteins to make a whole genome pseudovirus with 

the eventual goal of being able to mutate/delete the E5 gene for studies in cultured cells 
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and in in vivo animal models.  We also decided to determine whether Phoenix retrovirus 

could be used to infect canine oral mucosa.  Both CfPV2 E5 and E6E7 Phoenix 

retroviruses were used to infect the canine tissue with the belief that this would give the 

greatest probability for transformation and tumor growth to occur.  Table 1 summarizes 

the results of a small pilot experiment where both pseudovirus and retrovirus infected 

canine oral mucosa were implanted into SCID mice.   

 Figures 26 and 27 show histology from a natural CfPV2 productive lesion where 

there is clear differentiation of the epithelium.  L1-specific staining indicates production 

of new CfPV2 virions in the nuclei of the more differentiated cells.  Also, koilocytes, 

which are indicative of PV infection (62), are present in the naturally-occurring CfPV2 

infection (Figure 27).  As a positive control for the mouse xenograft, canine oral 

mucosa was infected with wild-type CfPV2 virus, which resulted in 5/6 replicates 

producing a productive infection (Table 1).  Figures 28 and 29 show representative 

histology of these 5 papillomas and all have a well-differentiated epithelium, production 

of new CfPV2 virions as identified by L1-specific staining, and koilocyte formation.   

 Infection of canine oral mucosa with whole-genome CfPV2 pseudovirus 

resulted in 4/6 replicates with measurable growth (Table 1).  Only one out of the four 

masses was shown to be a productive infection with well-differentiated epithelium, L1-

specific staining, and koilocytosis (Figures 30 & 31).  Squamous pearls, an indication of 

well-differentiated epithelium with central keratinization, were also observed in this 

single papilloma.  Histology of the other three tumors showed that they were not 
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productive infections (Figure 32), as the epithelium was very thin with little 

differentiation and there was no L1 staining.  It appears that these masses were simply 

the implanted canine oral mucosa forming cysts.  This was also the case for the 

retrovirus-infected tissue implanted into the SCID mice.  No more than 2/5 replicates 

that were infected with Phoenix retrovirus produced measurable masses (Table 1), and 

histology showed that for both E5 + E6E7 and E5HA + E6E7 there were no histological 

features of transformation, such as large, darkly stained nuclei and the presence of 

multiple nuclei (Figures 33 & 34, respectively).  Also, there was no L1 staining or 

indications of a productive infection, as was expected given that there was only E5 and 

E6E7 present in these infections.  We also wanted to determine whether these findings 

for the retrovirus-infected tissue were due to either lack of infection or because activity 

of these genes did not cause any observable changes by this method.  Therefore we 

performed immunohistochemistry specific for the HA epitope present in E5HA 

(specific reagents for wild-type E5 are not available for analysis of the untagged 

protein).  Figure 35 shows that HA-specific staining is absent from both E5 and E5HA 

samples, which indicated that the retroviral infection of the canine oral mucosa was 

either not successful or that E5HA was not expressed. 
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Figure 26: Histology and immunohistochemistry of a natural CfPV2 papilloma 

(20x). 

H & E staining (A) and L1-specific IHC (B) from sections of a naturally occurring 

CfPV2 papilloma removed from the footpad of an immunosuppressed dog.  The circle 

highlights a koilocyte that is indicative of papillomavirus infection.  The black 

arrowheads show the dark L1 staining in the nuclei of differentiated epithelial cells.  

The white arrows indicate the cells on the basal surface of the epithelium.  The black 

arrows indicate the connective tissue that surrounds the differentiating epithelium. 
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Figure 27: Histology and immunohistochemistry of a natural CfPV2 papilloma 

(40x). 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (C) from 

sections of a naturally occurring CfPV2 papilloma removed from the footpad of an 

immunosuppressed dog.  The circles highlight koilocytes that are indicative of 

papillomvirus infection.  The black arrowheads indicate the dark L1 staining in the 

nuclei of differentiated epithelial cells.   
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Figure 28: Wild type CfPV2 infected canine oral mucosa results in a productive 

infection in SCID mice (20x). 

H & E staining (A) and L1-specific IHC (B) from sections of a growth removed from a 

SCID mouse, where canine oral mucosa was infected with wild type CfPV2 virus and 

implanted subcutaneously.  The white arrows indicate the basal cells of the thick 

differentiating epithelium and the black arrows show the keratin-rich terminally 

differentiated epithelium.   

 



 124 

 



 125 

Figure 29: Wild type CfPV2 infected canine oral mucosa results in a productive 

infection in SCID mice (40x). 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (inset, C) 

from sections of a growth removed from a SCID mouse, where canine oral mucosa was 

infected with wild type CfPV2 virus and implanted subcutaneously.  The circles 

highlight koilocytes that are indicative of papillomavirus infection.  The black 

arrowheads show the dark L1 staining in the nuclei of differentiated epithelial cells.  

The black arrows indicate the cells on the basal surface of the epithelium.   
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Figure 30: CfPV2 pseudovirus infected canine oral mucosa causes a productive 

infection in a SCID mouse (20x). 

H & E staining (A) and L1-specific IHC (B) from sections of a growth removed from a 

SCID mouse, where canine oral mucosa was infected with CfPV2 pseudovirus and 

implanted subcutaneously.  This is the one growth from the pseudovirus infection that 

resulted in a productive infection.  The black arrowheads show the dark L1 staining in 

the nuclei of differentiated epithelial cells.  The black arrows indicate squamous pearls, 

an indication of well-differentiated epithelium.  The white arrows indicate the basal 

cells of the epithelium. 
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Figure 31: CfPV2 pseudovirus infected canine oral mucosa causes a productive 

infection in a SCID mouse (40x). 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (inset, C) 

from sections of a growth removed from a SCID mouse, where canine oral mucosa was 

infected with CfPV2 pseudovirus and implanted subcutaneously.  This is the one 

growth from the pseudovirus infection that resulted in a productive infection.  The black 

arrowheads show the dark L1 staining in the nuclei of differentiated epithelial cells.  

The circle indicates the formation of koilocytes, which are indicative of papillomavirus 

infection.   
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Figure 32: CfPV2 pseudovirus infected canine oral mucosa in SCID mice. 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (C) from 

sections of a growth removed from a SCID mouse, where canine oral mucosa was 

infected with CfPV2 pseudovirus and implanted subcutaneously.  This is representative 

of the growths for the pseudovirus infection that did not result in a productive infection.  

The arrow highlights the very thin epithelium with flattened nuclei. 
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Figure 33: CfPV2 E5HA plus E6E7 infected canine oral mucosa in SCID mice 

(20x). 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (inset, C) 

from sections of a growth removed from a SCID mouse, where canine oral mucosa was 

co-infected with both CfPV2 E5HA and E6E7 retroviruses and implanted 

subcutaneously.  The arrows identify the very thin epithelium. 
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Figure 34: CfPV2 E5 plus E6E7 infected canine oral mucosa in SCID mice (20x). 

H & E staining (A), L1-specific IHC (B), and the negative control for L1 IHC (C) from 

sections of a growth removed from a SCID mouse, where canine oral mucosa was co-

infected with both CfPV2 E5 and E6E7 retroviruses and implanted subcutaneously.  

The arrows identify the very thin epithelium. 
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Figure 35: CfPV2 E5HA is not expressed in infected canine oral mucosa from 

SCID mice (20x). 

HA-epitope-specific IHC with HA.11 antibody in canine oral mucosa co-infected with 

CfPV2 E5 (A) or E5HA (B) and E6E7 and implanted subcutaneously into SCID mice 

(left) and the negative controls for HA-specific staining (right). 

  

 

 

 



 138 

4. New Properties & Targets Identified for CfPV2 E5. 

A. Growth Inhibition and Unfolded Protein Response Activation by CfPV2 E5. 

 Comparisons of CfPV2 E5 to other PV E5 proteins have proven that it is similar 

only in that it is a small, hydrophobic membrane protein localized to the ER.  We 

therefore considered the possibility that the canine E5 protein might signal from the ER.  

Since we knew that the HPV-16 E5 protein retarded keratinocyte growth (42), we 

explored whether canine E5 might also inhibit cell growth and whether this might result 

from ER signaling, as described for the UPR response.  These experiments were carried 

out in primary HFKs, which enabled us to perform numerous experiments with cells 

isolated from different donors.  When primary HFK cells were stably transduced with 

CfPV2 E5 and E5HA, they showed significantly decreased growth rates (Figure 36A) 

and lifespans (Figure 37A) compared to the LXSN control cells.  Cells expressing E5 

had at least a 20% decrease in their growth rates compared to control cells and survived 

for approximately 5 population doublings, versus approximately 8 population doublings 

for the control cells.  This growth inhibition correlated with a significant increase 

(~11%) of cells in G1 phase and a concomitant decrease (~11%) in the percentage of 

cells in S phase of the cell cycle (Figure 38A).  However, when E5 was co-expressed 

with CfPV2 E6E7, the modest growth inhibition and cell cycle profile changes were 

insignificant (Figures 36C, 37C, & 38C).    

 It is important to note that no significant difference was observed between 

CfPV2 E5 and E5HA, validating the use of the epitope tag and confirming that the 
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function of E5 was retained.  It seems that growth inhibition might also occur for mcys, 

although this was repeated twice, only, and additional experiments would be required to 

obtain statistical data (Figures 36B, 37B, & 38B).  Cells were also examined for any 

gross morphological changes.  Figures 39 and 40 show that none are apparent with 

either E5 alone or E5 plus E6E7.  We have shown that CfPV2 E5 induces growth 

inhibition by stalling cells in the G1 phase of the cell cycle in stably transduced HFK 

cells and that the HA-epitope tag did not affect these activities. 

 Since we have shown that CfPV2 E5 is found in the detergent-sensitive fraction 

of the ER membrane with both its termini oriented toward the cytoplasm, we surmised 

that it could have a role in inducing ER stress, which could be a possible mechanism for 

the observed growth inhibition.  Therefore, we developed a real time PCR method for 

analyzing the splicing of XBP1 mRNA.  XBP1 mRNA is spliced in response to ER 

stress via activation of IRE1 in the Unfolded Protein Response (UPR) (25, 87, 183).  

The accuracy of this method for detecting spliced XBP1 mRNA was confirmed by 

comparing tunicamycin- (Tm) treated primary HFK cells to untreated primary HFK 

cells (Figure 41A).  Tunicamycin induces ER stress by preventing glycosylation of 

proteins (157).  Cells treated with Tm showed a statistically significant 3-fold increase 

in the spliced form of XBP1 mRNA.  In stably transduced HFK lines expressing CfPV2 

E5 or E5HA, there was a significant increase in XBP1 mRNA splicing compared to the 

vector control (LXSN; Figure 41B).  However, when E5 is co-expressed with CfPV2 

E6E7, the change in XBP1 mRNA splicing is negligible (Figure 41D).  The CfPV2 E5 
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with amino acid substitutions for cysteine also seems to cause increased splicing of 

XBP1 mRNA, although more replicate experiments would have to be completed in 

order to obtain statistically meaningful data (Figure 41C).  Again, there was no 

significant difference between the tagged and untagged E5 proteins.  These results show 

that E5 alone induces the UPR, although, if the viral proteins E6E7 are also present this 

response seems to be abrogated. 
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Figure 36: CfPV2 E5 decreases the growth rate of HFK cells. 

Relative growth rates of HFK cells stably transduced with LXSN, E5, or E5HA (A, 

n=7); LXSN or mcys (B, n=2); or CfPV2 E6E7 plus LXSN, E5, or E5HA (C, n=3).  

Error bars represent ± SEM and * indicates a p<0.01 as determined by a paired t-Test. 
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Figure 37: CfPV2 E5 decreases the lifespan of HFK cells. 

Average population doublings of HFK cells stably transduced with LXSN, E5, or E5HA 

(A, n=7); LXSN or mcys (B, n=2); or CfPV2 E6E7 plus LXSN, E5, or E5HA (C, n=3).  

Error bars represent ± SEM, * indicates a p<0.01, and ** indicates a p<0.05 as 

determined by a paired t-Test. 
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Figure 38: CfPV2 E5 decreases cells in S phase. 

Cell cycle profiles of HFK cells stably transduced with LXSN, E5, or E5HA (A, n=5); 

LXSN or mcys (B, n=2); or CfPV2 E6E7 plus LXSN, E5, or E5HA (C, n=6).  Error 

bars represent ± SEM and * indicates a p<0.05 as determined by a paired t-Test. 

 



 147 

 



 148 

Figure 39: Lack of morphological changes in HFK cells expressing CfPV2 E5. 

HFK cells stably transduced with LXSN, E5, E5HA, or mcys at passages 2 or 5 after 

G418 selection were captured at 32x magnification. 
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Figure 40: Lack of morphological changes in HFK cells co-expressing CfPV2 E6E7 

& E5. 

HFK cells stably transduced with LXSN, E5, or E5HA plus CfPV2 E6E7 at passages 2 

or 5 after G418 selection were captured at 32x magnification. 
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Figure 41: CfPV2 E5 induces splicing of XBP1 mRNA. 

Real-time PCR for XBP1 in tunicamycin treated (Tm) or untreated primary HFK cells 

(A, n=4); HFK cells stably transduced with LXSN, E5, or E5HA (B, n=7); LXSN or 

mcys (C, n=2); or CfPV2 E6E7 plus LXSN, E5, or E5HA (D, n=5).  Error bars 

represent ± SEM and * indicates a p<0.05 as determined by a paired t-Test. 
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B. Microarray & iTRAQ Analysis of CfPV2 E5. 

 Microarray and iTRAQ (isobaric Tags for Relative and Absolute Quantitation) 

analyses were performed to identify other potential cellular targets of CfPV2 E5.  The 

microarray was performed in duplicate for both CfPV2 E5 and E5HA and basic fold 

change and pathway analyses were used to identify changes in mRNA expression 

induced by E5.  Figure 42 shows that the majority of genes altered by E5 were involved 

in metabolism of carbohydrates, organic compounds, lipids, and amino acids.  Based on 

the pathway analysis, specific genes whose change in expression remained consistent in 

replicates of both E5 and E5HA arrays were identified and are shown in Table 2.  The 

majority of the genes altered were for enzymes involved in metabolism and they 

decreased in their expression when E5 was present.  

 iTRAQ is a novel mass spectrometry method that enables the comparison of 

multiple samples in a single mixture, therefore reducing error due to sample loss or 

variations in sample preparation.  Each sample is labeled with a unique isobaric tag that 

allows for quantitation of the different peptides.  The differential labeling of the samples 

means that the different samples can be combined so that relative abundance of 

different proteins can be determined.  IPs for HA with E5HA and LXSN lysates from 

HEC lines were performed and the eluates analyzed by iTRAQ.  A variety of different 

types of proteins were identified as being associated with E5HA (Table 3).  It is 

important to note that no proteins were identified for the LXSN IP, as was expected.  

The types of proteins identified by iTRAQ include those involved in cellular 
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proliferation, cytoskeleton structure, and transcription factors.  Attempts to confirm 

these associations by IP/IB were not successful.   
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Figure 42: Representation of types of pathways affected by CfPV2 E5. 

Microarray analysis was performed for E5 and E5HA HEC lines and compared to the 

LXSN control cells.  This graph represents the types of pathways that were affected by 

both CfPV2 E5 and E5HA. 
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DISCUSSION 

 CfPV2 is a new papillomavirus, as yet uncharacterized protein, that may be an 

extremely useful tool for understanding the life cycle of papillomaviruses (PVs).  One 

of the most notable differences between CfPV2 and the other canine PV, COPV, is the 

presence of an E5 open reading frame.  In general, E5 proteins are small hydrophobic 

proteins that reside in either the ER or Golgi membranes (23, 34).  HPV-16 E5 has been 

implicated in a variety of biological processes, including growth factor receptor 

activation (45, 147, 151), immune evasion (6, 187) and koilocytosis (85).  It is evident 

that the role of E5 in all species and types of PVs differ in the life cycle of these viruses. 

Here, we have characterized some general properties as well as identified a new 

biological function for the CfPV2 E5 protein. 

 CfPV2 E5 is a small (41 amino acids), extremely hydrophobic viral protein.  

Attempts to express this protein using its wild-type nucleotide sequence in tissue culture 

systems were unsuccessful, therefore we employed the technique of codon 

modification.  This is a very common method that has been used for other PV proteins, 

such as HPV-16 E5 (42) and L1 (33).  It is possible that there is increased RNA stability 

with the codon-modified sequence of CfPV2 E5, although we have not observed any 

difference in relative abundance of E5 mRNA.  This was also the case for codon 

modification of HPV-16 E5 (42).  We believe that the differential expression of the PV 

proteins during the viral life cycle is regulated by codon usage and relative abundance 

of tRNAs in the stratified layers of differentiated epithelium and that codon 
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modification accounts for enhanced expression in monolayer cell culture systems, 

although data do not currently exist to support of this hypothesis.  Also, an HA epitope 

tag was placed at the C-terminal end to detect the protein because of the lack of an E5-

specific antibody.  All of our results indicate that the epitope tag did not affect the 

properties or functions of the E5 protein.  Various attempts to generate a CfPV2 E5-

specific antibody were unsuccessful, most likely due to its hydrophobic nature and lack 

of immunogenicity.  An alternative method that could be used to enhance its 

immunogenicity would be phage display.  The entire E5 protein or portions of it could 

be displayed in multiple copies on the surface of a bacteriophage.  This method has 

been used to successfully induce an immune response that confers resistance to 

candidiasis and hepatitis B infection in animal models (158, 178). 

 Given that an antibody specific for the native CfPV2 E5 protein was, and 

remains, unavailable, it was necessary to validate that the putative E5 open reading 

frame produced a protein.  Currently, potential E5 open reading frames are identified by 

their highly hydrophobic nature and their location within the well-conserved PV 

genome.  E5 open reading frames are typically present in the E2-L2 region of the 

genome.  Phylogenetic analyses have been performed on this area of the genome and 

have found it to be hyper-variable, which could contribute to the variety of functions 

associated with the E5 proteins and the limited conservation of the E5 proteins.  Also, 

E5 proteins are characterized as having a high percentage (36-46%) of the highly 

hydrophobic amino acids isoleucine, leucine, and valine.  Recent studies (16) have 
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indicated that E6 and E7 proteins have evolutionary patterns with significant divergence 

similar to those of E5 proteins and proposed E5 open reading frames while, in contrast, 

the L1 and L2 proteins have limited divergence.  Bravo and Alonso proposed that E5 

open reading frames do produce E5 proteins and conclude their evolutionary divergence 

may explain the differential involvement of E5 proteins in cellular transformation (16).  

Based on their data, we propose that the high hydrophobic amino acid content (48.7%) 

of CfPV2 E5 and its location within the E2-L2 region of the genome strongly suggests 

that the ORF is capable of producing an E5 protein that could contribute to the 

pathogenesis of CfPV2. 

 The C-terminal HA-epitope-tagged CfPV2 E5 (E5HA) was expressed in a 

variety of cells and its expression confirmed in transiently transfected Cos cells (Figure 

11), as well as in stably transduced NIH3T3 fibroblasts, HEC lines (Figure 12), and 

primary HFKs (Figure 13).  CfPV2 E5 was also analyzed for its ability to form dimers 

via two cysteine residues present at the C-terminus, since both BPV-1 (146) and HPV-

16 E5 (42) form dimers and higher order oligomers through disulfide bonding of their 

cysteine residues.  Although, very recent experiments performed in our lab suggest that 

HPV-16 E5 expressed in stably-transduced HECs may, in fact, not form dimers.  These 

experiments included amino acid substitutions of the six cysteine residues of HPV-16 

E5 were changed and showed results similar to those found for the canine E5, in which 

there is no change in molecular weight under reducing conditions.  It appears that the 

dimers previously observed for HPV-16 E5 may have been due to its over-expression in 
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Cos cells. Initially, it appeared that CfPV2 E5 might be capable of forming dimers or 

intramolecular disulfide bonding, as there was a slight shift in molecular weight in the 

presence of β-ME (Figure 11A). However, upon further analysis of E5 in which the two 

cysteine residues were substituted for alanine residues, the observed increased 

molecular weight under non-reducing conditions remained, indicating that disulfide 

bonding was not responsible for the change in molecular weight and confirming that 

dimers do not form.  There is evidence that the reducing agent dithiothreitol does not 

simply reduce disulfide bonds, but may also disrupt other interactions within a protein 

(3) and this could be responsible for our current observations with β-ME. CfPV2 E5 is 

not capable of forming dimers and is, therefore, unique from both BPV-1 and HPV-16 

E5 proteins. 

 Previous data show that HPV-16 (34) and BPV-1 E5 (23) localize to the ER or 

Golgi membranes, respectively, therefore we were curious to see whether there was a 

similar localization pattern for the CfPV2 E5 protein.   In stable cell lines (HECs and 

NIH3T3 cells) CfPV2 E5 localizes to the ER, only, (Figures 15 & 16) whereas in 

transiently transfected Cos cells it also localizes to the Golgi apparatus (Figure 14).  

This is not surprising given that Cos cells enhance the expression of E5 and this 

alternative localization could be explained by the bulk flow hypothesis. The bulk flow 

hypothesis maintains that proteins in great abundance that are normally present in the 

ER can be non-selectively transported into the Golgi apparatus during the normal ER-
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Golgi transport processes (172).  This same phenomenon has been observed for HPV-

16 E5 when expression is enhanced in Cos cells (42). 

 Since we have established that CfPV2 E5 is localized to the ER membrane, we 

wanted to determine its membrane topography. Identifying a protein’s membrane 

topography can give insight into its potential targets and/or functions in a cell.  BPV-1 

E5 is known to be oriented with its N-terminus in the cytoplasm and its C-terminus in 

the ER lumen (23), and the reverse is true for HPV-16 E5 (Krawczyk, personal 

communication).  Differential permeabilization is a technique that uses digitonin to 

permeabilize the cholesterol-rich plasma membrane while leaving the other intracellular 

membranes intact (117), whereas saponin permeabilizes all membrane structures (116).  

In both stably transfected HEC lines (Figure 18) and transiently transfected Cos cells 

(Figure 17), CfPV2 E5 is uniquely oriented in the ER membrane with both its termini 

toward the cytoplasm.  A cartoon of our model of the membrane topography of E5 is 

shown in Figure 18B.  We believe that because E5 is extremely hydrophobic, the 

majority, or all, of the E5 protein is embedded within the membrane as a short 

intramembrane loop with minimal portions, or perhaps just the HA-epitope tag, exposed 

to the cytoplasm.  Since these experiments were performed with HA-epitope tagged E5, 

it is possible that no portion of the native E5 protein is exposed outside of the lipid 

membrane except for the hydrophilic HA epitope.  We have no way to confirm this 

possibility at this time. 
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 Since HPV-16 E5 is capable of interfering with detergent-resistant membrane  

(DRM) proteins and is located within DRMs (155), we decided to determine whether 

CfPV2 E5 is capable of associating with some of these proteins by performing IP/IB 

analyses.  Analysis of CfPV2 E5 association with the DRM proteins caveolin-1 and 

connexin-43 did not show any associations in stably transduced HEC lines (Figures 20 

& 21, respectively).  Although, when CfPV2 is over-expressed in transiently transfected 

Cos cells, it does appear that caveolin-1 can bind to the abundant E5 protein, but not to 

mcav (Figure 19).  This could be accounted for by the enhanced expression of E5 in the 

Cos cells, which could promote interactions that would not typically occur.  Also, 

CfPV2 E5, mcycs, and mcav co-localized with both caveolin-1 (Figures 19 & 20) and 

connexin-43 (Figure 21), though this does not signify any direct association.  Since 

CfPV2 E5 does not associate with DRM proteins, we considered the possibility that it 

was not located in DRMs and used the method of differential detergent extraction to 

confirm our suspicion (19, 28).  CfPV2 E5 was solubilized in cold TX-100, confirming 

that is not present in DRMs.  This is unlike HPV-16 E5, which has been shown to be 

present in DRMs (155).  It is apparent from the mutational analysis that the caveolin-

binding motif present at the C-terminal end of CfPV2 E5 does confer the ability for the 

two to form a stable association.  Although, the lack of an association in stable cell lines 

and the absence of E5 in DRMs seems to indicate that the caveolin-binding motif may 

be a feature maintained through the evolution of the PVs and the aromatic amino acids 

may be significant for a biological function as yet unknown.  We have found that 
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CfPV2 E5 is not found in DRMs, and therefore cannot associate with proteins found in 

DRMs when expressed in stable cell lines. 

 One important caveat about these studies is that they were not performed in dog 

keratinocytes and it is possible that we have missed important interactions due to the 

choice of available cells.  However, at the time these experiments were conducted, 

culture conditions were not available for canine keratinocytes.  However, we did 

perform a nucleotide sequence comparison between human and canine caveolin-1 

(human, gi15451856; canine, gi38322712) and connexin-43 (human, gi4504001; 

canine, gi38609728).  Both comparisons showed that there was 96% sequence 

similarity, suggesting that canine E5 does not associate with either caveolin-1 or 

connexin-43 and that CfPV2 E5 may not be present in DRMs. 

 Koilocyte formation is an important feature of PV infection (62) and CfPV2 has 

been shown to cause koilocytosis in natural infections (186).  Recent data have 

suggested that the association between HPV-16 E5 and the nuclear import protein 

KNβ3 is important for koilocyte formation (84, 85).  Analysis of the association 

between CfPV2 E5 and KNβ3 indicates that they bind only when E5 is expressed in 

abundance in transiently transfected Cos cells (Figure 23), but not in stably transduced 

HEC lines (Figure 24).  The results for E5’s ability to associate with KNβ3 were similar 

for both mcys and mcav, indicating that neither the aromatic or cysteine residues are 

important for the association observed in the Cos cells.  A comparison of the nucleotide 

sequences of human versus canine KNβ3 could not be attempted, since a canine 
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equivalent has yet to be identified.  Therefore, we cannot confirm the accuracy of these 

results in the human cells.  CfPV2 E5 could be important for koilocyte formation and 

interact with other proteins that are yet to be identified.  This activity can be examined 

by determining the percentage of koilocytes present in cells acutely transduced with E5 

alone or with other canine proteins, such as E6 and E7.  The role of CfPV2 E5 in 

generating koilocytes should be examined further in canine cells, as activities conferred 

by the canine virus might not be mimicked in human cells. 

 We have shown that CfPV2 E5 has some similarities to other PV E5 proteins to 

the extent that it is a small, hydrophobic membrane protein that localizes to the ER.  

However, its properties make it unique among other E5 proteins.  For example, it does 

not form dimers, it has a unique membrane topography with both termini facing the 

cytoplasm, it is present in detergent-sensitive membranes, and does not share some 

binding partners with HPV-16.  These marked differences led us to pursue new and 

unique ways of identifying its functions.  First, we used two alternative approaches for 

examining its function in a mouse model, and second, we identified new functions and 

targets in cultured cells. 

 BPV-1 and HPV-16 E5 are both involved in cellular transformation, as is 

evident by in vitro transformation assays ((58, 89, 122, 136, reviewed in 154) and 

reviewed in ), and led us to hypothesize that CfPV2 E5 might also play a similar role.  

Our results show that in murine fibroblasts, CfPV2 E5 does not result in in vitro cellular 

transformation (Figure 25).  Given that these in vitro transformation assays were 
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performed in mouse cells and CfPV2 E5 is from a canine-specific virus, future assays 

should be performed in primary canine epithelial cells when they become available.  

Preparation and successful maintenance of these cells is currently being pursued for 

analysis of CfPV2 E5 and other aspects of the CfPV2 virus.  Since it is evident that 

CfPV2 E5 cannot transform murine fibroblasts, we moved to an in vivo xenograft model 

in which canine oral mucosa was infected with either retrovirus expressing individual 

CfPV2 genes or a whole genome CfPV2 pseudovirus and implanted subcutaneously 

into SCID mice.  Our data show that infection of the canine oral mucosa with the 

retroviruses was not successful, although we did have success in producing, for the first 

time, a pseudovirus composed of codon modified HPV-16 L1 and L2 capsid proteins 

and the whole CfPV2 genome.  There were four masses removed for histological 

analysis from the tissue infected with the whole-genome pseudovirus (Table 1), and 3/4 

were identified as small cysts with no differentiated epithelium or L1-specific staining 

(Figure 32).  The final mass was large (approximately 3 cm3) and showed well-

differentiated epithelium with koilocytes, squamous pearls, and L1-specific staining 

(Figures 30 & 31).  This pseudovirus resulted in a productive infection and formation of 

new CfPV2 virions.  Since only 25% of the infected tissue resulted in a productive 

infection, optimization of the pseudovirus preparation and the xenograft method is 

required to increase the successful yield.  The limiting factor in producing pseudovirus 

is the amount of genome available for packaging (22), therefore the preparation of the 

CfPV2 genome should be optimized.  In our preparation of pseudovirus, the CfPV2 
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genome was amplified in bacteria in the pBR322 vector and then digested with two 

restriction endonucleases, one to linearize the CfPV2 genome and the other to cut the 

vector backbone in order to minimize its ability to re-ligate and be packaged into the 

pseudovirus.  The digested product was co-transfected with HPV-16 L1 and L2 to 

generate the pseudovirus.  Here, the method could be optimized to include gel 

purification and/or recircularization of the linearized genome.  The ratio of CfPV2 

genome to packaging vector could also be optimized rather than using the 1:1 ratio 

currently utilized for the transfection.  Also, the method in which the pseudovirus is 

harvested and purified could be optimized.  Currently, we use the crude extract for 

infections, which has a high salt concentration, as well as detergents, that could interfere 

with infection.  Alternatively, ultracentrifugation with the non-toxic OptiPrep medium 

could be used to concentrate the pseudovirus (22), and it may also increase infection 

efficiency compared with that of the crude lysate.  There are also aspects of the 

xenograft method that can be improved.  One is the isolation of canine oral mucosa.  

Currently, we receive tissue overnight from our collaborators at Marshall Farms.  If we 

could obtain tissue and use it immediately, that might increase our success.  Since the 

PV life cycle is dependent upon cellular differentiation, a strict method of preparing the 

tissue in a manner that ensures that all of the pieces contain the entire differentiated 

epithelium, from the basal surface to the suprabasal layers could increase the likelihood 

of successful infections.  It is especially important that all of the pieces of tissue include 

the basal surface, which is required for the infection and life cycle of PVs.  There might 
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also be more success if the pseudoviruses were prepared with CfPV2 L1 and L2 capsid 

proteins in place of HPV-16 L1 and L2.  Although there is a lot of optimization still 

required for preparation of the whole genome pseudovirus, it is a very valuable tool for 

studying many aspects of PVs and we are confident that this system can be effectively 

optimized.  Mutations in various genes, including E5, can be incorporated to produce 

recombinant pseudoviruses and used to study their involvement in the PV life cycle as 

well as other biological activities.  Since the hydrophilic amino acid glutamine within 

BPV-1 E5 has been shown to be required for transformation and many of its protein 

interactions (57, 83, reviewed in 154), it would be interesting to mutate the two 

hydrophilic amino acids, glutamine and aspartic acid, within CfPV2 E5 to identify 

potential new activities for it in the viral life cycle.  The cysteine and caveolin residues 

should also be considered for sites of amino acid substitutions and analyzed by this 

method to further determine their relevance in the function of E5.  This will move PV 

research in a new direction where the role of a single gene in its native environment can 

be revealed. 

 CfPV2 E5 has very little similarities to other E5 proteins, with the exception of 

its extreme hydrophobicity, and our current data cannot confirm nor refute its 

involvement in cellular transformation until primary canine keratinocytes can be grown.  

Therefore, we began to pursue other potential biological activities associated with E5.  

There is been evidence that HPV-16 E5 induces growth inhibition in primary HFK cells 

(42), although this effect has not been pursued.  The effect of CfPV2 E5 on the growth 
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of primary HFK cells was analyzed and there was a statistically significant difference in 

growth between control cells and those expressing CfPV2 E5 (Figures 36A & 37A).  

Both the growth rates and the lifespan of HFK cells expressing CfPV2 E5 were 

decreased.  Also, correlating with this effect was significant cell cycle arrest at G1 and a 

concomitant decrease in the percentage of cells in S-phase (Figure 38A).  Since E5 is 

not necessarily expressed in the absence of other PV proteins, we expanded this study to 

include CfPV2 E6 and E7.  The growth inhibition observed for CfPV2 E5 alone was not 

found when E6 and E7 were present, although there was some mild decrease in the 

lifespan of the cells (Figures 36C, 37C, and 38C).  It is important to note that the effect 

of growth inhibition by E5 is not a result of cell death or apoptosis, as no indication of 

either was evident during the course of the growth or cell cycle analyses.  Also, no 

cellular debris was found during cell cycle analyses that indicated that apoptosis was 

occurring nor was there an abundance of dead cells observed in culture (Figures 38 & 

39).  Growth inhibition is a new biological activity for CfPV2 E5, therefore we pursued 

identifying a potential mechanism that might contribute to this effect. 

 Since it is evident that CfPV2 E5 is in the ER, we thought that the E5-associated 

growth inhibition might be related to activation of the Unfolded Protein Response 

(UPR) by inducing ER stress.  The goal of this response is to allow the cell to re-

establish a balance of the appropriate cellular machinery needed to make and process 

properly folded proteins (140).  When a cell cannot manage unfolded or misfolded 

proteins accumulating in the ER, the ATF6, PERK or IRE1 pathways activate the UPR 
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(140).  Each of these pathways ultimately results in attenuated translation, promotion of 

protein folding, secretion, degradation, and potentially apoptosis (140, reviewed in 

190).  The UPR also causes up-regulation of lipid metabolism and cell cycle arrest at 

G1 (17, 18).  In response to ER stress, IRE1 will oligomerize and transphosphorylate 

itself into an active endoribonuclease (RNase) (25, 87).  The RNase function of IRE1 

cleaves a 26 nt portion of the XBP1 mRNA that results in the more stable spliced XBP1 

mRNA that is translated into its active form.  The active form of XBP1 is capable of 

translocating to the nucleus to activate transcription of genes that act as ER chaperones, 

genes involved in lipid metabolism, and ERAD (ER-Associated Degradation) genes.  

This enables the cell to re-establish ER homeostasis (140, reviewed in 190).   We have 

taken advantage of the unique splicing of XBP1 mRNA by IRE1 in response to ER 

stress to develop a real-time PCR method that allows the ratio of spliced to unspliced 

XBP1 mRNA to be determined.  Using this method, we determined that CfPV2 E5 is 

capable of significantly increasing the amount of the spliced form of XBP1 mRNA 

(Figure 41B), although this change does not occur with simultaneous expression of 

CfPV2 E6E7 (Figure 41D), just as seen in the growth inhibition assays.  Flavivirus and 

HBV viral proteins, NS4B (104, 185, 191) and HBx (90) have been reported to activate 

the UPR by splicing of XBP1 mRNA.  Both NS4B and HBx are associated with internal 

membranes and are reported to be involved in regulation of the viral life cycles (71, 

106).  Their activation of the UPR has been implicated as a possible mechanism for 

controlling either viral replication or pathogenesis (90, 104, 185, 191).  The activation 
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of the UPR by CfPV2 E5 may have similar effects on the viral life cycle and should be 

pursed further, potentially using the whole genome pseudovirus in in vivo experiments.  

Also, preliminary microarray analysis (Figure 42 & Table 2) indicates that CfPV2 E5 

decreases expression of genes involved in lipid, amino acid, and carbohydrate 

metabolism, which could be effects of UPR activation.  Analysis of associated proteins 

also supports the role of E5 in regulating the cell cycle (Table 3).  Results from iTRAQ 

analysis identified proteins involved in cell cycle progression and cellular proliferation, 

as well as others involved in cell structure and transcription, as associating with CfPV2 

E5.  However, reagents specific for these proteins were not successful in confirming 

these findings.  We have identified a potential mechanism by which CfPV2 E5 mediates 

growth inhibition by activation of the UPR.  It is not clear whether this activation is a 

direct or indirect effect of E5 expression and will be analyzed in future experiments.  

Further analysis of induction of ER stress and UPR activation by CfPV2 E5 should 

include analyzing changes in associations between BiP and PERK, ATF6α, and IRE1, 

changes in CHOP expression, and phosphorylation of IRE1 and PERK.  It is important 

to mention that the growth inhibition and UPR activation studies were all performed 

with CfPV2 E5 and E5HA, and no significant difference between the two was observed, 

confirming that the HA-epitope tag does not interfere with the biological activity of E5. 

 The data presented here identify a new biological activity for the unique CfPV2 

E5 protein and a new tool for the study of all PVs, the whole-genome pseudovirus.  

With the development of a method for maintaining canine epithelial cells in culture, it is 
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likely that CfPV2 E5’s role in cellular transformation will be resolved and more 

activities will be identified, though there are still limitations due to lack of canine-

specific reagents for use in IF and IP/IB analyses.  Growth inhibition and activation of 

the UPR by CfPV2 E5 could be confirmed in canine cells and the roles that E6 and E7 

play in suppressing these activities should be dissected, since co-expression of CfPV2 

E5 and CfPV2 E6E7 seems to either alter or mask the activities of E5 alone.  It will also 

be important to include mutational analyses in these studies.  It is known that PV 

proteins are differentially expressed during a productive infection, where the spatial 

expression of E5 in differentiating epithelia is similar to that of E6E7 or the L1 and L2 

capsid proteins (48, 55, reviewed in 94).  This is a further indication that E5 may have 

multiple roles in the viral life cycle.  Therefore we suggest that our results for both E5 

alone and co-expression with E6E7 are important to elucidating the effects of E5 on the 

viral life cycle and malignant progression.  The whole-genome pseudovirus will enable 

us to explore the functions of E5 in vivo, where gene expression is modulated by 

cellular differentiation and could provide insight into the results obtained from our 

growth inhibition and UPR activation assays. 
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