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Dysregulation of Host Cellular microRNA Expression by the Human 

Papillomavirus E6 and E7 Oncoproteins 

 

ABSTRACT 

 

 Human papillomaviruses (HPVs) are small DNA viruses with a tropism for 

squamous epithelia.  Nearly all cervical cancers are caused by a small group of high-

risk HPVs and these viruses are also associated with anal, vaginal, vulvar, penile and 

oropharyngeal cancers.  The high-risk HPV16 E6 and E7 proteins are the major drivers 

of cell transformation and HPV-carcinogenesis.  The most well known oncogenic 

activities of HPV16 E6 and E7 are degradation of the p53 and retinoblastoma tumor 

suppressors, respectively.  However, HPV16 E6/E7 also drive transformation via other 

mechanisms, and this dissertation investigates how HPV16 E6 and E7 dysregulate 

expression of non-coding RNAs, with a focus on microRNAs (miRs). 

  Although high-risk HPVs are not known to encode miRs, these viruses have 

been shown to alter the expression of host cellular miRs.  In many previous HPV miR-

profiling studies, differentiating cells were analyzed.  Given HPVs alter epithelial cell 

differentiation, it is unclear whether reported changes in miRs are directly caused by 

HPV gene expression or represent sequelae of HPV-induced changes in epithelial cell 

differentiation.  This dissertation examines cellular miRs modulated by expression of 

HPV16 E6/E7 in undifferentiated primary human epithelial cells. 
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 In Chapter 2, we perform a comprehensive analysis of miRs and mRNAs altered 

by HPV16 E6/E7 using deep sequencing.  Pairing miRs with potential targets, our data 

show that many observed changes in mRNA expression may be due, in part, to 

perturbation of miRs by HPV16 E6/E7.  In Chapter 3, we investigate the alteration of 

miR biogenesis enzymes by HPV16 E6/E7.  Expression of the HPV16 oncoproteins 

increases levels of DROSHA and DICER.  Furthermore, manipulation of DROSHA 

levels may be one mechanism by which HPV16 E6/E7 expression dysregulates cellular 

miR expression.  In Chapter 4, we examine how expression of HPV16 E6/E7 alters the 

expression of miRs in extracellular vesicles.  Some miRs are similarly regulated by 

HPV16 E6/E7 in cells and extracellular vesicles whereas others are not.  Overall, this 

dissertation shows that modulation of miRs is an important part of HPV16 E6/E7 

mediated reprogramming of cellular gene expression and may contribute to the 

transforming activities of these proteins. 
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1.1 Human Papillomavirus Molecular Biology 

With a prevalence of 70 million cases and an incidence of 14 million new 

transmissions each year, human papillomavirus (HPV) infections of the anogenital tract 

are the most common sexually transmitted diseases in the US (CDC, 2015).  High-risk 

(HR) HPVs are the causative agents of cervical cancer and, worldwide, it is estimated 

that 500,000 cases of cervical cancer occur each year, which result in over 250,000 

deaths (Schiffman et al., 2007).  Cervical cancer is the 4th most common cancer in 

women and the 7th most common cancer overall (Bray et al., 2013).  The burden of 

cervical cancer is disproportionately high in low-income countries due to a scarcity in 

resources to implement widespread screening, vaccination and treatment programs 

(Forman et al., 2012).  While safe and efficacious vaccines for the prevention of HPV 

infection are available, they do not protect those already infected with HPV and they do 

not protect against all HPV types.  Therefore, continued studies of the molecular biology 

of HPV are necessary to develop improved screening techniques and prophylactic 

vaccines for the prevention of HPV infection, as well as better therapeutic options, 

including vaccines, for the treatment of HPV infection. 

 

1.1.1 HPV Classification 

HPVs are members of the distinct virus family, the Papillomaviridae.  The 

Papillomaviridae family is divided into 39 genera (Bernard et al., 2010; de Villiers et al., 

2004), based on L1 sequence identity of 60% or greater, with each genus designated by 

a letter of the Greek alphabet.  PVs within a genus that share 60-70% L1 sequence 

identity are termed a species (Bernard et al., 2010; de Villiers et al., 2004).  Additionally, 
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within a species, PVs with 71-89% L1 sequence identity are considered a type (Bernard 

et al., 2010; de Villiers et al., 2004).  As of 2017, 205 different HPV types have been 

identified, which have been categorized into five genera including the following: 65 

Alphapapillomaviruses, 51 Betapapillomaviruses, 84 Gammapapillomaviruses, 4 

Mupapillomaviruses and a single Nupapillomavirus (Van Doorslaer et al., 2013).  At 

least 25 more additional types have been identified however, these viruses are currently 

pending classification.  HPVs with 90-98% L1 sequence identity are termed subtypes 

and those with >98% L1 sequence identity are considered variants (Bernard et al., 

2010).  Arguably, HPVs in the alpha genus are of the greatest medical importance given 

they are associated with oral and mucosal cancers, as well as cancers of the anogenital 

tract.  Table 1.1 includes a summary of main HPV genotypes and their associated 

diseases. 

 

1.1.2 Virion and Genome Structure and Organization 

HPVs are non-enveloped DNA viruses with a tropism for the squamous 

epithelium.  Each virus particle consists of an icosahedral capsid of about 60 nm in 

diameter, containing a single molecule of double stranded circular DNA of 

approximately 8,000 base pairs (Knipe and Howley, 2013).  Only one strand of the 

double stranded DNA genome is used as a template for transcription and this coding 

strand contains three genomic regions, including approximately ten open reading 

frames (ORFs) shown in Figure 1.1.  Many viral proteins are expressed from 

polycistronic mRNAs (Favre et al., 1975; Zheng and Baker, 2006).  The early region (E)   
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Table 1.1.  Main HPV genotypes and their associated diseases. 

Genus Species Representative HPV types Tropism Associated Diseases 

Alpha-PV 

α1 32 mucosal Heck’s disease 
α2 3, 10, 28 cutaneous flat warts 
α4 2, 27, 57 cutaneous common warts 

α7 18, 39, 45, 59, 68 mucosal intraepithelial neoplasia, 
invasive carcinoma 

α9 16, 31, 33, 35, 52, 58 mucosal intraepithelial neoplasia, 
invasive carcinoma 

α10 
6, 11 

mucosal 
condylomata acuminata 

13 Heck’s disease 

Beta-PV 

β1c 5, 8, 12, 14, 19, 20, 21, 24, 
25, 36, 47 cutaneous Epidermodysplasia 

verruciformis 

β2 9, 15, 17, 22, 23, 37, 38 cutaneous Epidermodysplasia 
verruciformis 

β3 49 cutaneous Epidermodysplasia 
verruciformis 

Gamma-
PV 

γ1 4, 65 cutaneous warts 
γ4 60 cutaneous warts 

Mu-PV 
µ1 1 cutaneous plantar warts 
µ2 63 cutaneous warts 

Nu-PV ν 41 cutaneous warts 
 

This table summarizes information on the main HPV genotypes, their tropism and 

associated diseases.  Information in this table was gathered from several sources 

including pave.niaid.nih.gov (Cubie, 2013; de Villiers et al., 2004; Van Doorslaer et al., 

2013).  Heck’s disease, also known as focal epithelial hyperplasia (FEH), is a rare, 

benign mucosal proliferation that is strongly associated with HPV infection (Said et al., 

2013).  Other details on HPV classification can be found in the text in section 1.1.1. 
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Figure 1.1.  HPV16 genome organization and protein function. 

On the left, the HPV16 genomic map of 7906 base pairs is shown.  Only the coding 

strand is included and transcription occurs in the clockwise direction.  The early 

promoter (P97) is indicated by an arrow at the approximate position of the RNA initiation 

site in the long control region LCR.  The late promoter (P670) is also indicated by an 

arrow at its initiation site in the E7 ORF.  The early region is depicted in blue and 

contains proteins necessary for viral replication including E1, E2, E3, E4, E5, E6, E7  

 

Figure 1
Click here to download high resolution image
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Figure 1.1 (Continued) 

and E8.  The late region is shown in purple and contains the viral capsid proteins L1 

and L2.  The LCR is shown in green and contains sequences controlling viral replication 

and transcription.  On the right, a table of the HPV16 ORFs and a brief description of 

their corresponding viral functions is shown.  More details can be found in section 1.1.2 

of the text. 
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contains up to seven ORFs encoding viral regulatory proteins and the late (L) region 

encodes the two viral capsid proteins.  Each ORF in the early region is designated “E” 

followed by a numeral, indicative of the length of the ORF.  The third region of the 

genome has been referred to as the long control region (LCR), the upstream regulatory 

region (URR) or the noncoding region (NCR).  This genomic region contains the origin 

of DNA replication, as well as transcription control sequences (Knipe and Howley, 

2013). 

 

Viral Proteins 

The early HPV ORFs include E1, E2, E4, E5, E6, E7 and E8 (Doorbar et al., 

1986; Zheng and Baker, 2006) (see Figure 1.1).  E1 codes for an ATP dependent viral 

DNA helicase (Bergvall et al., 2013) that can bind to the AT-rich origin of replication and 

E2 proteins function in viral transcription, replication and genome partitioning. The full 

length E2 protein encodes a transcriptional activator.  In contrast, a truncated form of E2 

transcribed from an internal ATG and the E8^E2 fusion protein repress transcription 

(McBride, 2013).  E4 is embedded within the E2 gene and is primarily expressed as an 

E1^E4 fusion protein during the late stages of the viral life cycle.  E4 binds to cytokeratin 

filaments, disrupting their structure, and is thought to play a role in viral escape from 

cornified epithelial layers (Doorbar, 2013).  E5 is a small transmembrane protein, which 

has been best studied with bovine papillomavirus type 1 (BPV1).  BPV1 E5 is an 

oncogenic small, hydrophobic, single pass transmembrane protein that forms dimers 

and interacts with and activates receptor tyrosine kinase receptors, including the EGF 

and PDGF receptors.  Similar activities have also been ascribed to HPV E5, which 
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encodes multi pass transmembrane proteins that share only limited sequence similarity 

with BPV1 E5 (DiMaio and Petti, 2013).  HPV E5 proteins have also been reported to 

play a role in apoptosis and in evasion of the immune response (DiMaio and Petti, 

2013).  HPV E6 and E7 both drive cell cycle entry to allow genome amplification in 

upper epithelial layers.  HR HPV E6 proteins have oncogenic activities. They bind and 

degrade p53, as well as cellular PDZ proteins, and they activate telomerase (Vande Pol 

and Klingelhutz, 2013).  HR HPV E7 proteins bind and degrade the retinoblastoma 

tumor suppressor, pRB, and contribute to malignant progression by inducing genomic 

instability (Dyson et al., 1989; Roman and Munger, 2013).  HPV E8 is expressed as an 

E8^E2 fusion protein, in which E8 replaces the E2 activation domain responsible for 

transcriptional control and activation of DNA replication, thereby functioning as a 

repressor of transcription and replication (Ammermann et al., 2008).  The late region 

encodes the major (L1) and minor (L2) capsid proteins (see Figure 1.1).  Given the L1 

ORF is the most conserved among PVs, it is used for phylogenetic organization and 

HPV classification.  Notably, L1 will spontaneously assemble into virus like particles, 

which is the basis for the currently available prophylactic vaccine formulations 

discussed in greater detail in section 1.1.7 (Buck et al., 2013). 

 

1.1.3 HPVs and Cancer 

The first HPVs that were associated with cancer were beta HPV5 and 8.  They 

were detected in warts and cancers arising in patients with a rare genetic disorder, 

Epidermodysplasia verruciformis (EV) (Orth et al., 1978; Pass et al., 1977).  Most of 

these patients carry mutations in one of the two EVER genes, EVER1 and EVER2 (also 
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referred to as TMC6 and TMC8, respectively), located on chromosome17q25.3 (Ramoz 

et al., 2002).  Although the molecular basis remains enigmatic, EV patients cannot 

efficiently clear beta HPV infections and develop warts all over their bodies.  These 

warts can undergo malignant progression at sun-exposed areas of the body.  Beta 

HPVs may contribute to non-melanoma skin cancers that arise as a frequent 

complication in long-term immunosuppressed organ transplant patients.  It remains 

unclear whether beta HPVs contribute to non-melanoma skin cancer formation in 

patients that are not systemically immunosuppressed (reviewed in (Meyers and Munger, 

2014; Orth, 2008; Pfister, 2003)).  Of note, HPV sequences are not detected in every 

tumor cell, suggesting that these viruses may contribute to tumor induction but may not 

be necessary for maintenance of the transformed state.  Studies with transgenic mice 

have shown that E6, E7 and, quite uniquely E2, each have oncogenic activities.  

The approximately 40 alpha HPVs that infect mucosal epithelia are classified as 

low-risk (LR) or HR based on their clinical association with generally benign warts or 

lesions that have a propensity for malignant progression.  LR HPVs, for example HPV6 

and HPV11 or HPV13 cause genital warts and oral focal epithelial hyperplasia (Heck’s 

disease), respectively (Padayachee and van Wyk, 1991).  HR HPVs, such as HPV16 

and HPV18, cause intraepithelial neoplasia, which can progress to invasive carcinoma.  

HR HPVs are the causative agents of approximately 5.2% of all human cancers 

worldwide and HR HPV associated cervical carcinoma is the 4th most common cancer 

among women globally (Chaturvedi, 2010; de Martel et al., 2012; Tota et al., 2011).  

Almost all cervical cancers are caused by HR HPVs and two types, HPV16 and HPV18, 

are detected in up to 70% of all cervical cancers (Winer et al., 2006b).  HR HPV 
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infections also account for 95% of anal cancers, 70% of oropharyngeal cancers 

(Chaturvedi et al., 2011), 60% of vaginal cancers, 50% of vulvar cancers and 35% of 

penile cancers (Gillison et al., 2008).  HPV16 is by far the most prevalent HPV type 

detected in these cancers.  HPV associated cancers generally represent non-productive 

infections, as described in more detail in section 1.1.5. 

 

1.1.4 HPV Productive Infection and Lifecycle 

A hallmark of the HPV lifecycle is its close association with the differentiation 

program of the infected host squamous epithelium (see Figure 1.2).  HPVs firstly infect 

undifferentiated basal epithelial cells and then viral progeny are produced in 

differentiated daughter cells in the uppermost epithelial layers (Hong and Laimins, 

2013a).   

 

Methods for Studying the Viral Lifecycle 

 Historically, it has been difficult to study the PV life cycle in the laboratory.  

Organotypic raft cultures, in which epithelial cells are grown on a fibroblast-containing 

matrix at the air liquid interface where they form a stratified, skin-like structure, provided 

the necessary breakthrough to recapitulate the full viral life cycle and to produce 

infectious HPV in tissue culture (Dollard et al., 1992; Meyers et al., 1992). 

Virus like particles (VLPs) are produced by ectopic expression of L1 either alone 

or in combination with L2 in mammalian cells.  Pseudoviruses are VPLs that contain 

either viral genomes or reporter plasmids and can be produced similarly.  Given their 

relative ease of production, VLPs and pseudoviruses have been the main tools used to  
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Figure 2
Click here to download high resolution image

 

Figure 1.2.  The HPV lifecycle in differentiating squamous epithelium. 

An illustration of normal differentiating squamous epithelium is shown on the left with 

the layers of the differentiating epithelium noted.  On the right, a brief description of the 

HPV life cycle stage occurring in the corresponding epithelial layer is shown.  Greater 

detail on HPV productive infection and the viral life cycle is included in section 1.1.4.  

This figure was illustrated by M. E. Harden and adapted from a figure by C. L. Nguyen.  
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study HPV structure, assembly, entry and infectivity.  Due to the exquisite species 

specificity of PVs, an animal model that closely recapitulates HPV infection and disease  

in humans has not been established.  In 2010, a new papillomavirus (MmuPV) was 

identified in the common house mouse (Mus musculus), allowing studies of PVs in  

laboratory mice for the first time (Ingle et al., 2011).  MmuPV infection of mice most 

closely resembles human infection by cutaneous PVs and information gleaned from 

studies of MmuPV infections of laboratory mice may be useful to better understand HPV 

associated human pathogenesis. 

 

HPV infection 

The only cells capable of undergoing cell division in the squamous epithelium are 

basal cells.  Consequently, PVs must specifically infect these cells to allow 

establishment of a persistent infection.  Cells in the basal epithelial layer consist of stem 

cells and transit amplifying cells.  In order for an HPV infection to be persistently 

maintained, the epithelial stem cells in the basal layer must become infected (Egawa, 

2003; Kaur and Li, 2000).  However, given basal epithelial cells are shielded by several 

layers of differentiated cells, they are not easily accessible and the virus must infect 

these protected cells through micro wounds that expose lower epithelial layers (Knipe 

and Howley, 2013).  Additionally, cells located in the squamocolumnar transformation 

zone in the cervix and anus have been shown to be particularly accessible and 

vulnerable to HPV infection (Herfs et al., 2012).   
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Viral Attachment and Entry 

Virions bind initially to heparan sulfate proteoglycans (HSPGs), which serve as 

primary attachment receptors on basal cells or exposed basement membrane resulting 

from epithelial trauma or permeabilization (Schafer et al., 2015).  Initial L1 attachment to 

HSPGs induces conformational changes in the virus capsid ultimately resulting in loss 

of affinity for the primary receptor and transfer of the virus to an as of yet poorly 

characterized entry receptor.  Whether or not these conformational changes may be 

caused by cyclophilin B (Bienkowska-Haba et al., 2009) remains a subject of 

controversy.  Ultimately, the L2 amino terminus is exposed, making it susceptible to 

cleavage by furin-related proteases, which is necessary for infection by some HPVs 

(Cruz et al., 2015; Day and Schiller, 2009; Richards et al., 2006).  Internalization of 

capsids from the cell surface is asynchronous and can take from two to four hours, with 

some capsids remaining on the surface much longer than others.  Capsids on the 

surface are propelled by directed motion (surfing) from filopodia to the cell body via 

actin retrograde flow (Schelhaas et al., 2008; Smith et al., 2008).  A delay of one to 

three days can occur between cell surface binding and viral genome transcription (Day 

et al., 2003; Roberts et al., 2007).  However, if the infected cells are close to mitosis, 

nuclear entry and detection of viral gene expression can occur at much earlier time 

points post infection (Broniarczyk et al., 2015).   

The virus is endocytosed through a potentially novel mechanism, similar to 

macropinocytosis, that is clathrin, caveolin and lipid raft independent (Schelhaas et al., 

2012).  Virions are then trafficked through the endosomal system where they undergo 

further structural changes that result in partial uncoating (Day and Schelhaas, 2014).  
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During viral uncoating in acidified endosomes, cyclophilin B aids in the dissociation of 

L1 from the L2/viral genome complex and L1 is targeted to lysosomes for degradation 

(Bienkowska-Haba et al., 2012).  The minor capsid protein, L2, mediates delivery of the 

viral genome from the early endosome to the trans Golgi network through direct 

interactions with the retromer complex (Bonifacino and Hurley, 2008; Popa et al., 2015).  

Specifically, L2 associates with sorting nexin 17 to allow escape of the L2/viral genome 

complex from late endosomal compartments (Bergant Marusic et al., 2012).  This 

interaction is conserved across multiple HPV types and is essential for viral infection 

(Bergant and Banks, 2013).  L2 also directly interacts with sorting nexin 27, another 

member of the host retromer complex, to aid in viral trafficking (Pim et al., 2015).  

Movement of the virus through the cytoplasm to the nucleus likely occurs along 

microtubules through the association of L2-associated vesicles with the motor protein 

dynein light chains (Florin et al., 2006; Schneider et al., 2011).  Entry of the viral 

genome into the nucleus requires mitosis (Pyeon et al., 2009) and this process is 

mediated by L2.  Following nuclear entry, L2 and the viral genome colocalize at ND10 

domains, which is a critical step in the establishment of infection and allows 

transcription of the viral genome (Day et al., 2004). 

 

Genome Replication and Gene Expression 

After infection, initial genome amplification occurs prior to maintenance of the 

viral genome in the nuclei of infected basal epithelial cells.  Viral DNA is maintained in 

basal epithelial cells as a stable multicopy plasmid or episome.  E1 and E2 are among 

the first viral proteins to be expressed and, while initial amplification is thought to require 
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E1 and E2, E1 may not be necessary once viral copy numbers have reached a 

threshold of 50-100 copies (Maglennon et al., 2011).  Based on studies of cell lines, 

episomal copy number is thought to be approximately 200 copies per cell (Doorbar et 

al., 2015).  However, using laser capture methods, 50-100 copies per cell have been 

detected in the basal layer of productive warts (Maglennon et al., 2011).  Viral genomes 

replicate once per cell cycle, on average, during S phase, ensuring persistent infection 

of basal cells.  In this “latent” phase of the viral lifecycle, HPV genomes are thought to 

persist in basal epithelial cells for years to decades.  However, at some point, a switch 

from stable replication (genome maintenance) to vegetative viral DNA replication must 

occur to allow the production of genomes for packaging into virions.  Little is known 

about the mechanism regulating this switch.  

Vegetative viral DNA replication occurs in differentiating cells of the squamous 

epithelium.  Two HPV proteins, E1 and E2, are actively involved in viral genome 

replication.  E1 is the only virally encoded enzyme and functions as an ATP dependent 

helicase (Bergvall et al., 2013).  E1 binds AT rich sequences at the origin of replication 

with weak affinity and is required for initiation and elongation of viral DNA synthesis.  E2 

stabilizes E1 binding to the origin of replication, by interacting with ACCN6GGT 

sequences adjacent to the origin, resulting in high affinity binding of the E1/E2 complex 

to the origin of replication (McBride, 2013).  HPVs do not encode any other replication 

enzymes and must hijack the host DNA synthesis machinery to accomplish replication 

of the viral genome.  E1 and E2 recruit cellular DNA polymerases and other essential 

accessory enzymes to enable viral genome replication.  Normally, differentiating cells 

would not be capable of supporting DNA synthesis given they have withdrawn from the 
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cell cycle upon exiting the basal layer of the epithelium.  However, HPVs are able to 

activate cellular DNA replication machinery to allow vegetative viral DNA synthesis 

through the actions of E6 and E7. 

 Another mechanism of vegetative viral DNA synthesis has been proposed based 

on data suggesting that viral DNA is replicated after host DNA, possibly in the G2 phase 

of the cell cycle (Banerjee et al., 2011; Nakahara et al., 2005).  This indicates that the 

virus would need other resources to replicate viral genomes and it is thought that the 

virus may use the DNA damage response, in particular recombination-dependent 

replication (RDR), to produce genomes in differentiated cells (Sakakibara et al., 2013).  

Infection by HPVs is known to induce a DNA damage response (DDR) and HPVs hijack 

both the ATR and ATM DDR signaling pathways for their differentiation-dependent life 

cycles (reviewed in (Hong and Laimins, 2013b)).  The ATM pathway is particularly 

important for differentiation-dependent genome amplification.  HPV E1 and E7 activate 

the ATM DDR and E2 can also modulate this pathway through binding to E1 (Fradet-

Turcotte et al., 2011; Sakakibara et al., 2011).  Additionally, the ATR pathway appears 

to play a role in HPV replication in undifferentiated cells by affecting episomal 

maintenance (Edwards et al., 2013; Reinson et al., 2013). 

E6 and E7 contribute to the viral lifecycle by modifying the cellular environment to 

allow viral genome amplification in growth arrested, terminally differentiated cells, which 

would normally be incompetent for DNA replication.  In particular, HR E6 and E7 drive 

cell proliferation in the basal and parabasal layers causing an increase in the size of the 

initial infected area.  Many papillomavirus E7 proteins target the retinoblastoma tumor 

suppressor pRB and the related “pocket proteins” p107 and p130 (Barrow-Laing et al., 
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2010; Dyson et al., 1989; Felsani et al., 2006; Klingelhutz and Roman, 2012; Roman, 

2006).  HR HPV E7 proteins target the pocket proteins for degradation through the 

ubiquitin/proteasome system.  By binding and/or triggering degradation of pocket 

proteins, E7 causes release of E2F family members from pocket protein bound 

transcriptional repressor complexes.  This results in constitutive activation of E2F 

modulated gene expression programs that control DNA synthesis and cell proliferation 

(Munger and Howley, 2002).  Additionally, some HPV E7 proteins avoid triggering G1 

arrest during epithelial cell differentiation by inactivating the CDK2 inhibitors, CDKN1A 

and CDKN1B (reviewed in (Moody and Laimins, 2010)).   

HR HPV E6 proteins inactivate the p53 tumor suppressor by targeting it for 

proteasomal degradation through the associated E3 ubiquitin ligase, UBE3A (E6AP). 

This action blocks the anti proliferative and pro apoptotic activities of p53 in response to 

DNA damage and cellular stress caused by aberrant S-phase entry (Scheffner et al., 

1993).  HR HPV E6 expression also upregulates telomerase activity, allowing the 

maintenance of telomere integrity despite repeated cell divisions (Galloway et al., 2005; 

Gewin and Galloway, 2001; Klingelhutz et al., 1996).  Additionally, HR HPV E6 proteins 

target cellular PDZ domain containing proteins that regulate cell contact and signaling 

pathways (Kiyono et al., 1997; Lee et al., 1997).  LR HPV E6 proteins, while able to 

interact with UBE3A, do not directly bind p53, but may target p53 transcriptional activity 

indirectly by binding to p300 and/or TIP60 (Thomas and Chiang, 2005) (Jha et al., 

2010).  Moreover, LR HPV E6 proteins do not activate telomerase activity and lack the 

C-terminal PDZ binding domain.  Beta HPV E6 proteins do not appear to target any of 

these pathways but have been reported to inhibit NOTCH and TGFß signaling by 
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associating with MAML and SMAD proteins, respectively (Brimer et al., 2012; Mendoza 

et al., 2006; Rozenblatt-Rosen et al., 2012; Tan et al., 2012).   

 

Assembly, Maturation and Viral Release 

Completion of the viral lifecycle involves cell cycle exit and expression of L1 and 

L2 to allow genome packaging.  Virion assembly occurs in the nuclei of terminally 

differentiated keratinocytes, in which viral genome replication and expression of viral 

proteins has occurred (Knipe and Howley, 2013).  Nuclear entry of L1 and L2 is 

mediated by cellular karyopherins (Darshan et al., 2004; Merle et al., 1999), which 

transport molecules between the nucleus and the cytoplasm.  L1 can assemble into 

VLPs and L2 may increase the efficiency of this reaction (Kirnbauer et al., 1993; Zhou et 

al., 1991).  Packaging of the viral genome is not thought to be sequence specific (Buck 

et al., 2004) and may involve a size determination mechanism (Knipe and Howley, 

2013).  Maturation of viral particles occurs in the upper layers of terminally differentiated 

squamous epithelia, where particles are exposed to an oxidizing environment.  This 

maturation process involves the accumulation of disulfide bonds between L1 proteins, 

resulting in condensation of the capsid, thereby increasing its stability and resistance to 

proteolytic digestion (Buck et al., 2005).  HPVs are non lytic and viral shedding occurs 

due to normal loss of nuclear and cytoplasmic integrity during terminal differentiation of 

the infected keratinocyte (Knipe and Howley, 2013).  E4 may also contribute to virion 

release by binding to cytokeratin filaments and disrupting their structure (Doorbar, 

2013). 
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1.1.5 Non-Productive HPV Infection and Transformation 

HR HPV associated cancers frequently represent non-productive infections, in 

which viral proteins are expressed but no infectious virus is produced.  Deregulation of 

viral gene expression can be caused by viral genome integration in high-grade 

premalignant lesions, often resulting in expression of just two viral proteins, E6 and E7.  

Such integration events frequently cause disruption or deletion of the E2 ORF, which 

encodes a transcriptional repressor of E6/E7 expression (Bernard et al., 1989; Thierry 

and Yaniv, 1987).  Hence, E6/E7 mRNA expression may be higher from integrated HPV 

subgenomes.  Additionally, E6/E7 mRNAs produced from integrated genomes have 

been reported to be more stable than mRNAs expressed from episomal genomes (Jeon 

and Lambert, 1995).  A genome wide analysis of HPV genomes in cervical lesions and 

cancers showed that HPV integration sites frequently directly flank chromosomal 

aberrations that include focal amplifications, rearrangements, deletions and/or 

translocations (Akagi et al., 2014).  Based on a “looping” model, these host genomic 

alterations are triggered when HPV integrant mediated DNA replication and 

recombination form viral host DNA concatemers.  This also results in amplification of E6 

and E7 containing viral genome fragments (Akagi et al., 2014).  It is interesting to note, 

however, that some cervical cancers retain viral genomes in episomal form (Matsukura 

et al., 1989; Pett and Coleman, 2007; Vinokurova et al., 2008).  In these cases, viral 

gene expression is likely deregulated by aberrant epigenetic modifications of the viral 

genome (reviewed in (Johannsen and Lambert, 2013)).    

Therefore, the expression of E6 and E7 is deregulated in cervical carcinomas on 

multiple levels and the expression of cellular genes flanking sites of viral genome 
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integration may also be compromised, at least in those cases where viral genome 

integration has occurred (Ojesina et al., 2014).  Furthermore, in cervical disease, it is 

thought that expression of E6 and E7 underlies the distinctive neoplastic phenotypes 

(reviewed in (Doorbar et al., 2015)).  E6 and E7 expression is thought to increase during 

progression from cervical intraepithelial neoplasia 1 (CIN1) to CIN3 and, given the 

ability of HR, but not LR HPV E6 and E7 proteins, to trigger genomic instability, E6 and 

E7 expression importantly contribute to malignant progression (Isaacson Wechsler et 

al., 2012; Munger et al., 2006).  A recent study has shown that cervical carcinomas 

contain recurrent mutations in cellular genes including EP300, FBXW7, PIK3CA, HLA-

B, TP53, MAPK1, PTEN, ERBB2, NFE2L2 and STK11 (Ojesina et al., 2014). 

 

1.1.6 Prevention of HPV- Associated Diseases and Cancer 

 Routine screening is critical for the early detection of HPV and prevention of 

associated diseases and cancer.  The Papanicolaou smear, or the Pap test, has been 

the method of choice for cervical cancer screening for over 60 years (Tambouret, 2013).  

Since its widespread implementation, cervical cancer deaths have decreased 

dramatically.  However, the Pap test has a relatively high rate of false positives, as well 

as false negatives.  In 2014, the U.S. Food and Drug Administration (FDA) approved a 

PCR based HPV test (the cobas HPV test) that detects HR types and genotypes HPV16 

and 18, as well as 12 other HR HPVs, for primary screening in cervical cancer (Stoler et 

al., 2015).  Similar to many other countries, screening guidelines were updated in the 

US to recommend HPV primary screening as an alternative to cytology based screening 

strategies (Huh et al., 2015).  Routine screening options now include cytology alone, 
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cytology in conjunction with HPV testing with or without genotyping or HPV primary 

screening with genotyping (Saslow et al., 2012).  The incorporation of HPV genotyping 

into cervical cancer screening is thought to decrease the incidence of cervical cancer by 

improving the detection of CIN (Wright et al., 2016).  While condoms have been shown 

to reduce the risk of HPV infection (Hippelainen et al., 1994; Winer et al., 2006a), as 

well as a lubricant, carrageenan (Roberts et al., 2007) and a carrageenan-based 

microbicide, Carraguard (Marais et al., 2011), the best and most efficacious method of 

prevention is vaccination. 

 

1.1.7 HPV Vaccination 

Vaccination is the only effective measure to prevent HPV infection, and 

development of a prophylactic HPV vaccine was widely hailed as a historic 

achievement.  Vaccination against HPVs has been in effect since 2006 and the three 

currently available prophylactic vaccines are composed of recombinant HPV L1 capsid 

proteins that self assemble into VLPs and induce the production of high level, 

neutralizing, type specific antibodies by eliciting a strong B cell mediated immune 

response (Knipe and Howley, 2013).  All three vaccines are administered as three 

injections over a time period of six months and the immune response to vaccination is 

superior to the response to natural infection, thus providing long-term immunity (Naud et 

al., 2014; Nygard et al., 2015).   

Gardasil® was the first approved HPV vaccine and includes VLPs of the most 

prevalent LR (HPV6, HPV11) and HR (HPV16, HPV18) HPVs.  Another HPV vaccine, 

Cervarix®, was developed by GlaxoSmithKline (GSK) and is a bivalent vaccine targeting 
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HPV16 and HPV18.  In 2014, the FDA approved the newest HPV vaccine, Gardasil 9®, 

which protects against 9 HPVs, including HPV16, 18, 6, 11, 31, 33, 45, 52 and 58.  The 

five additional HPV genotypes Gardasil 9® protects against account for an additional 15-

20% of cervical cancer cases (Joura et al., 2015).  As a result, vaccination has the 

potential to prevent ~90% of cervical cancer cases (Beavis and Levinson, 2016).  The 

Advisory Committee on Immunization Practices (ACIP) currently recommends one of 

the three HPV vaccines for routine vaccination at 11-12 years of age (Markowitz et al., 

2014).  The ACIP also recommends vaccination for females age 13-26, males age 13-

21 and men who have sex with men through age 26, as well as immunocompromised 

individuals not previously vaccinated (Markowitz et al., 2014). 

Cervarix® and Gardasil® both have excellent safety profiles and have been 

shown to be highly efficacious against infections with their respective HPV types 

(Garland et al., 2007; Group, 2007; Harper et al., 2006; Munoz et al., 2010; Paavonen 

et al., 2009).  Both vaccines also show some limited cross protection against HPV types 

not targeted by the vaccines (Brown et al., 2009; Harper et al., 2006; Paavonen et al., 

2009; Wheeler et al., 2012).  In vaccination programs with high coverage rates, these 

vaccines have been shown to induce herd immunity (Ali et al., 2013; Brotherton et al., 

2011; Mesher et al., 2013). 

Although the effects of the vaccines on the incidence of cervical and other HPV 

related cancers are not likely to be realized for several decades (Barr and Tamms, 

2007), a decrease in the incidence of HPV infections, precancerous lesions and genital 

warts has already been demonstrated in multiple studies (reviewed in (Bonanni et al., 

2015)).  However, given these vaccines are prophylactic, they are designed to prevent 
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HPV infection from occurring and are no longer effective once HPV infection has 

already been established (Hildesheim et al., 2007).  As a result, several therapeutic 

HPV vaccines, designed to treat patients with established HPV infection or even those 

with CIN, are currently in development (reviewed in (Yang et al., 2016)).  The discovery 

of immunological checkpoint inhibitors has also greatly re-energized these efforts.  

However, no therapeutic HPV vaccines are currently available on the market. 

 

1.2 HPV and microRNAs 

 HR HPV E6 and E7 also manipulate the expression of non-coding RNAs and this 

dissertation will focus on the dysregulation of microRNAs (miRs) by E6 and E7.  HPVs 

may not encode their own miRs (Cai et al., 2006) but it is clear from many studies that 

HPVs manipulate expression of host cellular miRs (Gunasekharan and Laimins, 2013; 

McKenna et al., 2010; Melar-New and Laimins, 2010; Wang et al., 2014; Yablonska et 

al., 2013).  These small RNAs are endogenously expressed, noncoding, RNA 

molecules that regulate gene expression at the post-transcriptional level.  They target 

mRNAs via complementarity with the miR seed region (nt 2-8) and repress their 

expression by inhibition of translation or mRNA degradation (reviewed in (Huntzinger 

and Izaurralde, 2011)).  The small size of miRs, along with their ability to inhibit 

expression of multiple targets, makes them the perfect tool by which viruses, like HPVs, 

can modulate gene expression to promote viral replication or carcinogenesis. 

 While miR expression signatures have been examined in HR HPV-expressing 

cancer tissues and cells, in most of these studies, differentiating cells were analyzed.  

Given HPVs alter epithelial cell differentiation, it is unclear whether reported changes in 



! 25 

miRs are directly caused by HPV gene expression or represent outcomes of HPV-

induced changes in epithelial cell proliferation and differentiation.  In an effort to tease 

apart these two different possibilities, this dissertation examines miRs modulated by 

expression of HPV16 E6/E7 in undifferentiated primary human epithelial cells.  A more 

in-depth introduction to previous studies of HPV-associated miRs is provided in Chapter 

2.  As one might expect, the genesis of miRs is a highly regulated process and this 

process has been found to be disrupted in many cancers (reviewed in (Hata and 

Lieberman, 2015)).  The details of miR biogenesis and what is known about this 

process in HPV-associated cancers is discussed below and in Chapter 3.  Additionally, 

a few studies have investigated how the HPV oncoproteins alter the expression of miRs 

in exosomes (Chiantore et al., 2016; Honegger et al., 2015) and this will be further 

introduced below and in Chapter 4.  Overall, the focus of this dissertation is to 

understand in more depth how HPV16 E6/E7 modulation of miRs may contribute to the 

transforming activities of these proteins. 

 

1.2.2  microRNA Biogenesis 

 It is well known that miRs are aberrantly expressed in tumors compared to 

matched normal tissues (Lu et al., 2005).  While some studies have suggested a 

general repression of overall miR expression in cancers (Chang et al., 2008), this is not 

universally true.  The expression of miRs is altered in HPV-associated cancers and, our 

work (see Chapter 2), as well as studies by others (Wang et al., 2014; Yablonska et al., 

2013), reveals that expression of the HPV16 E6 and/or E7 oncoproteins importantly 

contribute to many of the changes in miR expression observed in HPV-associated 
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cancers.  A key question that emerges from these observations is, “through what 

mechanism(s) are miRs misexpressed by expression of the HPV16 E6/E7 

oncoproteins?”   

 

Perturbation of microRNA Expression in Cancer 

 There are many mechanisms by which miR expression may be altered in 

cancers.  The primary miR transcript can be subject to transcriptional activation or 

repression and miRs can also be silenced epigenetically via DNA methylation of the 

miR promoter.  The stability of the mature miR, and its corresponding half-life, can also 

be enhanced or reduced, thereby altering miR expression in tumors.  Additionally, RNA 

binding proteins can manipulate miR levels by interacting with the miR secondary 

structure or through sequence specific mechanisms (reviewed in (Adams et al., 2014)).  

RNA editing has also been observed in tumors (Skarda et al., 2009) and miRs, at 

various stages in their biogenesis, can be the target of editing as well (Lagana et al., 

2012), resulting in changes in miR expression, among other things, depending on the 

specific sequence edited.  Competing endogenous RNAs (ceRNAs) can also act as 

“sponges”, competing the miRs away from their intended target RNAs (Salmena et al., 

2011).  Lastly, single nucleotide polymorphisms (SNPs) in tumors can disturb miR-

target interactions and miR processing, resulting in downstream effects on miR 

expression (reviewed in (Adams et al., 2014)).   

 While there are many possible mechanisms by which the activity of miRs may be 

altered in HPV-associated cancers, as well as by expression of HPV16 E6/E7, Chapter 

3 of this dissertation examines perturbation of miR biogenesis as a potential mechanism 
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to alter miR expression.  The miR biogenesis pathway is frequently deregulated in 

cancers (reviewed in (Adams et al., 2014; Hata and Lieberman, 2015)) and our focus on 

the miR biogenesis pathway is based on previously published data on DROSHA and 

DICER in the context of cervical cancer. 

 

Canonical Biogenesis of microRNAs 

 Given the widespread effects of miR regulation on gene expression in a variety of 

human diseases, including cancers, the possibility of experimentally manipulating the 

miR biogenesis pathway to alter pathologic miR expression has been a subject of 

extensive research.  Through these studies, an improved understanding of the process 

by which these small RNAs are generated has emerged. 

 Canonical human miR biogenesis begins with transcription of primary miR (pri-

miR) transcripts, which may include one or multiple clustered hairpin structures 

containing mature miRs.  Most pri-miRs are transcribed by RNA polymerase (pol) II (Cai 

et al., 2004; Lee et al., 2004), while a small subset of pri-miRs are transcribed by RNA 

pol III (Borchert et al., 2006; Canella et al., 2010; Ozsolak et al., 2008).  Following 

transcription, similar to mRNAs, pri-miRs are capped and polyadenylated.  MiR hairpins 

can be found in introns or exons of mRNAs or long non-coding RNAs, as well as in 

intergenic regions.  Primary miR transcripts are recognized and cleaved in the nucleus 

by the Microprocessor complex (Denli et al., 2004; Gregory et al., 2004; Han et al., 

2004).  The Microprocessor complex is minimally comprised of the RNase III enzyme, 

DROSHA (Lee et al., 2003), and the RNA binding protein, DGCR8 (DiGeorge critical 

region 8)(Landthaler et al., 2004).  Microprocessor cleaves pri-miRs 10-11 base pairs 
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from the base of the stem loop, resulting in 55-70 nt hairpins, known as precursor-miRs 

(pre-miR)(Xie and Steitz, 2014).  Exportin-5 (XPO5) binds pre-miRs in the nucleus, 

together with the co-factor Ran-GTP, followed by nuclear export to the cytoplasm via 

the nuclear pore complex (Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003).  

GTP-hydrolysis in the cytoplasm results in dissociation of the pre-miR from XPO5.  

DICER, another RNase III enzyme, recognizes structural features of the pre-miR and 

subsequently cleaves off the loop of the pre-miR hairpin producing the mature miR 

duplex of ~22 nt (Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; 

Knight and Bass, 2001).  The mature miR duplex is then incorporated into the RNA-

induced silencing complex (RISC) containing DICER, an Argonaute protein (AGO) and 

the RNA binding proteins TRBP (TAR RNA binding protein)(Chendrimada et al., 2005; 

Haase et al., 2005) and PACT (protein activator of PKR)(Lee et al., 2006).  All four 

human AGO proteins (AGO1-4) are functional in miR binding and subsequent target 

regulation; however, the only AGO with catalytic slicer activity is AGO2 (Liu et al., 2004; 

Meister et al., 2004).  Following loading of the miR duplex into the RISC complex, one 

strand of the miR duplex is selected as the guide strand (miR), based on the strength of 

base-pairing at its 5’ end, to form the functional miR-RISC complex (miRISC)(Khvorova 

et al., 2003; Schwarz et al., 2003).  The other strand, known as the passenger strand 

(miR*), is displaced and degraded.  The miRISC, the final product of this carefully 

orchestrated maturation process, can then function to silence miR targets via mRNA 

degradation/destabilization, translational repression, or a combination of both 

mechanisms. 
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Non-Canonical microRNA Biogenesis 

 Shortly after the canonical process of human miR biogenesis was initially 

described, alternative mechanisms of miR processing, involving bypass of RNAse III 

cleavage steps, were discovered.  These non-canonical mechanisms of miR processing 

are thought to allow expression of particular miRs in different cell states or 

developmental stages, resulting in differential gene expression.  While non-canonical 

miRs represent only a small fraction of all human miRs, the alternative mechanisms by 

which these miRs are processed are conserved in different organisms (Xie and Steitz, 

2014).  Given our focus in Chapter 3 is on key enzymes that are part of the canonical 

miR biogenesis pathway, a detailed discussion of non-canonical biogenesis pathways is 

beyond the scope of this work but is reviewed in (Xie and Steitz, 2014). 

 

Alterations of Key microRNA Biogenesis Enzymes in Cervical Cancer 

 Although we (see Chapter 2), and others (Wang et al., 2014; Yablonska et al., 

2013), have shown that expression of the HPV16 oncoproteins E6 and E7 alters human 

miR expression, an investigation into whether or not the HPV16 oncoproteins 

manipulate the miR biogenesis machinery to alter human miR expression has not been 

initiated.  In Chapter 3, we investigate how expression of HPV16 E6 and/or E7 may alter 

the canonical miR biogenesis pathway, with a focus on the two key enzymes in this 

pathway, DROSHA and DICER.  Expression of these enzymes is altered in cervical 

cancers, almost all of which are caused by high-risk HPVs, in particular HPV16.   

 DROSHA and DICER are both frequently genomically altered in cancers, with 

DROSHA regularly amplified or mutated and DICER most often mutated (Cerami et al., 
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2012; Gao et al., 2013).  Specifically, the gain of chromosome 5p is observed in more 

than 50% of advanced cervical squamous cell carcinomas (SCC) and DROSHA is the 

most significantly upregulated transcript associated with this chromosomal gain 

(Muralidhar et al., 2007).  DROSHA copy number gain and overexpression is 

associated with differences in miR expression, increasing the levels of some miRs and 

decreasing the levels of others.  Another study corroborated these results suggesting 

that 5p gain is the most frequent genetic alteration in invasive cervical cancer (Scotto et 

al., 2008).  Additionally, DROSHA overexpression was observed in all tumors with 5p 

gain, suggesting that DROSHA may be a critical target with a potential role in tumor 

progression.  DROSHA mRNA levels were reported to be upregulated in HPV positive 

cervical cancer cell lines but to a lesser extent in an HPV negative cervical cancer cell 

line C33A (Zhou et al., 2013).  To determine the functional consequences of DROSHA 

copy number gain and overexpression, another study depleted DROSHA in cervical 

cancer cell lines and observed reduced cell migration and invasiveness (Muralidhar et 

al., 2011).  Additionally, the effect of altered DROSHA levels on miR profiles was 

investigated and a subset of 45 out of 319 miRs examined showed a significant 

association with DROSHA levels (Muralidhar et al., 2011).  Interestingly, they also found 

that increases in DROSHA expression must exceed a certain threshold before there are 

downstream consequences on miR expression. 

 DICER RNA levels have been reported to be lower in cervical cancer tissues; 

however, this particular study was limited by the small number of tissue samples 

available for analysis (Zhao et al., 2014).  Another group reported varied DICER mRNA 

expression among cervical cancer specimens, with low DICER mRNA expression in 
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36.7% of samples and higher DICER mRNA expression in 63.3% of samples (He et al., 

2014).  An additional analysis showed that DICER protein expression was much higher 

in cervical cancer samples than in matched non-cancerous samples (He et al., 2014). 

 While these data support the notion that DROSHA and DICER levels are altered 

in cervical tissues and cells, given HPV16 E6/E7 are the causative agents of cervical 

cancer at the molecular level, we hypothesize that these effects on DROSHA and 

DICER may be through expression of HPV16 E6/E7.  Chapter 3 of this dissertation 

investigates the perturbation of DROSHA and DICER expression by the HPV16 

oncoproteins 

 

1.2.3  microRNAs in Extracellular Vesicles 

 In 1983, the observation of membranous vesicles released by exocytosis of 

vesicular endosomes in mammalian cells was first reported (Harding et al., 1983).  

Initially dismissed as cellular debris, extracellular vesicles (EVs) have now emerged as 

important vehicles of biological signals.  EVs can influence the microenvironment 

through transfer of various cargo, including proteins, lipids, DNA and RNA (Kanada et 

al., 2015; Turturici et al., 2014).  A variety of physiological and pathological processes 

have been linked to EVs, including inflammation, immune disorders, neurological 

diseases and cancer (Cossetti et al., 2014; Hazan-Halevy et al., 2015; Zomer et al., 

2015).  EVs can be isolated from numerous human body fluids including blood (Caby et 

al., 2005), urine (Pisitkun et al., 2004), semen (Vojtech et al., 2014), saliva (Ogawa et 

al., 2011), cerebral spinal fluid (Baraniskin et al., 2011) and breast milk (Admyre et al., 

2007).  This, and the fact that EVs provide information about their cell of origin, has lead 



! 32 

to the notion that they may serve as biomarkers for early and non-invasive disease 

detection.  Also, since they originate from intracellular material and are not recognized 

by the immune system as foreign, the potential use of EVs as packaging tools for the 

delivery of therapeutics is being explored (Arslan et al., 2013; Deregibus et al., 2007; 

Katsuda et al., 2013; Ohno et al., 2013; Sahoo et al., 2011). 

 

Types of Extracellular Vesicles 

 Cells release multiple types of EVs, which differ in size, biogenesis and 

molecular composition.  The term “EV” refers to distinct subpopulations of membrane-

enclosed vesicles, which have been found to frequently co-purify together when current 

EV isolation methods are utilized.  Exosomes are some of the smallest EVs (40-150 

nm), which originate in endosomes.  Exosomes are exocytosed into the extracellular 

space following accumulation in multivesicular bodies (MVBs).  Vesicles of various sizes 

(50-1,000 nm) can also be shed from the plasma membrane via actin dependent 

processes and these are referred to by several names including microvesicles, 

ectosomes or microparticles (Akers et al., 2013).  Additionally, small EVs (50-500 nm) 

and larger apoptotic bodies (50-5,000 nm) can be released from apoptotic cells (Ihara et 

al., 1998). 

 While efforts have been made to reach a consensus on vesicle nomenclature 

and classification, it has become clear that there is some overlap in function and 

composition among EV populations, making this task difficult (Klein-Scory et al., 2014).  

Moreover, current isolation methods cannot definitively distinguish exosomes from other 

EVs, as the characterization of physical properties and molecular markers is still lacking 
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(Choi et al., 2012; Haqqani et al., 2013; Muralidharan-Chari et al., 2009).  Regardless, it 

is clear that cells release a variety of EVs, which all likely contribute to the biology of the 

diseases they are associated with, including cancer. 

 

Cancer-Associated Extracellular Vesicles 

 Tumor cells utilize EVs to communicate with each other at the paracrine level but 

they also exchange information with the tumor microenvironment though activation of 

molecular pathways that are distinct from those mediated by small molecules, cytokines 

and growth factors (Webber et al., 2015).  Uptake of cancer-associated EVs by immune 

cells can drastically alter the immune microenvironment, leading either to escape of the 

immune response or activation of immune suppression.  Tumor EVs can also contain 

pro-angiogenic factor cargo, which directly promotes endothelial cell migration and the 

formation of new blood vessels.  This is critical for cancer cell proliferation, as the blood 

supplies oxygen and nutrients, as well as allows for waste removal.  The tumor vascular 

network is even more imperative during metastatic invasion, facilitating access of tumor 

cells to the bloodstream (Nishida et al., 2006).  Depending on their cargo, cancer-

associated EVs can promote an oncogenic or tumor suppressive environment. 

 

Extracellular Vesicles and microRNAs 

 The discovery of miRs in EVs has greatly expanded their potential utility, allowing 

for new avenues of communication, additional biomarkers for detection and, since EVs 

are non-immunogenic, the opportunity for innovative therapeutics (Kim et al., 2017).  In 

particular, the ability of EV-associated miRs to alter gene expression, both in local and 
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distant environments, enhances their potential for therapeutic applications.  The 

packaging of miRs into EVs is also advantageous, as it has been shown to protect 

these small RNAs from degradation while in transit to their targets (Hunter et al., 2008; 

Valadi et al., 2007).  It is still uncertain whether specific miRs or groups of miRs are 

selectively packaged into EVs.  Some miRs do appear to be actively targeted to EVs 

and various mechanisms to explain this have been proposed (discussed in (Kim et al., 

2017)).  Another unknown is the stoichiometry of miRs in EVs.  It is not understood 

whether all EVs in a population contain the same amount of a particular miR or whether 

only specific EVs contain a particular miR.   

 These questions and others must be answered to fully understand the true 

potential of miRs in EVs.  As studies of EV-associated miRs continue, it is certain that 

more will be learned about the targeted sorting, enrichment and packaging of miRs into 

EVs, as well as new functions of miRs in EVs. 

 

Extracellular Vesicles and HPVs 

 The first report investigating HPVs and EVs involved the silencing of HPV18 

E6/E7 in HeLa cells and examination of the contents and amounts of EVs release from 

HeLa cells utilizing a Survivin as a model molecule (Honegger et al., 2013).  This study 

found that silencing of HPV18 E6/E7 in HeLa cells led to reduced protein levels of 

Survivin in exosomes, as well as significantly increased the overall amount of exosomes 

released from HeLa cells (Honegger et al., 2013).  Whether or not the HPV 

oncoproteins E6 and/or E7 are present in exosomes is unclear.  One study was not able 

to detect either of the two proteins in exosomes from HeLa cells (Honegger et al., 
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2013).  However, a more recent study detected E6 and E7 mRNAs in exosomes 

released from HFKs transduced with the HPV16 oncoproteins (Chiantore et al., 2016). 

 Only a handful of studies have examined miRs in exosomes released from HPV 

containing cells.  One study examined miRs in exosomes from HPV16 E6/E7 

expressing HFKs utilizing an RT-qPCR array.  Interestingly, they found only 8 of the 384 

miRs that were included in the array in exosomes released from HPV16 E6/E7 

expressing HFKs, with miR-222 being the most highly abundant (Chiantore et al., 2016).  

Another study, utilized siRNAs against HPV18 E6/E7 in HPV18 positive HeLa cells and 

examined the effects on miRs in exosomes by deep sequencing (Honegger et al., 

2015).  Their data showed that expression of HPV18 E6/E7 determined a signature of 

seven miRs in exosomes released from HeLa cells and these miRs possess pro-

proliferative or anti-apoptotic potential (Honegger et al., 2015).  The concentration of 

these miRs in exosomes appeared to be dependent on expression of the viral 

oncoproteins.  They also found, using HeLa and SiHa cells, that there is overlap in the 

exosome-associated miRs regulated by E6/E7 in HPV18 and HPV16 positive cervical 

cancer cells, respectively (Honegger et al., 2015). 

 Towards identifying miRs in exosomes with potential for non-invasive cervical 

cancer screening, another study found elevated levels of exosomal miRs in 

cervicovaginal lavage specimens of cervical cancer patients (Liu et al., 2014).  In 

particular, levels of miR-21 and miR-146a were significantly higher in vesicles from HPV 

positive cervical cancer patients (Liu et al., 2014).  Studies examining the utility of 

circulating exosomal miRs in other cancers and diseases have shown promising results 

(Kuwabara et al., 2011; Rabinowits et al., 2009; Taylor and Gercel-Taylor, 2008) but 
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more work is necessary to improve the reproducibility of these results between studies.  

While many EV biomarkers have been associated with various diseases, results from 

individual studies are dissimilar and this may be due to differences in EV purification 

methods (Taylor and Shah, 2015).  Chapter 4 of this dissertation further examines how 

HPV16 E6 and E7 oncoprotein expression alters miR expression in EVs. 

 

Summary and Significance 

Historically, the field of PV research has experienced many exciting 

breakthroughs since the discovery of the first animal PV by Richard Shope in the 1930s 

(Shope and Hurst, 1933).  Widespread implementation of the Pap smear in the 1960s 

greatly reduced the incidence and mortality of cervical cancer (Tambouret, 2013).  The 

incidence of cervical cancer declined by half from 1975 to 2012 in the US and, similarly, 

the death rate from cervical cancer in the US in 2012 was less than half of what it was in 

1975 (Society, 2016).  These dramatic declines are due to early detection of cervical 

cancer with the Pap test and provide the most compelling validation of the concept that 

early detection can dramatically decrease cancer incidence and mortality.  While a 

similar cytological test is used for early detection of anal cancer in high-risk populations 

(Chiao et al., 2006), it is important to note that there are currently no similar procedures 

for the early detection of HPV-associated oropharyngeal cancers.   

Before the introduction of HPV vaccines in 2006, it was estimated that one 

woman died every 10 minutes as a result of cervical cancer globally (Bryan et al., 2016).  

A decline in vaccine type HPV prevalence of 56% was observed over a four year period 

in the US following implementation of Cervarix® and Gardasil® (Markowitz et al., 2013).  
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These numbers are impressive given the vaccination rate was relatively low at the time 

of the study (~32%) (Markowitz et al., 2013).  While the complete benefit of vaccine 

protection again HPV-associated cancers and diseases will not be observed for several 

decades, the results thus far are extremely promising.  With the advent of Gardasil 9® in 

2014, and the promise of other prophylactic and therapeutic vaccines currently in 

development, it is likely that the burden of HPV-associated diseases and cancer will 

decrease even more dramatically. 

 Despite excellent screening methods for some HPV-associated cancers and 

several efficacious vaccines, there are still many open questions regarding the biology 

of these carcinogenic viruses and it is critically important to continue studying these 

viruses at the molecular level.  The focus of this dissertation is on the molecular biology 

of HPV16 E6 and E7 and how these viral oncoproteins perturb the expression of miRs.  

In Chapter 2, we perform a systematic analysis of miRs and mRNAs altered by HPV16 

E6/E7 in primary, undifferentiated human foreskin keratinocytes using deep sequencing.  

Pairing miRs with potential targets via bioinformatic analysis, our data show that many 

observed changes in mRNA expression may be due, in part, to perturbation of miRs by 

HPV16 E6/E7.  In Chapter 3, we investigate perturbation of the miR biogenesis 

machinery by HPV16 E6/E7.  Expression of the HPV16 oncoproteins increases levels of 

two key enzymes in the miR biogenesis pathway, DROSHA and DICER.  Furthermore, 

manipulation of DROSHA levels may be one of many mechanisms by which HPV16 

E6/E7 expression dysregulates cellular miR expression.  In Chapter 4, we examine how 

expression of HPV16 E6/E7 alters the expression of miRs in EVs released from 

primary, undifferentiated human foreskin keratinocytes.  Some miRs appear to be 
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similarly regulated by HPV16 E6/E7 in cells and EVs whereas others are not.  These 

data suggest that some miRs in EVs may be promising biomarkers for expression of 

HPV16 E6/E7 and other miRs may be selectively packaged into EVs.  Overall, this 

dissertation shows that modulation of miRs is an important part of HPV16 E6/E7 

mediated reprogramming of cellular gene expression and may contribute to the 

transforming activities of these proteins. 

In the long-term, we are confident that our characterization of miRs in cells and 

exosomes may be useful as biomarkers of HPV16 E6/E7 expression.  Of equal 

importance, the results of this dissertation will surely be the basis of future studies 

further investigating the consequences of HPV16 E6/E7 manipulation of host cellular 

miRs. 
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SUMMARY 

 

 The E6 and E7 proteins are the major oncogenic drivers encoded by high-risk 

human papillomaviruses (HPVs).  While many aspects of the transforming activities of 

these proteins have been extensively studied, there are fewer studies that have 

investigated how HPV E6/E7 expression affects expression of cellular noncoding RNAs.  

The goal of our study was to investigate HPV16 E6/E7 modulation of cellular microRNA 

(miR) levels and to determine the potential consequences on cellular gene expression.  

 We performed deep sequencing of small and large cellular RNAs in primary, 

undifferentiated cultures of human foreskin keratinocytes (HFKs) with stable expression 

of HPV16 E6/E7 or a control vector.  After integration of the two data sets we identified 

51 differentially expressed cellular miRs associated with modulation of 1,456 potential 

target mRNAs in HPV16 E6/E7 expressing HFKs.  We discovered that the degree of 

differential miR expression in HFKs expressing HPV16 E6/E7 was not necessarily 

predictive of the number of corresponding mRNA targets or the potential impact on 

gene expression.  Additional analyses of the identified miR-mRNA pairs suggest 

modulation of specific biological activities and biochemical pathways.  Overall, our study 

supports the model that perturbation of cellular miR expression by HPV16 E6/E7 

importantly contributes to the rewiring of cellular regulatory circuits by the high-risk HPV 

E6 and E7 proteins that contribute to oncogenic transformation. 
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INTRODUCTION 

 

 Human papillomaviruses (HPVs) are small, double-stranded DNA viruses that 

infect undifferentiated basal epithelial cells of stratified epithelia (reviewed in 

(McLaughlin-Drubin et al., 2012)).  A subset of HPVs classified as “high-risk” are the 

causative agents of almost all cervical cancers, as well as many other anogenital tract 

and oral carcinomas.  The E6 and E7 proteins are consistently expressed in high-risk 

HPV+ lesions and cancers and are the main drivers of cell transformation (reviewed in 

(McLaughlin-Drubin and Munger, 2009; Mesri et al., 2014)).  HPV E6 and E7 are small 

proteins with no intrinsic enzymatic or DNA-binding activities that function through 

targeting host pathways that modulate multiple downstream effectors (reviewed in 

(McLaughlin-Drubin et al., 2012)), thereby causing alterations in critical physiological 

processes deemed “hallmarks of cancer” (Hanahan and Weinberg, 2000; Mesri et al., 

2014).  Most notably, high-risk HPV E6 and E7 proteins bind and target the TP53 and 

retinoblastoma tumor suppressor protein RB1 (Dyson et al., 1989) for proteasomal 

degradation (Boyer et al., 1996; Jones et al., 1997) (Scheffner et al., 1990).  In addition, 

high-risk HPV E6 and E7 also interact with many other multifunctional, non-redundant 

proteins, including transcription factors and epigenetic regulators, which in turn, cause 

alterations in cellular gene expression.  In addition to coding genes, high-risk HPV E6 

and E7 also cause alterations in expression of non-coding RNAs, including microRNAs 

(miRs) (Yablonska et al., 2013). 

 miRs are small (~22 nucleotide), non-coding RNAs that regulate target mRNAs at 

the post-transcriptional level.  Most mammalian mRNAs are miR targets (Friedman et 
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al., 2009). Targeting involves binding of the miR seed (nucleotides 2-7) to 

complementary sequences in target mRNAs, with most miR target sites mapping to 3’ 

untranslated regions (Bartel, 2009).  Regulation of target mRNAs can occur via mRNA 

destabilization or translational repression or a combination of both mechanisms.  

Specifically, mRNA destabilization accounts for the majority of miR-mediated repression 

(Eichhorn et al., 2014; Guo et al., 2010), while only 10%-25% of overall miR repression 

is due to inhibition of translation (Hendrickson et al., 2009).  Each individual miR can 

alter the expression of hundreds of targets (Lim et al., 2005) and mRNAs can be 

regulated by multiple miRs.  Typically, miRs impart modest effects on any single target 

and are thought to balance or “fine-tune” gene expression.  However, the additive effect 

of multiple miRs targeting a particular pathway or one miR targeting several 

components of a specific pathway can result in substantial biological consequences.  

Therefore, through manipulation of host miRs, HPV E6 and E7 may modulate many 

downstream mRNA targets involved in various biological processes. 

At least one HPV type, HPV31, does not encode miRs (Cai et al., 2006).  

However, it cannot be ruled out that some other HPVs may encode miRs.  Regardless, 

by altering host miR expression, HPVs can reap many of the benefits achieved through 

viral miRs without encoding their own.  To date, only few studies (Gunasekharan and 

Laimins, 2013; Wang et al., 2014) have used small RNA sequencing (miRseq) to 

investigate alterations in host miRs in the context of high-risk HPV infection and these 

studies utilized organotypic raft cultures comprised of epithelial cells undergoing 

differentiation.  Given HPVs, particularly the HPV E6 and E7 proteins, can alter 

epithelial cell differentiation and/or sustain cellular proliferation in differentiated cells 
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(McCance et al., 1988), it is unclear whether the reported changes in miRs levels are 

directly caused by HPV gene expression or whether they represent the consequence of 

HPV-induced changes in epithelial cell proliferation and differentiation.   

 To circumvent this complication, we aimed to investigate how expression of high-

risk HPV E6 and E7 modulates miR levels in homogenous populations of 

undifferentiated primary human foreskin keratinocytes (HFKs).  We performed deep 

sequencing of miRs from HFK populations with stable, low-level HPV16 E6/E7 

expression and donor and passage matched control vector transduced HFKs.  To 

comprehensively capture the potential impact of miR regulation on cellular mRNA 

abundance, we performed deep sequencing of cellular RNAs (RNAseq) that were 

simultaneously isolated from the identical HFKs populations used for miR profiling.  

After pairing the miR expression data with the RNA expression data, we identified miRs 

that are likely to be functionally important in HPV16 E6/E7 expressing HFKs.  Additional 

bioinformatic analyses revealed key canonical pathways that are specifically enriched in 

the identified miR-mRNA target pairs in comparison to the entire RNAseq data set.  

Taken together, our study shows that modulation of cellular miR expression plays a 

substantial role in the HPV16 E6/E7 mediated reprogramming of cellular gene 

expression and may importantly contribute to the oncogenic activities of these proteins. 
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MATERIALS AND METHODS 

 

Cell Culture 

 HFKs were isolated from a pool of de-identified newborn foreskin samples and 

transduced with LXSN based recombinant retroviruses encoding HPV16 E6 or E7 or 

both oncogenes or control LXSN vector as previously described (Halbert et al., 1991).  

The two, independent HFK populations utilized in this study were generated from two, 

distinct pools of human foreskin samples.  Donor, passage and density matched HFK 

populations were used in all experiments. 

 

RNA Isolation 

 Large (≥200 nt) and small (<200 nt) RNAs were prepared for sequencing using 

the mirVana™ miRNA Isolation Kit (Ambion, Life Technologies) according to the 

manufacturer’s protocol.  For RT-qPCR experiments, total RNA was isolated using the 

miRNeasy Mini Kit (Qiagen) as described in the manufacturer’s instructions.  

 

microRNA Sequencing (miRseq)  

 Small RNA libraries were prepared from small RNA utilizing the TruSeq® Small 

RNA Library Preparation Kit (Illumina) as described in the manufacturer’s sample 

preparation guide.  Gel purified small RNA cDNA libraries were quantified using the 

Qubit® 2.0 Fluorometer (Invitrogen, Life Technologies), diluted to a final concentration of 

10 nM and pooled in equimolar amounts prior to cluster generation.  Paired-End (PE) 
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sequencing (1-2 million, 50 bp paired-end reads) was performed using the Illumina 

MiSeq® Sequencing System (Illumina). 

 

miRseq Data Analysis 

 Post-processing of the miRseq reads from each sample was performed 

according to the HudsonAlpha Genomic Services Laboratory (GSL) unique in-house 

pipeline as previously described (Ning et al., 2014).  The differential expression of miRs 

was calculated on the basis of their fold change (cut-off ≥ ±3.0) observed between 

different groups (control HFKs versus HFKs + HPV16 E6/E7).  The p-value of 

differentially expressed miRs was estimated via z-score using the Benjamini Hochberg 

FDR correction of 0.05 (Klipper-Aurbach et al., 1995).   

 

RNA Sequencing (RNAseq)  

 The concentration and integrity of the isolated large RNA (≥200 nt) was 

estimated using a Qubit® 2.0 Fluorometer (Invitrogen, Life Technologies) and Agilent 

2100 Bioanalyzer (Applied Biosystems, Life Technologies), respectively.  Five hundred 

ng of large RNA was utilized for downstream RNAseq processing.  First, ribosomal RNA 

(rRNA) was removed using Ribo-Zero™ Magnetic Gold (Yeast) Kit (Epicenter, Illumina) 

according to the manufacturer's recommended protocol.  The RNA was then 

fragmented and primed for first strand synthesis using the NEBNext® RNA First Strand 

Synthesis Module (New England BioLabs).  Second strand synthesis was performed 

using the NEBNext® RNA Second Strand Synthesis Module. 
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 Samples were prepared using the NEBNext® DNA Library Prep Master Mix Set 

for Illumina®, with slight modifications.  Briefly, end-repair was performed followed by 

A-tailing and custom adapter ligation.  Samples were then individually barcoded with 

GSL primers and amplified by 12 cycles of PCR.  Library quantity was assessed by 

Qubit® 2.0 Fluorometer and library quality was estimated utilizing a DNA 1000 chip on 

an Agilent 2100 Bioanalyzer.  Further quantification of the final libraries for downstream 

sequencing applications was determined using the qPCR-based KAPA Biosystems 

Library Quantification Kit (Kapa Biosystems).  Each library was diluted to a final 

concentration of 12.5 nM and pooled in equimolar amounts prior to clustering.  PE 

sequencing (50 million, 100 bp PE reads) was performed using the Illumina HiSeq® 

2500 Sequencing System (Illumina). 

 

Processing and Analysis of RNAseq Reads 

 Downstream analysis of the sequenced reads from each sample was performed 

per a unique in-house pipeline designed by GSL.  Briefly, quality control checks on raw 

sequence data from each sample were performed using FastQC (Babraham 

Bioinformatics).  Raw reads were then mapped to the reference human genome hg19 

using TopHat v2.0 (Langmead et al., 2009; Trapnell et al., 2009) with two mismatches 

allowed and other default parameters.  The alignment metrics of the mapped reads was 

estimated using SAMtools (Li et al., 2009).  Aligned reads were then imported into the 

commercial data analysis platform, Avadis NGS (Strand Scientifics).  After quality 

inspection, the aligned reads were filtered on the basis of read quality metrics where 

reads with a base quality score less than 30, alignment score less than 95 and mapping 
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quality less than 40 were removed.  Remaining reads were then filtered on the basis of 

read statistics, where missing mates, translocated, unaligned and flipped reads were 

removed.  The reads list was then filtered to remove duplicates.  Samples were grouped 

and quantification of transcript abundance was performed on this final read list using 

Trimmed Means of M-values (TMM) (Robinson and Oshlack, 2010) as the normalization 

method.  Differential expression of RNAs was calculated on the basis of fold change 

(cut-off ≥ ±2.0) observed between defined conditions.  The p-value of the differentially 

expressed RNAs was estimated by z-score calculations utilizing the Benjamini 

Hochberg FDR correction of 0.05 (Klipper-Aurbach et al., 1995).  Ingenuity Pathway 

Analysis (IPA) (Qiagen) software was used to analyze the unique canonical pathways, 

biological functions and networks affected. 

 

Integration of RNAseq and miRseq data 

 Differentially expressed miRs identified via miRseq that met threshold cutoffs 

(fold change ≥ ±3.0, FDR ≤ 0.05) were uploaded into Ingenuity® Pathway Analysis 

(Qiagen) and analyzed using the microRNA Target Filter.  This filter displays 

experimentally validated and predicted mRNA targets from TargetScan, TarBase, 

miRecords and the Ingenuity® Knowledge Base for each miR in the dataset.  

Differentially expressed RNAs identified by RNAseq that met threshold cutoffs (fold 

change ≥ ±2.0, FDR ≤ 0.05) were then uploaded using the “add/replace mRNA dataset” 

function.  Using the “expression-pairing” feature, only potential targets differentially 

expressed in the RNAseq data are shown, all other potential targets are filtered out.  To 
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further refine the data, the “inverse correlation” filter was employed to focus on changes 

in potential targets that are inversely correlated with changes in the corresponding miR. 

 

RT-qPCR 

 For miR RT-qPCR, total RNA was reverse transcribed with the TaqMan® 

MicroRNA Reverse Transcription Kit (Applied Biosystems, Life Technologies) as 

described in the manufacturer’s protocol, utilizing miR-specific, stem loop primers 

(Applied Biosystems, Life Technologies).  TaqMan MicroRNA Assays (Applied 

Biosystems, Life Technologies) were employed to detect mature miRs using the 

comparative Ct method with the StepOnePlus™ Real-Time PCR System (Thermo 

Fisher Scientific).  Assay IDs 000390, 000391, 002367 and 000507 were utilized to 

detect miR-15b-5p, -16-5p, -193b-3p and -203a-3p, respectively.  RT-qPCR assays 

were performed in triplicate and the non-coding small nuclear RNA (snRNA) U6 (Assay 

ID: 001973) was utilized as an endogenous, small RNA control.  

 For RT-qPCR of miR targets, following RNA isolation, total RNA was DNAase 

treated with the TURBO DNA-free™ kit.  DNAse treated total RNA was then reverse 

transcribed utilizing TaqMan® Reverse Transcription Reagents (Life Technologies, 

Applied Biosystems).  TaqMan Assays for TP63 (Assay ID: Hs00978343_m1) and BMI1 

(Assay ID: Hs00995536_m1)  were employed to detect targets using the comparative Ct 

method with the StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific).  

RT-qPCR assays were performed in triplicate and 18S ribosomal RNA was utilized as 

an internal control.  
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microRNA Mimics and Inhibitors 

 Overexpression of miR-203a-3p was achieved using a miRCURY™ LNA 

microRNA Mimic (472239-001, Exiqon).  A negative control miR mimic (miRCURY™ 

LNA microRNA Mimic Negative Control 479903-001, Exiqon), with the same design 

features of the miRCURY™ LNA microRNA Mimics and no homology to any known miR 

or mRNA sequences in mice, rats or humans, were used as a negative control for 

overexpression.  Inhibition of miR-203a-3p was accomplished utilizing a miRCURY™ 

LNA microRNA Power Inhibitor (4100339-101, Exiqon).  As a negative control for miR 

inhibition, a miRCURY™ LNA microRNA inhibitor control (199006-101, Exiqon) was 

used, which is similar in sequence length and LNA™ design, with no homology to any 

known microRNA or mRNA sequence in the mouse, rat or human genome.   

 

Transfection of microRNA Mimics and Inhibitors 

 HFKs were transfected with miR mimics and inhibitors using Lipofectamine® 

2000 (Invitrogen, Life Technologies) as described in the manufacturer’s instructions with 

some modifications.  To achieve optimal overexpression of miRs using a miRCURY™ 

LNA microRNA Mimic (Exiqon), 0.05 nM of mimic was transfected and samples were 

harvested 24 hours post-transfection.  To achieve optimal knockdown of miRs using a 

miRCURY™ LNA microRNA Power Inhibitor (Exiqon), 20 nM of inhibitor was 

transfected and samples were harvested 48 hours post-transfection.  The same amount 

of control mimic or inhibitor was transfected and control samples were harvested at 24 

and 48 hours post-transfection, respectively.  As an additional control, HFKs were 
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treated with the transfection reagents alone.  RT-qPCR for known miR targets was 

utilized to confirm successful miR overexpression or knockdown. 
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RESULTS 

 

Expression of HPV16 E6/E7 in HFKs alters host microRNA expression profiles  

 Alterations in miR levels in response to high-risk HPV16 E6/E7 expression in 

undifferentiated human epithelial cells has not been extensively studied.  We employed 

miRseq to investigate the modulation of miR expression in two independent, donor and 

passage matched HFK populations, each with stable expression of HPV16 E6/E7 or a 

control vector.  For the purpose of this analysis, we applied threshold cut-offs of ≥ 10 

miR reads, ≥ ±3.0 times fold change in expression, and an FDR ≤ 0.05.  The results 

from the two control samples and the two samples with expression of HPV16 E6/E7 

were averaged and only miRs with changes consistent in both samples were 

considered in downstream analyses.   

 A total of 2,104 out of the 2,588 (81%) human miRs compiled in miRBase 

release 21 (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 

2008; Kozomara and Griffiths-Jones, 2011, 2014) were detected.  Applying the 

threshold cut-offs, 78 miRs were differentially expressed in HPV16 E6/E7 expressing 

HFKs as compared to the control vector transduced populations (Figure 2.1A).  Of the 

78 differentially expressed miRs, 62 miRs were up-regulated and 16 miRs were down-

regulated.  The top 15 most up and down-regulated miRs are shown in Figure 2.1B.  

Additionally, while the most suppressed miR (miR-1249) was decreased 9.2 fold, five 

miRs were up-regulated more than 9.2 fold.  The expression of several miRs was 

confirmed via TaqMan miR assay in multiple additional HFK populations (Figure 2.2A-

D).   
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Figure 2.1. miRseq of HPV16 E6/E7 expressing or control vector transduced HFKs  

(A) Volcano plot of the miRseq data with each black dot depicting the average 

expression of individual miRs in two HFK populations.  The –log10 transformed false 

discovery rate (FDR) is plotted on the y-axis and the log2 transformed fold change (FC) 

in HPV16 E6/E7 expressing HFKs compared to controls on the x-axis.  Vertical red lines 

indicate the FC thresholds (-3 ≥  FC ≥  3) and horizontal red lines the FDR threshold 

(FDR ≤ 0.05). (B) Graph of the top 15 up and down-regulated miRs in HPV16 E6/E7 

expressing HFKs.  Error bars indicate standard error of the mean (SEM). 
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Figure 2.2.  Validation of selected miRs identified by miRseq.  Validation of (A) miR-

15b-5p, (B) miR-16-5p, (C) miR-193b-3p and (D) miR-203a-3p levels in HPV16 E6/E7 

expressing- (red) and control vector transduced HFKs (blue).  The top graphs show miR 

expression from two HFKs populations determined by miRseq.  The bottom graphs 

show expression of the corresponding miRs in three additional HFK populations via RT-

qPCR.  Expression of the non-coding small nuclear RNA U6 spliceosomal RNA (U6) 

was used as an internal control in TaqMan miR assays.  Results represent averages 

and standard deviations of at least three independent experiments. 

 

Figure 2.  Validation of selected miRs identified by miRseq.  Validation of (A) 
miR-15b-5p, (B) miR-16-5p, (C) miR-193b-3p and (D) miR-203a-3p levels in HPV16 
E6/E7 expressing- (red) and and control vector transduced HFKs (blue). The top 
graphs show miR expression from two HFKs populations determined by miRseq. 
The bottom graphs show expression of the corresponding miRs in three additional 
HFK populations via RT-qPCR. Expression of the non-coding small nuclear RNA U6 
spliceosomal RNA (U6) was used as an internal controls in TaqMan miR assays. 
Results represent averages and standard deviations of at least three independent 
experiments.
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 To understand the contributions of the individual oncoproteins to changes in miR 

expression, we investigated the expression of miRs in two matched HFK populations 

with expression of HPV16 E6 or HPV16 E7 alone.  Supplemental Table 2.1 shows lists 

of the top miRs that were consistently up or down regulated in both HFK populations. 

Six miRs are up-regulated by both HPV16 E6 and E7 (Supplemental Table 2.1).  

Similarly, five miRs are down-regulated by both HPV16 E6 and E7 (Supplemental Table 

2.1).  Several miRs, miR-33b-3p, -542-3p and -335-3p, are up-regulated in HFKs 

expressing both HPV16 E6/E7, as well as in HFKs expressing HPV16 E6 and E7 alone.  

Similarly, miR-193b-3p is down-regulated in HPV16 E6/E7 expressing HFKs, as well as 

in HFKs expressing HPV16 E6 or E7 alone.  However, the expression of some HPV16 

E6/E7 modulated miRs are driven by one specific oncoprotein.  Up-regulation of miR-

16-2-3p in HPV16 E6/E7 expressing HFKs is driven by E7 expression (Supplemental 

Table 2.1) whereas up-regulation of miR-363-3p, -9-5p and -450a-5p is driven by E6 

(Supplemental Table 2.1).  Down-regulation of miR-197-3p and -1249 in HPV16 E6/E7 

expressing HFKs is driven by E7 (Supplemental Table 2.1) whereas down-regulation of 

miR-34a-5p and -34c-3p is driven by E6 (Supplemental Table 2.1).  Hence, some miRs 

altered in HPV16 E6/E7 expressing HFKs are driven by expression of both HPV16 E6 

and E7, whereas others are independently modulated by E6 or E7 alone. 

 

Expression of HPV16 E6/E7 in HFKs alters human microRNA clusters  

 Approximately 20% of all known human miRs are genomically clustered.  Based 

on the miRBase (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al., 
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2008; Kozomara and Griffiths-Jones, 2011, 2014) definition of a miR cluster, there are 

153 genomic clusters made up of 465 human miRs (Chaulk et al., 2016).  Many miR  

clusters have been shown to be co-expressed from the same primary miR transcript 

(Chaulk et al., 2016; Lee et al., 2002; Sempere et al., 2004; Ventura et al., 2008).  Since 

the evolution of miR clusters is thought to have involved gene duplications, clustered 

miRs are often members of the same seed family (Bentwich et al., 2005; Chen et al., 

2005; Giraldez et al., 2005; Houbaviy et al., 2003; Suh et al., 2004).  Of functional 

importance, altering expression of multiple miRs in a gene cluster may result in 

coordinated regulation of multiple biological processes (Guo et al., 2014).   

 Therefore, we assessed whether some of the differentially expressed miRs that 

met our threshold cut-offs were part of miR clusters.  Additionally, for any HPV16 E6/E7 

regulated miR associated with a cluster, we re-examined the expression of other miRs 

belonging to that cluster.  This analysis showed that 35 out of the 78 differentially 

expressed miRs were members of a genomic cluster and of these 35 miRs, 13 were 

found to be part of larger clusters (≥3 miRs) whereas the rest were members of small 

clusters containing only 2 miRs.  Seven miRs, including miR-362, -106a, -20b, -363, -

542, -450a-1 and -450a-2, were part of a cluster of ≥6 miRs, and miR-485 and -323a 

were part of a cluster of ≥13 miRs.  As shown in Supplemental Table 2.2, in some 

clusters, all of the miRs within the cluster show the same trend in expression.  However, 

in other clusters, miRs within the cluster show a mixed trend in expression, with 

expression of some miRs up-regulated and some down-regulated as a result of HPV16 

E6/E7.  In total, expression of 26 miR clusters was altered in response to HPV16 E6/E7 
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expression, suggesting that HPV16 E6/E7 expression modulates individual miRs and 

miR clusters.  

 

RNAseq analysis of HPV16 E6/E7 expressing HFKs 

 To comprehensively assess the effects of the observed miR expression changes 

on potential target RNAs, we also performed RNAseq with large RNAs (≥200 nt) that 

were simultaneously isolated from the same two independent populations of HFKs from 

which miR expression was analyzed.  Similar to the miRseq data, threshold cut-offs of ≥ 

10 reads, ≥ ±2.0 times fold change in expression and an FDR ≤ 0.05 were employed for  

analysis of the RNAseq data.  A volcano plot of the RNAseq data is shown in Figure 

2.3A.  In total, 3,471 protein-coding RNAs, corresponding to 16% of all human protein-

coding RNAs and 8.7% of HGNC approved genes (which include non-protein coding 

genes), were significantly altered in HPV16 E6/E7 expressing HFKs (Supplemental 

Table 2.3).  More RNAs were down-regulated than up-regulated and Figure 2.3B shows 

the top 15 most up and down-regulated RNAs.   

 High-risk HPV E6 proteins are known to increase expression of the catalytic 

protein subunit of human telomerase, TERT (McMurray and McCance, 2003), and 

TERT was up-regulated in our HPV16 E6/E7 expressing HFKs.  Similarly the high-risk 

HPV biomarker CDKN2A (p16INK4A) was expressed at higher levels in HPV16 E6/E7 

expressing HFKs than control HFKs.  Consistent with TP53 inactivation by HPV16 E6 

(Werness et al., 1990), lower levels of TP53 transcriptional targets including CDKN1A 

(p21CIP1), BAX, GADD45A and MDM2 were detected in HPV16 E6/E7 expressing HFKs 

compared to controls.  These observations suggest that our data agree with previously  
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Figure 2.3.  RNAseq of large RNAs from HPV16 E6/E7 expressing or control 

vector transduced HFKs. (A) Volcano plot of the RNAseq data with each black dot 

depicting the average expression of individual RNAs in two HFK populations.  The –

log10 transformed false discovery rate (FDR) is plotted on the y-axis and the log2 

transformed fold change (FC) in HPV16 E6/E7expressing HFKs compared to controls 

on the x-axis.  Vertical red lines indicate the FC thresholds (-2 ≥  FC ≥  2) and horizontal 

red lines the FDR threshold (FDR ≤ 0.05). (B) Graph of the top 15 up and down-

regulated RNAs in HPV16 E6/E7 expressing HFKs.  Error bars indicate standard error 

of the mean (SEM).

A

Figure 3.  RNAseq of large RNAs from HPV16 E6/E7 expressing or control 
vector transduced HFKs. (A) Volcano plot of the RNAseq data with each black dot 
depicting the average expression of individual RNAs in two HFK populations.  The –
log10 transformed false discovery rate (FDR) is plotted on the y-axis and the log2 
transformed fold change (FC) in HPV16 E6/E7 expressing HFKs compared to 
controls on the x-axis.  Vertical red lines indicate the FC thresholds (-3 ≥  FC ≥  3) 
and horizontal red lines the FDR threshold (FDR ≤ 0.05).  (B) Graph of the top 15 up 
and down-regulated RNAs in HPV16 E6/E7 expressing HFKs. Error bars indicate 
standard error of the mean (SEM). 
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observed HPV-associated gene expression changes. 

 

Integration of miRseq and RNAseq data to identify potential microRNA -mRNA 

target pairs 

 The Ingenuity Pathway Analysis (IPA) microRNA Target Filter was used to 

predict mRNA targets.  IPA contains ~1.5 million miR targeting interactions and 

incorporates experimentally validated miR interactions from TarBase and miRecords, 

predicted mRNA targets from TargetScan and miR-related findings manually curated 

from the published literature.  Targeting information was available for 52 miRs of the 78 

differentially expressed miRs, and yielded 13,217 potential mRNA targets.  To restrict 

the potential targets to just those RNAs detected by RNAseq, we incorporated the 

RNAseq data set into the miR Target Filter analysis pipeline.  To specifically identify 

mRNAs inversely correlated in expression with corresponding miRs, we then utilized an 

expression-pairing filter.  Integration of the RNAseq data, along with the inverse 

correlation expression-pairing filter, reduced the number of potential mRNA targets to 

1,456 potential targets for 51 differentially expressed miRs.  This corresponds to an 

average of 29 potential mRNA targets per individual miR.  A schematic of the miR-

mRNA expression-pairing pipeline is shown in Figure 2.4.  The top 10 most up and 

down-regulated miRs resulting from the miR-mRNA pairing analysis are shown in Table 

2.1 and the full results of this analysis are shown in Supplemental Table 2.4. 

 Of the 1,456 potential miR targets identified, 711 mRNAs (49%) are potentially 

targeted by more than miR.  Of these, 349 mRNAs are potentially targeted by two, 182 

by three, 90 by four, 46 by five, and 22 by six miRs.  All mRNAs potentially targeted by  
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Figure 2.4.  Schematic of the miR-mRNA expression-pairing pipeline. The miR 

Target Filter in Qiagen’s Ingenuity Pathway Analysis (IPA) software was used for the 

pairing of the miRseq and RNAseq data sets.  The horizontal red line indicates where 

threshold cutoffs were employed and blue text denotes key steps in the analysis  

process.  See text for details.  

 

miRseq RNAseq

2,104 miRs
detected

52,106 RNAs
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73 miRs 9,257 RNAs
-3 ≥  FC ≥  3
FDR ≤ 0.05

52 miRs
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51 miRs, 1,456 potential targets

targets in RNAseq dataraw target prediction
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Figure 4.  Schematic of the miR-mRNA expression-pairing pipeline. The miR 
Target Filter in Qiagen’s Ingenuity Pathway Analysis (IPA) software was used for the 
pairing of the miRseq and RNAseq data sets.  The horizontal red line indicates 
where threshold cutoffs were employed and blue text denotes key steps in the 
analysis process.  See text for details. 
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Table 2.1.  Top 10 up and down-regulated miRs identified in the miR-mRNA 

pairing analysis with the potential for functional importance in HPV16 E6/E7 

expressing HFKs 

Up-Regulated miRs  |  Down-Regulated Targets 

miR FC  
(E6E7/C) P-value # Target 

Genes Top 5 Target Genes 

miR-363-3p 96.11 ≥1.00E-15 92 KLK12, SLC6A14, STEAP4, GRHL1, ACAN 
miR-9-5p 20.46 ≥1.00E-15 103 WFDC12, SMPD3, CALB2, TNNT2, MUC15 
miR-20b-5p 9.99 1.02E-08 103 KRT23, CRCT1, ATP12A, KLK7, SPACA4 
miR-450a-5p 7.48 1.42E-06 8 PCDHGB7, ZNF365, IGLON5, ZNF385A, DUSP10 
miR-542-3p 7.10 2.02E-04 39 ALDH3B2, CST6, MUC15, PPP2R2C, SPSB4 
miR-155-5p 7.08 ≥1.00E-15 50 MAFB, CSF2RB, INPP5D, SHANK2, GJA5 
miR-33b-3p 6.07 1.42E-06 46 LCE3D, WFDC12, LCE3E, TMPRSS13, TGM5 
miR-4435 5.59 6.62E-05 75 CNFN, SCNN1B, RNF222, KLK11, TMPRSS13 
miR-195-5p 5.56 3.54E-03 123 CEACAM6, HMOX1, ZNF750, RASGEF1B, LYPD5 
miR-30b-3p 5.34 3.37E-02 113 PI3, PLA2G4E, ALDH3B2, KLK7, HOPX 
miR-335-5p 5.27 ≥1.00E-15 40 KPRP, XKRX, INPP5D, CTSV, SLC15A1 
miR-199b-5p 5.07 5.21E-03 53 CRCT1, KLK7, A2ML1, RPS10-NUDT3, TSPYL6 

Down-Regulated miRs  |  Up-Regulated Targets 

miR FC  
(E6E7/C) P-value # Target 

Genes Top 5 Target Genes 

miR-1249 -9.19 3.66E-07 24 ICAM5, FGFBP3, CRIP2, CERS1, CNTD2 
miR-203 -8.93 ≥1.00E-15 85 TNFRSF8, GLYATL2, GABRA5, NEK2, INA 
miR-34a-5p -8.47 ≥1.00E-15 111 TLX2, MCIDAS, NUP210, FOXR2, IL21R 
miR-485-3p -7.78 9.87E-06 64 LY75, PRRX1, SHISA2, RIPPLY3, HMMR 
miR-34c-3p -4.25 2.07E-06 37 LY75-CD302, SMIM10, PEG3, WDR76, TMEM56 
miR-193b-3p -3.80 ≥1.00E-15 58 KLRG2, TAF7L, SPATA31D1, PNMA3, CAMK2N2 
miR-197-3p -3.62 1.46E-10 65 MEIOB, ZNF853, BTNL9, GABRA5, TFR2 
miR-323a-3p -3.41 2.40E-02 18 PLA2G3, HENMT1, PLPP2, ANKRD20A4, ZFPM2 
miR-485-5p -3.27 3.28E-03 120 CLDN11, PNMAL2, THY1, TMEM200B, GOLGA6L1 
miR-328 -3.13 3.28E-03 118 GCK, SYNGR3, LRRC10B, ISM2, LCK 
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≥7 miRs are listed in Supplemental Table 2.5.  In particular, Transcriptional Repressor 

GATA Binding 1 (TRPS1) is potentially targeted by 10 miRs and the ABL Proto-

Oncogene 2 non-receptor tyrosine kinase (ABL2) is potentially targeted by 12 miRs.  

The average fold change in miRs potentially targeting ABL2 is 14.34 and the range in 

miR expression is between 3 fold and 96 fold.  We also examined TRPS1, targeted by 

10 miRs, and observed an average fold change in targeting miRs of 4.7 with a range 

from 3 fold to 10 fold.  Based on these data, it does not appear that all miRs targeting a 

particular mRNA are increased or decreased to a similar degree. 

 Overall, this data-driven integration of the miRseq and RNAseq data sets 

revealed that expression of 67.8% (1,456/2,149) potential target mRNAs are inversely 

correlated with expression of the respective miRs, suggesting that these mRNAs may 

represent biologically relevant targets of the corresponding miRs. 

 

Identification of microRNAs with the potential to regulate targets in HFKs 

expressing HPV16 E6/E7 

 Based on the integrative analysis of miRseq and RNAseq data described above, 

we next generated a list of miRs that may have functional importance in HPV16 E6/E7 

expressing HFKs (Table 1 and Supplemental Table 2.4).  This list was curated based on 

our initial miRseq data and incorporates the miR-mRNA pairing analysis described 

above.  Some highly differentially expressed miRs had a large number of potential 

targets identified via the miR-mRNA pairing analysis.  An example is miR-9-5p, which is 

up-regulated in HFKs expressing HPV16 E6/E7 by 20 fold and has 102 potential 

targets.  Likewise, some miRs are less dramatically differentially expressed in HFKs 
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expressing HPV16 E6/E7 and have few potential targets.  For example, miR-577 is up-

regulated 3.5 fold in HPV16 E6/E7 expressing HFKs and has 8 potential targets.  

However, in other cases the extent of differential miR expression did not correlate with 

the number of potential mRNA targets modulated by a given miR.  Some highly 

differentially expressed miRs were paired with very few potential mRNA targets in 

HPV16 E6/E7 expressing HFKs.  In particular, miR-450a-5p was up-regulated 7 fold in 

HFKs expressing HPV16 E6/E7 but only had 8 potential targets.  In contrast, other less 

dramatically differentially expressed miRs were paired with a large number of potential 

targets.  For example, miR-4532 was only 3 fold upregulated in HPV16 E6/E7 

expressing HFKs but could be paired with 90 potential mRNA targets.  Hence, our 

integration of the miRseq and RNAseq data sets allowed for the identification of miRs 

with the greatest potential for miR-mediated mRNA target regulation, rather than just a 

set of differentially expressed miRs. 

 One example of a well-studied miR that we validated from our curated list is miR-

203a-3p, which is thought to act as a “switch” between epithelial proliferation and 

differentiation by targeting the TP53 related TP63 (Yi et al., 2008).  The Laimins 

laboratory first showed that HPVs block induction of miR-203a-3p during differentiation 

through E7-mediated interference of the MAPK/PKC pathway and that miR-203a-3p 

inhibition was necessary for HPV genome amplification upon differentiation, as well as 

for long-term maintenance of HPV episomes (Melar-New and Laimins, 2010).  The 

McCance laboratory also investigated miR-203a-3p, reporting that miR-203a-3p levels 

are reduced by E6 via abrogation of TP53 (McKenna et al., 2010).  Our miRseq and RT-

qPCR data suggest that miR-203a-3p levels are decreased by both HPV16 E6 and E7 
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(Figure 2.5).  Integration of the miRseq and RNAseq data revealed 85 potential targets 

of miR-203a-3p in HPV16 E6/E7 expressing HFKs.  We examined two canonical miR-

203a-3p targets, TP63 and BMI1 (Chen et al., 2015).  Using a miR mimic to 

overexpress miR-203a-3p, we restored miR-203a-3p levels in HPV16 E6/E7 expressing 

HFKs and observed decreased TP63 and BMI1 steady-state mRNA levels.  When we 

inhibited miR-203a-3p in HFKs expressing HPV16 E6/E7 via a locked nucleic acid 

(LNA) inhibitor, we were able to further decrease miR-203a-3p levels, which resulted in 

higher TP63 and BMI1 mRNA levels (Figure 2.5).  Taken together, our data show that 

both HPV16 E6 and E7 function to reduce miR-203a-3p levels.   

 

Potential microRNA targets are involved in unique pathways compared to overall 

gene expression changes in HPV16 E6/E7 expressing HFKs  

 To categorize pathways relevant to the observed changes in miR expression as 

a result of HPV16 E6/E7 expression, we utilized the core analysis function of IPA.  This 

analysis identifies relationships, mechanisms, functions and pathways of relevance to a 

particular dataset.  We compared core analyses of the miR-modulated mRNAs 

identified in the miR-mRNA pairing analysis with the mRNA expression changes 

identified by RNAseq.  Both data sets were found to be associated with “Cancer” and 

“Reproductive System Disease”, as well as “Cellular Movement” and “Cell Morphology”.  

However, some predicted molecular and cellular functions, including “Cellular 

Development”, “Molecular Transport” and “Growth and Proliferation” were specifically 

associated with changes in miR targeted mRNAs (Supplemental Table 2.6).  

Additionally, the highest scoring predicted upstream regulators were different between  
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Figure 2.5.  Modulation of miR-203a-3p targets and analysis of miR-203a-3p 

expression.  Effects of a miR-203a-3p mimic (MIM, green) or a locked nucleic acid 

inhibitor (LNA, light blue) on (A) TP63 and (B) BMI1 levels in HPV16 E6/E7 expressing 

HFKs.  Expression of 18S ribosomal RNA (18S) was utilized as an internal control and 

values were normalized to a negative control (C) mimic or LNA.  TP63 and BMI1 

expression was assessed by RT-PCR. (C) Expression of miR-203a-3p in three 

independently derived HFK populations expressing HPV16 E6, E7, E6/E7 or a control 

vector via TaqMan miR assay.  Expression of the non-coding small nuclear RNA U6 

spliceosomal RNA (U6) was used as an internal control.  Results represent averages of 

at least three independent experiments.  
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Figure 5. Modulation of miR-203a-3p targets and analysis of miR203a-3p 
expression.  Effects of a miR-203a-3p mimic (MIM, green) or a locked nucleic acid 
inhibitor (LNA, light blue) on (A) TP63 and (B) BMI1 levels in HPV16 E6/E7 
expressing HFKs. Expression of 18S ribosomal RNA (18S) was utilized as an 
internal control and values were normalized to a negative control (C) mimic or LNA. 
TP63 and BMI1 expression was assessed by RT-PCR. (C) Expression of miR-203a-
3p in three independently derived HFK populations expressing HPV16 E6, E7, E6/E7 
or a control vector via TaqMan miR assay.  Expression of the non-coding small 
nuclear RNA U6 spliceosomal RNA (U6) was used as an internal control. Results 
represent averages of at least three independent experiments.
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the two data sets (Supplemental Table 2.7).  Overall, these data show that HPV16 

E6/E7 regulated mRNAs that are candidate targets of miR modulation are associated 

with some biological activities and biochemical pathways that are distinct from 

expression changes that are not directly modulated by miR expression. 
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DISCUSSION 

 

 The high-risk HPV E6 and E7 proteins reprogram the infected host cell to allow 

for viral genome replication in growth arrested, terminally differentiated epithelial cells 

and are the main drivers of cell transformation that ultimately lead to HPV-associated 

cancers.  Since miRs modulate levels and/or translation of multiple host mRNAs that 

regulate a variety of biological activities, they are particularly attractive targets for the 

HPV E6 and E7 proteins.  In this study, we utilized deep sequencing to examine miR 

expression and also examined changes in RNA expression as a result of HPV16 E6/E7 

in parallel.  Integrating the two data sets, we identified miRs modulated by expression of 

HPV16 E6/E7 that may have functional implications in high-risk HPV biology.  

 We observed 67.8% of potential target RNAs inversely correlated with 

expression of their respective miRs, suggesting the potential for miR-mediated 

regulation of these RNAs.  This number agrees closely with estimations that 60% of all 

mRNAs are controlled by miRs (Bartel, 2009), consistent with the notion that miR 

regulation is the most abundant mode of posttranscriptional regulation of gene 

expression (Jansson and Lund, 2012). 

 Bioinformatic analyses identified several cellular processes that were significantly 

targeted by miR-modulated mRNAs.  Additional analyses utilizing IPA revealed 

canonical pathways including cyclins, cell cycle regulation (z-score= 2.33) and estrogen-

mediated S-phase entry (z-score= 2.24) to be significantly activated and aryl 

hydrocarbon reception signaling to be significantly inhibited (z-score= -2.45) in the 

RNAseq data set of all RNAs altered by HPV16 E6/E7 expression.  In contrast, ATM 
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signaling (z-score= 2.12) was significantly activated in HPV16 E6/E7 expressing HFKs 

based on analysis of miR modulated RNAs.  These results suggest that miR modulated 

RNAs in HPV16 E6/E7 HFKs are involved in distinct canonical pathways that are 

relevant in the context of HPV biology and imply that HPV16 E6/E7 regulation of cellular 

miRs contributes to the biological activities of these two proteins. 

 A total of 49% of potential target RNAs are potentially modulated by multiple 

miRs.  Analysis of RNAs targeted by more than miR indicates that endothelian-1 

signaling (z-score= -2.11), p38 MAPK signaling (z-score= -2.12) and G1/S checkpoint 

regulation (z-score= -2.24) are significantly inhibited and that the ATM signaling 

pathway is significantly activated (z-score= 2.24).  RNAs potentially targeted by just one 

miR in our study were up-regulated 3.9 fold and down-regulated 13.0 fold, on average, 

whereas RNAs potentially targeted by more than one miR were up-regulated 3.4 fold 

and down-regulated 5.7 fold, on average.  This suggests that many miR modulated 

RNAs may also be regulated by other mechanisms, consistent with the notion that miRs 

act to “fine tune” gene expression. 

Our analysis showed that more miRs are up-regulated rather than down-

regulated in response to expression of HPV16 E6/E7.  While reduced levels of miRs are 

often observed in tumors due to genetic loss, epigenetic silencing, defects in miR 

biogenesis or widespread transcriptional repression (Chang et al., 2008; Lu et al., 

2005), our results may be explained by the fact that our experimental system more 

closely mimics an HPV associated premalignant lesion, rather than a late-stage invasive 

carcinoma.  Nevertheless, many of the miR expression changes detected in HPV16 

E6/E7 expressing HFKs were also observed in HPV+ head and neck squamous cell 
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carcinoma cell lines (Wald et al., 2011) and tumors (Chapman et al., 2015).  We also 

observed changes in miR expression that have been detected in HPV+ anal carcinomas 

(Myklebust et al., 2011), vulvar cancers (de Melo Maia et al., 2013), and penile 

squamous cell carcinoma (Barzon et al., 2014).  A comparison of our data to miR 

expression in HPV-associated human biopsies are detailed in Supplemental Table 2.8.  

These results suggest that miR alterations in HPV-associated tumors are likely caused 

by HPV E6/E7 expression and that these miR-mRNA pairs may be potential “drivers” of 

HPV carcinogenesis.  Our results also indicate that a core set of miRs may be altered in 

all HPV-associated epithelial cancers as a result of HPV16 E6/E7 expression, whereas 

some miRs may be specific to an HPV-associated cancer of a particular anatomical site. 

Modulation of cellular miR levels by HPV gene expression has been previously 

investigated by other groups (Gunasekharan and Laimins, 2013; Wang et al., 2014).  

We examined miR expression in more uniform populations of undifferentiated HFKs, 

allowing us to identify miRs that are likely modulated directly as a consequence of 

HPV16 E6/E7 expression rather than representing the expansion of proliferating, 

undifferentiated cells in E6/E7 expressing raft cultures.  Simultaneous miRseq and 

RNAseq enabled us to investigate in detail the potential influence of miR regulation on 

overall gene expression in HPV16 E6/E7 expressing HFKs.  Supplemental Tables 2.8, 

2.9 and 2.10 compare our data with other studies of HPV-associated miRs in the 

literature.  We hypothesize that many of the differences in miR expression that we 

observe are the result of analyzing undifferentiated human epithelial cells, whereas 

most other studies analyzed differentiating cells.  Additional differences may be due to 
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differences in HPV type or analysis of the effect of whole HPV genomes compared to 

our study, which focused only on effects of HPV16 E6 and/or E7 on miRs.   

While the focus of our study was on alterations in miRs resulting from expression 

of both HPV16 E6/E7, we also performed miRseq of HFKs expressing HPV16 E6 or E7 

alone to understand the consequences of individual oncoproteins on miR expression.  

Given that the TP53 and the E2F pathways are key targets of HPV16 E6 and E7, 

respectively, we considered the possibility that some of the miRs regulated by HPV16 

E6 or E7 may be TP53 or E2F responsive miRs.  The miR-106b~25 cluster is known to 

be regulated by E2F family members (Emmrich and Putzer, 2010) and a member of that 

cluster, miR-25-5p, is one of the top miRs up-regulated by HPV16 E7.  Additionally, the 

miR-15b~16-2 cluster is an E2F target (Bueno et al., 2010) and all three members of 

that cluster, miR-15b-5p, -16-5p and -16-2-3p, are on our list of HPV16 E7 up-regulated 

miRs.  The TP53 tumor suppressor can transcriptionally activate miR genes, as is the 

case for the miR-34 family and others (Braun et al., 2008; Chang et al., 2007; Raver-

Shapira et al., 2007; Tarasov et al., 2007).  Both miR-34a-5p and -34c-3p are down-

regulated in HPV16 E6 expressing HFKs.  Additionally, TP53 can activate processing of 

specific miRs, such as miR-143-3p (Boominathan, 2010; Suzuki et al., 2009) and miR-

143-3p was on our list of HPV16 E6 down-regulated miRs.  Other HPV16 E6 and/or E7 

modulated miRs have not been identified to be TP53 or E2F responsive, suggesting 

that HPV16 E6 and E7 may also alter miR expression through other mechanisms. 

 We compared our list of top up-regulated and down-regulated miRs in HPV16 or 

E7 expressing HFKs to a miR analysis performed by the Khan laboratory (Yablonska et 

al., 2013).  Several miRs, for example, miR-100-3p, were found to be up-regulated by 
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HPV16 E7, whereas other miRs showed different trends of expression.  We also 

compared our results to a study examining miR expression resulting from expression of 

HPV18 E6 or E7 (Wang et al., 2014).  Our data agree with their observation of down-

regulation of miR-34a-5p by E6 and up-regulation of miR-25-5p by E7, as well as the 

finding that modulation of expression of some miRs can be attributed to one or both 

oncoproteins.   

 Our study showed that expression of HPV16 E6/E7 in HFKs not only changes 

expression of individual miRs, but also alters expression entire groups of genomically 

clustered miRs.  Of interest, we observe some of the same miR clusters altered by 

HPV16 E6/E7 expression as has been observed in studies of cervical cancer (Servin-

Gonzalez et al., 2015).  HPV16 E6/E7 modulates both tumor suppressive and 

oncogenic miR clusters.  For example, HPV16 E6/E7 up-regulates all miRs of the 

oncogenic miR-106b~25 cluster (Hudson et al., 2013; Poliseno et al., 2010) and down-

regulates all miRs of the tumor suppressive miR-34b~34c cluster (reviewed in 

(Hermeking, 2010)). 

 Most of the early studies on miRs in cancer have focused on a single miR and 

modulation of a single target mRNA. While these studies were useful, this paradigm of 

research in the miR field has now been mostly replaced with studies that analyze the 

global landscape of miR expression and utilize integrative methods to investigate the 

potential effects of these alterations on cellular processes.  Additionally, human cells 

encode ≥ 2,500 mature miRs and a single miR can regulate expression and/or 

translation of hundreds of RNA targets.  Therefore, aberrant miR expression will 
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influence a multitude of target transcripts, causing alteration in multiple signaling 

pathways.  Moreover, many mRNAs are subject to regulation by multiple miRs.  

 Our study shows that high-risk HPV E6/E7 expression in normal human cells 

causes a dramatic rewiring of cellular gene expression and that modulation of cellular 

miR expression plays an important role in this process.  A large percentage of RNAs 

expressed in HPV16 E6/E7 expressing keratinocytes are potentially targeted by miRs 

that are modulated by E6/E7 expression.  Genes involved in specific cellular processes 

and pathways, including cell cycle regulation and ATM signaling seem to be selectively 

regulated by miRs.  Moreover, our study has also identified some miRs that have been 

previously reported to be dysreguated in HPV associated lesions and cancers as 

targets of the HPV E6 and E7 oncoproteins. 
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SUMMARY 

 

 Many tumors, including cervical carcinomas, show dysregulated expression of 

the microRNA (miR) processing machinery, specifically DROSHA and DICER.  Some 

cervical cancers exhibit chromosome 5p amplifications, with DROSHA being the most 

significantly upregulated transcript, and this is observed in all tumors with 5p gain.  

DROSHA and DICER mRNA levels, however, are higher in HPV positive cancer lines 

than in an HPV negative cervical carcinoma line.  We show that high-risk HPV E6/E7 

expression in HPV negative C33A cervical carcinoma cells and primary human foreskin 

keratinocytes causes increased expression of DROSHA and DICER mRNA and protein.  

Most importantly, many DROSHA regulated miRs are dysregulated in HPV16 E6/E7 

expressing cells.  These results suggest that increased DROSHA levels contribute to 

HPV16 E6/E7 dysregulation of cellular miR expression. 
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INTRODUCTION 

!

! DROSHA is a double-stranded RNA-specific ribonuclease (RNAse III) and the 

catalytic component of the microprocessor protein complex, which is rate limiting for the 

initial processing of primary microRNA transcripts (pri-miRs) into precursor miRs (pre-

miRs) in the nucleus (Denli et al., 2004; Han et al., 2004; Lee et al., 2003; Xie and 

Steitz, 2014).  After export to the cytoplasm, pre-miRs are processed by another RNAse 

III enzyme, DICER, into the mature miR duplex (Grishok et al., 2001; Hutvagner et al., 

2001; Ketting et al., 2001; Knight and Bass, 2001).  The miR duplex is then incorporated 

into the RNA-induced silencing complex (RISC), containing DICER, an AGO 

(Argonaute) protein (Liu et al., 2004; Meister et al., 2004), and the RNA binding proteins 

TRBP (TAR RNA binding protein) (Chendrimada et al., 2005; Haase et al., 2005) and 

PACT (protein activator of PKR) (Lee et al., 2006).  After RISC binding, one strand of 

the miR duplex is selected as the guide strand (miR), based on the strength of base-

pairing at its 5’ end, to form the functional miR-RISC complex (miRISC) (Khvorova et 

al., 2003; Schwarz et al., 2003).  The other strand, known as the passenger strand 

(miR*), is displaced and degraded.  The miRISC, the final product of this carefully 

orchestrated maturation process, can then function to silence miR targets via mRNA 

degradation/destabilization, translational repression, or a combination of both 

mechanisms (Djuranovic et al., 2012). 

 The miR biogenesis pathway, including DROSHA and DICER expression, is 

frequently dysregulated in human cancers (reviewed in (Adams et al., 2014; Hata and 

Lieberman, 2015).  DROSHA is frequently amplified or mutated whereas DICER is most 

often mutated (Cerami et al., 2012; Gao et al., 2013).  Altered DROSHA and DICER 
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expression has also been noted in cervical carcinoma.  Specifically, a gain of 

chromosome 5p has been observed in most advanced cervical squamous cell 

carcinomas.  DROSHA is the most significantly upregulated transcript associated with 

this chromosomal gain and DROSHA overexpression has been observed in all tumors 

with 5p gain, suggesting that DROSHA may be a critical 5p target with a potential role in 

cervical cancer progression (Muralidhar et al., 2007; Scotto et al., 2008).  DROSHA 

mRNA levels were also shown to be increased in the HPV positive SiHa and HeLa 

cervical cancer cell lines and to a lesser extent in the C33A HPV negative cervical 

cancer cell line (Muralidhar et al., 2007; Zhou et al., 2013).   

 Interestingly, modulation of DROSHA expression in cervical carcinoma lines did 

not result in global alterations of miR levels and only a small subset of 45 out of 319 

miRs examined showed changes in expression upon modulation of DROSHA levels 

(Muralidhar et al., 2011).  Modulation of these miRs was linked to alterations in cell 

migration and invasiveness (Muralidhar et al., 2011), two important hallmarks of cancer 

progression.  

 Reports on DICER mRNA levels in cervical cancers are not consistent.  A small 

study reported lower DICER mRNA levels in cervical cancer tissues (Zhao et al., 2014), 

whereas another study reported varied DICER mRNA expression among cervical 

cancer specimens, with low DICER mRNA expression in 36.7% of samples and higher 

DICER mRNA expression in 63.3% of samples (He et al., 2014).   

 We have previously investigated modulation of cellular miR levels in response to 

HPV16 E6/E7 expression in primary human foreskin keratinocytes (Harden et al., 2017).  

Given that the high-risk HPV E6 and E7 proteins are consistently expressed in cervical 
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carcinoma lines, that HPV positive cervical carcinoma lines expressed DROSHA at 

higher levels than the HPV negative C33A line and the fact that DROSHA expression 

was shown to only affect expression of a small subset of miRs in cervical cancer lines, 

we set out to determine whether HPV E6 and/or E7 expression may cause altered 

DROSHA and/or DICER levels.  Additionally, we aimed to investigate whether some of 

the alterations in cellular miR expression that we previously observed may potentially be 

caused by altered DROSHA expression.  
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MATERIALS AND METHODS 

 

Cell Culture 

 Primary human foreskin keratinocytes (HFKs) were isolated from a pool of de-

identified newborn foreskins and cultured as previously described (Harden et al., 2017). 

CaSki, C33A, HeLa and SiHa cells (ATCC) were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 50 U/ml 

penicillin and 50 mg/ml streptomycin.  HFKs were transduced with LXSN based 

recombinant retroviruses encoding HPV16 E6 and/or E7 or a control LXSN vector 

(Halbert et al., 1991) as previously described (Harden et al., 2017).  C33As were 

transiently transfected with pCMV HPV16 E6 and/or pCMV HPV16 E7 plasmids, a 

control pCMV plasmid as a control utilizing FuGENE 6 Transfection Reagent (Promega) 

according to the manufacturer’s protocol.  HFKs were grown to 80% confluence prior to 

passaging and passaged up to 8 times.  In all experiments, donor and passage 

matched HFK populations were used.  

 

Reverse Transcription quantitative PCR (RT-qPCR) 

 Total RNA was isolated using the miRNeasy Mini Kit (Qiagen) per the 

manufacturer’s instructions.  For RT-qPCR of DROSHA and DICER, following RNA 

isolation, total RNA was DNAse-treated with the TURBO DNA-free kit (Ambion/Thermo 

Fisher Scientific).  DNAse-treated total RNA was then reverse transcribed utilizing 

TaqMan Reverse Transcription Reagents (Applied Biosystems/Thermo Fisher 

Scientific).  TaqMan Assay IDs Hs00203008_m1 and Hs00229023_m1 (Applied 
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Biosystems/Thermo Fisher Scientific) were employed to detect DROSHA and DICER, 

respectively, using the comparative Ct method with the StepOnePlus Real-Time PCR 

System (Thermo Fisher Scientific).  RT-qPCR assays were performed in triplicate and 

18S ribosomal RNA was utilized as an internal control.  

 

Western Blotting 

 Protein lysates were prepared by incubating the cells in ML buffer (300 mM NaCl, 

0.5% Nonidet P-40 [NP-40], 20 mM Tris-HCl [pH 8.0], 1 mM EDTA) supplemented with 

one Complete EDTA-free Protease Inhibitor Cocktail tablet (Roche) per 50 ml lysis 

buffer.  The cells were incubated on ice for 20 minutes, scraped and rotated at 4°C for 

20 minutes and then cleared by centrifugation at 16,000 × g for 20 min.  Protein 

concentrations were determined via the Bradford method (Bradford, 1976).  Samples 

containing 200 µg of protein were boiled in NuPAGE® LDS Sample Buffer (4X) 

(Invitrogen), separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore).  

The membranes were blocked for 2 h in 5% nonfat dry milk in TBST buffer (137 mM 

NaCl, 2.7 mM KCl, 25 mM Tris [pH 7.4], 0.1% Tween 20).  Primary antibodies were 

used as follows: DROSHA (ab12286; Abcam) at 1:500, DICER (3363; Cell Signaling 

Technology) at 1:1,000 and β-actin (MAB1501; Millipore) at 1:1,000.  Secondary anti-

mouse IgG and anti-rabbit IgG horseradish peroxidase-conjugated antibodies 

(Amersham) were used at 1:10,000 dilutions.  Proteins were visualized by enhanced 

chemiluminescence (Luminata™ Crescendo Western HRP Substrate; Millipore) and 

electronically acquired with a Syngene G:BOX image station (Syngene) equipped with 



! 114 

GeneSys software, v1.5.6.0.  Loading was assessed using β-actin immunoblots. 
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RESULTS 

 

Increased DROSHA and DICER mRNA levels in HPV positive cervical cancer cell 

lines 

 DROSHA is frequently expressed at high levels in cervical carcinomas.  

Therefore, we examined DROSHA mRNA levels by RT-qPCR in the HPV16 positive 

CaSki and SiHa, the HPV18 positive HeLa and the HPV-negative C33A cervical cancer 

cell lines.  Compared to primary human foreskin keratinocytes (HFKs), DROSHA mRNA 

was significantly upregulated in CaSki (24.4 fold; P<0.0001), SiHa (26.8 fold; 

P<0.0001), HeLa (7.2 fold; P<0.0001) but was not significantly modulated in C33A cells 

(1.1 fold; P=0.72) (Figure 3.1A).  These results partially confirm and extend a previous 

report that documented increased DROSHA mRNA expression in HeLa, SiHa and 

C33A cervical cancer cell lines (Muralidhar et al., 2007; Zhou et al., 2013). 

 Reports in the literature on DICER mRNA expression in cervical cancers are 

inconsistent (He et al., 2014; Zhao et al., 2014).  Therefore, we next determined DICER 

mRNA expression in cervical carcinoma lines.  Our analysis revealed that compared to 

HFKs, DICER mRNA levels were significantly higher in the HPV16 positive CaSki (4.9 

fold; P=0.0005) and SiHa (2.7 fold; P=0.0136) but not significantly altered in HPV18 

positive HeLa (-2.7 fold; P=0.0978) or the HPV negative C33A (-4.9 fold; P=0.0946) 

lines (Figure 3.1B).  In summary, our data are partially consistent with a previous report 

(Zhou et al., 2013), and show that DROSHA mRNA levels are significantly increased in 

all HPV positive cervical cancer cell lines, whereas DICER mRNA levels were only 

significantly increased in the HPV16 positive CaSki and SiHa, but not in the HPV18  
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Figure 3.1.  Levels of DROSHA and DICER mRNA in cervical cancer cell lines. 

Total RNA was harvested from HFKs and C33A (HPV negative), CaSki (HPV16), SiHa 

(HPV16) and HeLa (HPV18) cells.  (A) DROSHA and (B) DICER mRNA levels were 

determined by RT-qPCR.  Expression of 18S ribosomal RNA (18S) was utilized as a 

control and results were normalized to DROSHA and DICER expression in HFKs. 

Results show averages of three independent experiments and error bars depict 

standard deviation.  Unpaired, two-tailed t-tests with a 95% confidence level were 

performed to determine statistical significance.  *, **, *** and **** indicate statistical 

significance at a P<0.05, P<0.01, P<0.001 and P<0.0001 respectively.  “NS” indicates 

not statistically significant. 
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positive HeLa or the HPV negative C33A cervical carcinoma lines. 

 

HPV16 E6/E7 expression in HPV negative C33A cells increases DROSHA mRNA  

 Our results suggested that DROSHA mRNA levels in cervical cancer lines may 

correlate with HPV status (Figure 3.1).  Hence, we investigated whether HPV16 E6 

and/or E7 expression in C33A cells may increase DROSHA mRNA levels.  We 

transiently transfected C33A cells with CMV based E6 or E7 expressing vectors either 

alone or in combination and determined DROSHA mRNA levels by RT-qPCR.  

DROSHA mRNA levels were most upregulated upon HPV16 E6/E7 co-transfection (2.3 

fold; P=0.0335), followed by transfection with HPV16 E7 alone (2.0 fold; P=0.0073) but 

were not significantly altered by HPV16 E6 expression alone (1.3 fold; P=0.2372) 

(Figure 3.2).  These results suggest that HPV16 E6/E7 expression causes increased 

DROSHA mRNA expression in C33A cells.  DROSHA mRNA levels in HPV16 E6/E7 

expressing C33A cells were lower than in HPV16 positive cervical cancer cell lines. 

However, it is difficult to directly compare the various cell lines and the effect of HPV16 

E6/E7 on DROSHA mRNA levels in C33A cells depends on several experimental 

parameters, including E6/E7 expression levels and the cellular background of C33A 

cells. 

 

HPV16 E6/E7 expression in primary human foreskin keratinocytes increases 

DROSHA and DICER mRNA levels 

 Since our results from cervical cancer cell lines suggested a possible correlation 

between DROSHA and DICER mRNA levels and HPV16 status, we hypothesized that  
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Figure 3.2.  DROSHA mRNA expression in HPV negative C33A cervical cancer 

cells with transient expression of HPV16 E6/E7.  C33A cells were transiently 

transfected with empty vector (C), HPV16 E6 alone (E6), HPV16 E7 alone (E7) or both 

HPV16 E6/E7 (E6/E7).  DROSHA mRNA levels were analyzed by RT-qPCR.  

Expression of 18S ribosomal RNA (18S) was utilized as a control and values were 

normalized to control vector transduced C33A cells.  Results represent averages of 

three independent experiments and error bars show standard deviation.  * and ** 

indicate statistical significance at a P<0.05 and P<0.01, respectively.  “NS” indicates not 

statistically significant. 
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expression of the HPV E6 and/or E7 oncoproteins in primary human foreskin 

keratinocytes may be sufficient to alter DROSHA and DICER mRNA levels.  To test this 

hypothesis, we analyzed DROSHA and DICER mRNA levels by RT-qPCR in three 

independent, donor and passage matched HFK populations each with stable expression 

of HPV16 E6 and/or E7 or a control vector.  In two of the three HFK populations tested, 

HPV16 E6 expression caused a significant increase in DROSHA mRNA levels 

compared to control HFKs.  In contrast, HPV16 E7 expressing HFKs had DROSHA 

mRNA levels that were similar to or slightly lower than control HFKs.  HPV16 E6/E7 

expressing HFKs, however, consistently exhibited significantly increased DROSHA 

mRNA levels that exceeded those in HPV16 E6 expressing HFKs (Figure 3.3A).  

Similarly, DICER mRNA levels were higher in HPV16 E6 expressing HFKs.  Except in 

population 2, HPV16 E7 expressing HFKs also had significantly higher DICER mRNA 

levels.  DICER mRNA levels were consistently and significantly increased in HPV16 

E6/E7 co-expressing cells (Figure 3.3B). 

 

HPV16 E6/E7 expression in primary epithelial cells increases DROSHA and DICER 

protein levels  

 We next examined by immunoblot experiments, whether the observed 

modulation of DROSHA and DICER mRNA levels resulted in similar alterations in 

DROSHA and DICER protein levels.  DROSHA protein levels were consistently 

increased in HPV16 E6 and/or E7 expressing HFKs although the magnitude of the 

effect varies between the different HFK populations (Figure 3.4A).  DICER protein levels 

are also increased in HPV16 E6 and/or E7 expressing HFKs although only the HPV16  
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Figure 3.3.  DROSHA and DICER mRNA levels in HPV16 E6 and/or E7 expressing 

primary human foreskin keratinocytes.  Three donor and passage matched HFK 

populations with stable expression of HPV16 E6 (E6), HPV16 E7 (E7), HPV16 E6/E7 

(E6/E7) or an empty vector (C) were analyzed for (A) DROSHA and (B) DICER mRNA 

expression by RT-qPCR.  Expression of 18S ribosomal RNA (18S) was utilized as a 

control and values were normalized to control vector transduced HFKs.  Similar results 

were obtained with three additional HFK populations tested.  Error bars show standard  
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Figure 3.3 (Continued) 

deviation.  Unpaired, two-tailed t-tests with a 95% confidence level were performed to 

determine statistical significance. *, **, *** and **** indicate statistical significance at a 

P<0.05, P<0.01, P<0.001 and P<0.0001 respectively.  “NS” indicates not statistically 

significant.  Please note that the HFK populations tested in these experiments are 

distinct from those shown in Figure 3.4. 
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Figure 3.4.  Protein levels of DROSHA and DICER in HPV16 E6 and/or E7 

expressing primary human foreskin keratinocytes.  Three donor and passage 

matched HFK populations with stable expression of HPV16 E6 (E6), HPV16 E7 (E7), 

HPV16 E6/E7 (E6/E7) or an empty vector (C) were analyzed for (A) DROSHA and (B) 

DICER protein expression by immunoblot analysis.  Steady state levels of actin served 

as a loading control and quantifications normalized to actin levels are indicated 

underneath the blots.  Similar results were obtained in several additional experiments.  

Please note that the HFK populations tested in these experiments are distinct from 

those shown in Figure 3.3. 
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E7 expressing HFKs expressed higher DICER protein in population 1 (Figure 3.4B). 

In combination with the data shown in Figure 3.3, these results show that HPV16 E6/E7  

expression in primary human foreskin keratinocytes can cause increased DROSHA and 

DICER levels and these increases are, at least in part, due to increased mRNA levels. 

 

Expression of DROSHA-regulated microRNAs is altered in HPV16 E6/E7 

expressing primary human foreskin keratinocytes  

 A previous study showed that modulation of DROSHA expression in cervical 

carcinoma cells levels significantly altered expression of only 45 out of 319 miRs tested 

(Muralidhar et al., 2011).  Since we observed increased DROSHA levels in HPV16 

E6/E7 expressing HFKs, we wanted to determine if the levels of DROSHA-regulated 

miRs were correspondingly altered in HPV16 E6/E7 expressing HFKs.  We previously 

performed a comprehensive analysis of HPV16 E6/E7 induced alterations of cellular 

miR expression (Harden et al., 2017).  Hence, we assessed expression of the 45 

DROSHA-regulated miRs (Muralidhar et al., 2011) in our data set (Table 3.1).  A total of 

37 out of 45 (82%) of DROSHA-regulated miRs are regulated in HPV16 E6/E7 

expressing HFKs consistent with increased DROSHA expression.  This analysis 

suggests that at least some of the HPV16 E6/E7 induced alterations in cellular miR 

expression that we observed may be a consequence of the increased DROSHA levels 

in HFKs expressing HPV16 E6/E7. 

 We also compared the DROSHA-regulated miRs to our list of the 15 most up- or 

down regulated miRs identified by a comprehensive target pairing analysis in HPV16 

E6/E7 expressing HFKs (Harden et al., 2017).  Only one DROSHA-regulated miR, miR- 
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Table 3.1.  Expression of DROSHA regulated miRs in cervical squamous cell 

carcinoma lines. 

DROSHA-regulated miR Regulation (Observed)* Regulation (Literature)** Overlap 
miR-193a-3p down-regulated down-regulated   
miR-138-5p down-regulated down-regulated   
miR-370 up-regulated down-regulated   
miR-380-3p down-regulated down-regulated   
miR-520e down-regulated down-regulated   
miR-7-5p up-regulated up-regulated   
miR-148b-3p up-regulated up-regulated   
miR-98-5p up-regulated up-regulated   
miR-378a-3p up-regulated up-regulated   
miR-141-3p up-regulated up-regulated   
miR-107 down-regulated up-regulated   
let-7c up-regulated up-regulated   
let-7a-5p up-regulated up-regulated   
miR-30c-5p up-regulated up-regulated   
let-7f-5p up-regulated up-regulated   
miR-125b-5p up-regulated up-regulated   
miR-23a-3p up-regulated up-regulated   
miR-125a-5p up-regulated up-regulated   
let-7d-5p up-regulated up-regulated   
miR-23b-3p down-regulated up-regulated   
miR-100-5p up-regulated up-regulated   
miR-185-5p up-regulated up-regulated   
let-7e-5p up-regulated up-regulated   
let-7b-5p up-regulated up-regulated   
miR-200c-3p down-regulated up-regulated   
miR-7i-5p up-regulated up-regulated   
miR-15b-5p up-regulated up-regulated   
miR-26a-5p up-regulated up-regulated   
miR-106b-5p up-regulated up-regulated   
miR-22-3p down-regulated up-regulated   
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Table 3.1 (Continued) 

 DROSHA-regulated miR Regulation (Observed)* Regulation (Literature)** Overlap 
let-7g-5p up-regulated up-regulated   
miR-24-3p up-regulated up-regulated   
miR-16-5p up-regulated up-regulated   
miR-130a-3p up-regulated up-regulated   
miR-151a-3p up-regulated up-regulated   
miR-27b-3p up-regulated up-regulated   
miR-27a-3p up-regulated up-regulated   
miR-203a-3p down-regulated up-regulated   
miR-338-3p up-regulated up-regulated   
miR-99b-5p up-regulated up-regulated   
miR-330-3p down-regulated up-regulated   
miR-31-5p down-regulated up-regulated   
miR-342-3p up-regulated up-regulated   
miR-191-5p up-regulated up-regulated   
miR-10b-5p up-regulated up-regulated   
 

*Data from (Harden et al., 2017). 

**Data from (Muralidhar et al., 2011). 
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203a-3p, was on that list.  We, and others (Harden et al., 2017; McKenna et al., 2010; 

Melar-New and Laimins, 2010), however, had shown that this miR is downregulated in 

HPV16 E6/E7 expressing HFKs, the opposite of what would have been expected based 

on increased DROSHA expression (Muralidhar et al., 2011).  Hence, DROSHA-

regulated miRs are not amongst the most highly modulated miRs in HPV16 E6/E7 

expressing HFKs and DROSHA-regulated miRs must also be modulated by HPV16 

E6/E7 through other pathways. 

 

DROSHA-regulated microRNAs and microRNAs altered by HPV16 E6/E7 are 

involved in modulating similar cellular pathways 

 To examine pathways relevant to the DROSHA-regulated miRs, we utilized the 

core analysis function of Ingenuity Pathway Analysis (IPA).  This type of analysis 

identifies relationships, mechanisms, functions and pathways of relevance to a 

particular dataset.  Out of the 45 DROSHA-responsive miRs, 30 were associated with 

“cancer”, 26 were associated with “organismal injury and abnormalities” and 25 were 

associated with “reproductive system disease.”  Top molecular and cellular functions 

affiliated with these miRs were “cell movement, development, growth and proliferation” 

as well as “cell cycle” and “DNA replication, recombination and repair.”  Interestingly, 

the top five molecular and cellular functions associated with the DROSHA responsive 

miRs were the same as those associated with all miRs altered by HPV16 E6/E7 

expression.  However, the order of significance of association, based on p-value, is 

different.  For miRs associated with DROSHA levels “cell movement” was the top 

molecular and cellular function followed by “cell development, growth and proliferation” 



! 127 

and lastly “cell cycle.”  For all miRs perturbed by HPV16 E6/E7 expression “cell cycle” 

was the top molecular and cellular function followed by “cell movement”, and “cell 

development, growth and proliferation.”  These results suggest that DROSHA regulated 

miRs participate in similar, cellular processes compared to miRs previously identified to 

be modulated by HPV16 E6/E7 expression. 
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DISCUSSION 

 

 Similar to other cancers, expression of the miR biosynthesis machinery is 

dysregulated in cervical carcinomas.  DROSHA expression is frequently upregulated 

and 5p gene amplification involving the DROSHA gene has also been reported in 

cervical cancers.  Our experiments partially confirm and extend a previous publication 

(Zhou et al., 2013) and document higher DROSHA mRNA levels in HPV16 positive 

SiHa and CaSki, as well as HPV18 positive Hela, but not in the HPV negative C33A 

cervical cancer line.  We show that HPV16 E6/E7 expression in C33A cells causes an 

increase in DROSHA expression although not to the levels observed in HPV positive 

cervical cancer lines.   

 In our experimental system, we introduce expression of HPV16 E6/E7 into low 

passage primary HFKs that have not yet acquired the amplification of chromosome 5p, 

carrying the DROSHA gene, which is frequently observed in cervical cancers.  Given 

the relatively high frequency of chromosome 5p amplification, one may hypothesize that 

high level DROSHA expression is important for HPV positive cervical cancers.  

Therefore, we hypothesize that increased DROSHA expression by HPV16 E6/E7 may 

be a mechanism to establish higher DROSHA expression at very early stages of HPV 

carcinogenesis until the gain of chromosome 5p can occur.  

 Our results with HFKs suggest that HPV16 E6 is the main driver of DROSHA 

expression.  While E6 expression also causes increased DROSHA expression in HPV-

negative C33A cervical carcinoma cells, HPV16 E7 is the major driver of DROSHA 

mRNA upregulation in this cell line.  Given C33A cells express mutant p53, this E6-
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mediated increase in C33A cells is p53 independent.  However, since E6 generally 

caused a more marked increase in DROSHA expression in HFKs that express wild type 

p53, it is conceivable that p53 inactivation by E6 may contribute to increased DROSHA 

expression.  Co-expression of HPV16 E6/E7 in primary human foreskin keratinocytes 

resulted in the most dramatic increases in DROSHA and DICER mRNA and protein 

expression.  This may be the result of the well-known functional cooperativity of the 

HPV16 E6 and E7 oncoproteins (Moody and Laimins, 2010). 

 We also noted differences in the HPV16 E6/E7-dependent regulation of 

DROSHA/DICER at the mRNA and protein levels.  This suggests that DROSHA/DICER 

expression by HPV16 E6/E7 may also be regulated post-transcriptionally, which has 

been previously observed for both DROSHA (Han et al., 2009) and DICER (Wiesen and 

Tomasi, 2009). 

 It was previously noted that modulation of DROSHA levels in cervical cancer 

lines altered expression of only 45 of the 319 miRs that were tested (Muralidhar et al., 

2011).  Since not all miRs were evaluated in this study, there are likely additional 

DROSHA-regulated miRs to be discovered.  While most (40/45) of the “DROSHA-

regulated” miRs were expressed at higher levels, some (5/45) were expressed at lower 

levels.  We showed that 37 out of 45 (82%) of the DROSHA-regulated miRs are 

expressed in HPV16 E6/E7 expressing primary human foreskin keratinocytes consistent 

with DROSHA regulation.  Hence, at least some of the HPV16 E6/E7 mediated changes 

in cellular miR expression might be through a mechanism involving increased DROSHA 

expression.  Nonetheless, DROSHA was not the major driver of expression of some 

other DROSHA-regulated miRs, including miR-203-3p, in HPV16 E6/E7 expressing 
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cells.   

 To directly test whether increased DROSHA expression in E6 and E6/E7 

expressing cells contributes to increased expression of these miRs, we attempted to 

silence DROSHA expression in our engineered HFK populations.  We used both 

lentiviral transduction with multiple shRNAs and transfections with siRNAs, however, we 

were unable to decrease DROSHA levels sufficiently to examine the effects of 

DROSHA silencing on HPV16 E6/E7 expressing HFKs.  We were only able to decrease 

DROSHA levels by ~50% in HFKs using transient transfection of several different 

siRNAs. HPV16 E6/E7 expressing HFKs transduced with DROSHA shRNAs did not 

survive selection post-transduction and, perhaps, this is due to other non-miR related 

functions of DROSHA (Johanson et al., 2013) that may be important in primary human 

foreskin keratinocytes.  This, unfortunately, precluded us from directly and conclusively 

determining whether and how increased DROSHA expression by E6 and E7 contributes 

to modulation of cellular miR levels. 

 To determine whether DROSHA-regulated miRs affect specific cellular signaling 

pathways, we compared a core analysis of these miRs to the entire miRseq dataset (-1 

≥ FC ≥ 1).  We utilized less stringent fold change cutoffs since the reported fold changes 

for the DROSHA-regulated miRs ranged from 1.8-4.2 fold (Muralidhar et al., 2011).  

This comparative analysis revealed that many of the same molecular and cellular 

functions are associated with both DROSHA regulated and HPV16 E6/E7 modulated 

miRs.   

 In summary, our study shows that HPV16 E6/E7 oncoprotein expression alters 

RNA and protein levels of DROSHA and DICER, two critical enzymes in the canonical 
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miR biogenesis pathway.  Examination of known DROSHA-regulated miRs suggests 

that HPV16 E6/E7 perturbation of DROSHA levels may be one mechanism by which 

HPV16 E6/E7 expression perturbs cellular miR expression.  In addition, given the miR 

biogenesis independent activities of DROSHA and DICER, their increased expression 

may also contribute to cervical carcinogenesis through miR independent mechanisms.  

Further studies will be necessary to arrive at a mechanistic understanding of DICER 

and DROSHA modulation by HPV16 E6/E7. 
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SUMMARY 

  
 Extracellular vesicles released by cancer cells are mediators of intercellular 

communication that have been reported to contribute to carcinogenesis.  Since they are 

readily detected in bodily fluids they may also be used as cancer biomarkers.  The 

E6/E7 oncoproteins drive human papillomavirus (HPV)-associated cancers, which 

account for approximately 5% of all human cancers worldwide.  Here, we investigate 

how HPV16 E6/E7 oncogene expression in primary human epithelial cells alters 

microRNA (miR) expression in extracellular vesicles and compare these to changes in 

intracellular miR expression.  Examining a panel of 68 cancer related miRs revealed 

that many miRs had similar expression patterns in cells and in extracellular vesicles, 

whereas some other miRs had different expression patterns and may be selectively 

packaged into extracellular vesicles.  Interestingly, the set of miRs that may be 

selectively packaged in HPV16 E6/E7 extracellular vesicles is predicted to inhibit 

necrosis and apoptosis. 
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INTRODUCTION 

!

 Extracellular vesicles (EVs) are lipid bilayer surrounded structures, ranging from 

40 nm to several µm in size, that are released by a variety of cells, including tumor cells.  

There are multiple types of EVs, which differ in size, biogenesis and molecular 

composition.  EVs are classified into three main groups based on their biogenesis and 

size: membrane shedding-, multivesicular body- and apoptotic-derived (Kim et al., 

2017).  Membrane shedding EVs are derived from budding of the plasma membrane, 

range from 0.2 to 1 µm in diameter and are referred to as microvesicles or 

microparticles (Muralidharan-Chari et al., 2010; Ratajczak et al., 2006).  Exosomes are 

small EVs (40 to 150 nm) that originate from the late endosomal trafficking machinery 

(Yanez-Mo et al., 2015).  Their biogenesis involves accumulation in multivesicular 

bodies and release through fusion with the plasma membrane (Pan et al., 1985).  

Apoptotic derived EVs, or apoptotic bodies, have diameters ranging from 0.5 to 2 µm, 

and are released via blebbing of the plasma membrane of apoptotic cells (Hristov et al., 

2004; Kranich et al., 2008). 

 Exosomes have recently been the focus of intense interest in cancer research.  

Exosomes released from cancer cells can promote tumorigenesis through multiple 

mechanisms including influencing the tumor microenvironment, providing immune 

system regulation and stimulating angiogenesis (reviewed in (Ciardiello et al., 2016)).  

In fact, the cargo of cancer-derived exosomes, comprised of functional proteins, 

microRNAs (miRs), DNA and/or mutated mRNA, can have oncogenic or tumor 

suppressive activities.  Furthermore, the ability of exosomes to condition the pre-

metastatic niche has been shown in vivo (Peinado et al., 2012).  Some miRs packaged 
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in exosomes may regulate the expression of target RNAs in recipient cells but other 

functions have also been uncovered.  For example, exosome-associated miRs can be 

ligands for Toll-like receptors (TLRs), resulting in induction of the immune response or 

inhibition of macrophage activation through suppression of TLR signaling (Alexander et 

al., 2015; Fabbri et al., 2012; Phinney et al., 2015; Tsvetkova et al., 2013).   

 The first report investigating exosomes in HPV18 positive HeLa cervical 

carcinoma cells showed that silencing of E6/E7 expression in HeLa cells led to reduced 

Survivin levels in exosomes and an increase in the overall amount of exosomes 

released from HeLa cells (Honegger et al., 2013).  The E6 and E7 proteins were not 

detected in HeLa exosomes by this group (Honegger et al., 2013) but a more recent 

study detected E6 and E7 mRNAs in exosomes released from HPV16 E6/E7 

expressing primary human foreskin keratinocytes (HFKs) (Chiantore et al., 2016). 

 Just these few studies have examined miRs in exosomes released from HPV 

containing cells.  An RT-PCR based study with HPV16 E6/E7 expressing HFKs 

detected only 8 of the 384 miRs that were included in their assay, with miR-222 being 

the most highly abundant (Chiantore et al., 2016).  In another study, the authors 

silenced HPV18 E6/E7 expression in HeLa cells and showed that expression of HPV18 

E6/E7 determined expression of seven exosomal miRs, and that these miRs possess 

pro-proliferative or anti-apoptotic potential (Honegger et al., 2015).  Silencing E6/E7 

expression in the HPV16 positive SiHa cervical cancer line identified a similar set of 

HPV16 E6/E7 regulated miRs in exosomes (Honegger et al., 2015).  Additionally, 

determination of exosomal miRs in cervicovaginal lavage specimens of cervical cancer 
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patients showed that miR-21 and miR-146a levels were significantly higher in vesicles 

from HPV positive cervical cancer patients (Liu et al., 2014).   

 Understanding the results of some studies and comparisons between studies has 

been difficult since various methods have been used for exosome isolation.  It is now 

clear that all the existing isolation methods for exosomes also yield various amounts of 

other EVs (Choi et al., 2012; Haqqani et al., 2013; Muralidharan-Chari et al., 2009) and 

it may be prudent to refer to these preparations as exosome-enriched EVs (exo-EVs).   

Here, we investigated expression of a panel of 68 cancer-related miRs in cells, and in 

exosome-enriched EVs (exo-EVs) released by HPV16 E6/E7 expressing HFKs and 

matched control vector transduced HFKs.  We show that most miRs analyzed are 

similarly regulated by E6/E7 expression in cells and in exo-EVs.  Some miRs, however, 

are expressed differently in cells and in exo-EVs, suggesting that several miRs may be 

selectively packaged in exo-EVs secreted by HPV16 E6/E7 expressing cells.  

Interestingly, these selectively packaged miRs are predicted to inhibit apoptosis and 

necrosis.  Our results, therefore, agree with and extend previous studies (Honegger et 

al., 2015) that suggest expression of the high-risk HPV oncoproteins alters the 

expression of miRs secreted in EVs. 
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MATERIALS AND METHODS 

 

Cell Culture 

 HFKs were isolated and maintained in keratinocyte-serum-free media (KSFM) as 

previously described (Harden et al., 2017).  HFKs were transduced with LXSN based 

recombinant retroviruses encoding both HPV16 E6 and E7 (Halbert et al., 1991) or a 

control LXSN vector as previously described  (Harden et al., 2017).  Retroviral 

transduction of HFKs was validated by immunoblotting and RT-qPCR to assess the 

protein and RNA levels of HPV16 E6 and E7, respectively.  HFKs were grown to 80% 

confluence prior to passaging and only passaged up to 8 times.  In all experiments, 

donor and passage matched HFK populations were used.  

 

Isolation of Exosome-enriched Extracellular Vesicles 

 For the isolation of exo-EVs, HFK media was cleared of endogenous exosomes 

present in bovine pituitary extract (Riches et al., 2014), which is a component of KSFM, 

by ultracentrifugation at 100,000 x g for 24 hours at 4°C.  The cleared media was then 

added to HPV16 E6/E7 expressing and matched control vector transduced HFKs for 24 

hours and then used for exo-EV isolation using Invitrogen’s Total Exosome Isolation 

Reagent (from cell culture media) according to the manufacturer’s instructions.   

 

RNA methods 

 Total RNA was harvested from cells and exo-EVs using the mirVana miR 

Isolation Kit (Ambion) according to the manufacturer’s instructions.  Cellular RNA 
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sample concentrations were determined using a NanoDrop2000c spectrophotometer 

(Thermo Fisher Scientific).  The quantity and quality of RNA from exo-EVs was 

determined by Agilent Bioanalyzer 2100 with a Small RNA Chip.  

 For miR RT-qPCR, total RNA was reverse transcribed with the TaqMan® 

MicroRNA Reverse Transcription Kit (Applied Biosystems, Life Technologies) as 

described in the manufacturer’s protocol, utilizing miR-specific, stem loop primers 

(Applied Biosystems, Life Technologies).  TaqMan® MicroRNA Assays (Applied 

Biosystems, Life Technologies) were employed to detect miR-16-5p and miR-34a-5p 

using the comparative Ct method with the StepOnePlus™ Real-Time PCR System 

(Thermo Fisher Scientific).  Assay IDs 000391 and 000426 were used to quantify miR-

16-5p and miR-34a-5p, respectively.  RT-qPCR assays were performed in triplicate and 

the non-coding small nuclear RNA (snRNA) U6 (Assay ID: 001973) was utilized as an 

endogenous, small RNA control. 

  

Protein methods 

 Protein lysates from cells and exo-EVs were prepared in ML buffer (300 mM 

NaCl, 0.5% Nonidet P-40 [NP-40], 20 mM Tris-HCl [pH 8.0], 1 mM EDTA) 

supplemented with one Complete EDTA-free Protease Inhibitor Cocktail tablet (Roche) 

per 50 ml lysis buffer.  Protein concentrations were determined via the Bradford method 

(Bradford, 1976).  Samples from cells and exo-EVs containing 60 µg of protein were 

analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western 

blotting.  Primary antibodies were as follows: RIG-I, AG-20B-0009-C100 (Adipogen), 

1:1,000; HSC70, sc-7298 (Santa Cruz Biotechnology), 1:200; CD9, C9993 (Sigma-
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Aldrich), 1:500; Rab5B, sc-598 (Santa Cruz Biotechnology) 1:100; Histone H3, 17-

10046 (EMD Millipore), 1:1,000; actin, MAB1501 (Millipore) 1:1,000.  Secondary anti-

mouse IgG and anti-rabbit IgG horseradish peroxidase-conjugated antibodies 

(Amersham) were used at 1:10,000 dilutions.  Proteins were visualized by enhanced 

chemiluminescence (Luminata™ Crescendo Western HRP Substrate; Millipore) and 

electronically acquired with a Syngene G:BOX image station (Syngene) equipped with 

GeneSys software, v1.5.6.0.   

 

Nanoparticle Tracking Analysis (NTA) 

 Determination of exo-EV concentration and size was performed using a 

NanoSight NS300 with a high sensitivity sCMOS camera and a green 532 nm laser 

(Malvern).  NTA allows the visualization and analysis of extracellular particles by 

relating Brownian motion to particle size.  Exo-EV samples were analyzed at 1:1,000 

dilutions to achieve the optimal particle number (20-100 particles) in the field of view.   

 

FirePlex® miR profiling 

 To examine the expression of miRs in exo-EVs, we utilized the FirePlex® miR 

oncology assay to detect a panel of 68 cancer-related miRs (see Supplemental Table 

4.1).  This assay utilizes three-dimensional hydrogel particles encoded with unique miR 

“barcodes” made by optical liquid stamping (Chapin et al., 2011; Chapin and Doyle, 

2011).  RNAs isolated from exo-EVs released from two, independent passage and 

donor matched populations of HPV16 E6/E7 expressing and control vector transduced 

HFKs were submitted for FirePlex® miR profiling.  Data analysis was performed using 
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the Firefly® Analysis Workbench software (http://www.abcam.com/kits/firefly-analysis-

workbench-software-for-multiplex-miR-assays).  Unpaired, two-tailed t-tests with a 95% 

confidence level were performed to determine statistical significance between cell and 

exo-EV samples. 
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RESULTS 

 

Characterization of exosome-enriched extracellular vesicles released from human 

foreskin keratinocytes 

 To validate our exo-EV preparations, we examined several marker proteins.  Our 

preparations scored positive for the exosome markers HSC70, CD9 and RAB5.  In 

contrast, RIG-I, Actin and Histone H3, which should not be present in exosomes, were 

not detected in our EV preparations (Figure 4.1A).  These results are consistent with the 

isolation of exosomes.  However, since we cannot rule out that other EVs may be also 

present in our samples, we refer to these preparations as exosome-enriched EVs (exo-

EVs).  

 

Analysis of the size and concentration of exosome-enriched extracellular vesicles 

released from human foreskin keratinocytes 

 To analyze the size and concentration of exo-EVs released from HFKs, we 

performed nanoparticle tracking analysis (NTA).  NTA tracks the movement of single 

particles, as small as 10 nm in diameter, in a suspension under Brownian motion.  The 

particles scatter light when illuminated by a laser, which is captured by a high sensitivity 

camera.  Software is then used to track the motion of each particle from frame to frame 

and the rate of particle movement is related to a sphere equivalent hydrodynamic radius 

as calculated through the Stokes-Einstein equation (Dragovic et al., 2011; Hole et al., 

2013).  A representative size distribution profile of exo-EVs released from HPV size 

expressing HFKs as determined by NTA in shown in Figure 4.1B.  The 16 E6/E7  
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Figure 4.1.  Biochemical and biophysical characterization of extracellular vesicles 

isolated from HPV16 E6/E7 expressing primary human foreskin keratinocytes.  (A) 

Immunoblot analysis of exosome markers HSC70, CD9 and RAB5 and non-exosome 

associated proteins RIG-I, actin and histone H3.  (B) Size determination and 

quantification of extracellular vesicles by Nanoparticle Tracking Analysis.  See text for 

details. 
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representative distribution profile shows several peaks, one at 67 nm, one at 89 nm and 

one at 121 nm.  This analysis shows that HPV16 E6/E7 expressing HFKs release EVs 

in the size range of exosomes and allowed us to determine the concentration of exo-

EVs in each sample for downstream analysis. 

 

Validation of the FirePlex® microRNA Assay 

 We compared intracellular expression of miR-16-5p and miR-34a-5p by miR 

sequencing, quantitative RT PCR and FirePlex® miR Assay (Figure 4.2).  These 

analyses show that the FirePlex® miR Assay yields expression data that are consistent 

with other detection methods.  In addition, there was excellent agreement of intracellular 

miR expression in control and HPV16 E6/E7 expressing HFKs with our previously 

published miR sequencing data (Harden et al., 2017).  

 

Expression of HPV16 E6/E7 alters the expression of microRNAs in exosome-

enriched extracellular vesicles released from human foreskin keratinocytes 

 Total RNA was harvested from cells and exo-EVs released from two, 

independent populations of HPV16 E6/E7 expressing HFKs and matched control HFKs.  

We used the FirePlex® miR oncology assay to assess levels of a panel of 68 cancer 

related miRs.  As a control, we also utilized the same method to analyze intracellular 

miR expression in total RNA from the same HFK samples.  The Firefly® Analysis 

Workbench was used to analyze the expression of cellular and exo-EV-associated 

miRs.  Unfiltered expression data for all 68 miRs examined in the oncology panel are  
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Figure 4.2.  Comparison of miR quantification methods.  Quantification of 

intracellular miR-16-5p (top) and miR-34a-5p (bottom) expression in different 

populations of HPV16 E6/E7 expressing primary human foreskin keratinocytes (black 

bars) and matched control vector transduced primary human foreskin keratinocytes 

(white bars) by miR sequencing (miRseq) (Harden et al. 2017), reverse transcription 

quantitative PCR (RT-qPCR) and Fireplex® miR assays.  Y-axis values are relative to 

matched control vector transduced primary human foreskin keratinocytes.!  
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shown in Supplemental Table 4.2.  Each of the two matched keratinocyte populations is 

prepared from three or more foreskin samples from a different donor and it is not 

unusual to observe considerable variation between different keratinocyte preparations. 

Our analysis included all miRs with expression above the limit of detection of the assay 

and those that showed consistent results in expression (HPV16 E6E7/C) in both HFK 

populations tested.  This resulted in 31 differentially expressed miRs in exo-EVs and 48 

intracellular miRs above the limit of detection of the assay with consistent results in 

expression in both HFK populations tested (Table 4.1).  Of the differentially expressed 

miRs in exo-EVs, 19 were upregulated and 12 were downregulated and, of the 

differentially expressed intracellular miRs, 31 were upregulated and 17 were 

downregulated (Table 4.1).  Overall, these results show that  

HPV16 E6/E7 expression in HFKs alters the expression of miRs in exo-EVs released 

from these cells compared to control vector transduced HFKs.  

 

Comparing intracellular microRNA expression and microRNAs in exosome-

enriched extracellular vesicles 

 We then compared the expression of miRs in cells and in exo-EVs.  As before, 

we only included miRs with expression above the limit of detection of the assay and 

those that showed consistent modulation of expression (HPV16 E6E7/C) in both HFK 

populations tested.  There were 23 miRs that met these criteria, both intracellularly and 

in exo-EVs (Table 4.2).  To determine miRs with expression patterns that were  
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Table 4.1.  Expression of miRs in two independently derived populations of 

HPV16 E6/E7 expressing HFKs (cells) and in exosome-enriched extracellular 

vesicles (exo-EVs) as compared to control HFKs.  

!
miR FC (E6E7/C) 

cells 
SD (E6E7/C) 

exo-EVs 
FC (E6E7/C) 

cells 
SD (E6E7/C) 

exo-EVs 
let-7d-5p 1.31 0.091 - - 
let-7g-5p 1.52 0.244 - - 
let-7i-5p - - 0.47 0.225 
miR-9-5p 2.13 0.076 - - 
miR-10b-5p 1.22 0.212 - - 
miR-15b-5p 1.28 0.176 - - 
miR-16-5p 1.37 0.02 1.04 0.037 
miR-17-5p 1.15 0.201 - - 
miR-18a-5p - - 2.24 1.089 
miR-19a-3p 1.77 0.195 1.84 1.068 
miR-20a-5p 1.35 0.081 - - 
miR-21-5p 0.91 0.097 0.58 0.106 
miR-22-3p - - 0.44 0.158 
miR-25-3p 2.21 0.647 3.2 2.335 
miR-29a-3p 0.78 0.059 - - 
miR-29b-3p 0.76 0.097 - - 
miR-29c-3p 0.96 0.017 - - 
miR-34a-5p 0.24 0.074 0.37 0.081 
miR-92a-3p 1.1 0.029 - - 
miR-93-5p 1.29 0.098 1.68 0.624 
miR-103a-3p - - 1.6 1.635 
miR-106a-5p 1.28 0.126 - - 
miR-106b-5p 1.85 1.113 2.35 1.635 
miR-107 0.89 0.029 1.51 0.634 
miR-125b-5p 0.95 0.065 - - 
miR-127-3p 0.64 0.171 - - 
miR-130a-3p - - 1.54 0.59 
miR-141-3p 0.94 0.008 - - 
miR-146a-5p 0.48 0.202 - - 
miR-148a-3p 1.34 0.271 - - 
miR-148b-3p 1.47 0.274 1.51 0.311 



! 152 

Table 4.1 (Continued) 
 

miR-150-5p 0.79 0.224 - - 
miR-151a-3p - - 0.76 0.158 
miR-155-5p 2.84 0.814 2.31 1.643 
miR-181a-5p 1.21 0.084 - - 
miR-182-5p 0.91 0.08 4.23 4.179 
miR-187-3p 0.81 0.239 - - 
miR-192-5p - - 0.84 0.145 
miR-195-5p 1.71 0.994 1.3 0.125 
miR199a-3p 1.46 0.481 - - 
miR-199a-5p 3.07 2.107 - - 
miR-200b-3p 1.39 0.2 0.92 0.053 
miR-200c-3p 0.96 0.026 - - 
miR-205-5p 1.14 0.098 0.71 0.193 
miR-210-3p 0.8 0.045 - - 
miR-218-5p 1.45 0.402 2.04 1.36 
miR-221-3p - - 0.63 0.368 
miR-222-3p 0.85 0.004 1.65 0.362 
miR-320a 1.47 0.03 0.47 0.284 
miR-335-5p 2.44 0.239 2.87 1.939 
miR-375 1.41 0.04 2.96 1.485 
miR-376c-3p 0.56 0.295 0.71 0.137 
miR-378a-3p 1.68 0.213 0.61 0.307 
miR-574-3p 1.81 0.633 - - 
miR-625-3p 1.43 0.46 2.59 0.705 
miR-652-3p 1.2 0.225 1.68 0.139 

 
 
FC, Fold Change; SD, Standard Deviation.  Only miRs that showed the same trend in 

expression in both populations are listed. 
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Table 4.2.  Expression of miRs detected in HPV16 E6/E7 expressing HFKs (cells) 

and the corresponding exosome-enriched extracellular vesicles (exo-EVs) as 

compared to control HFKs.! 

!

miR 
FC 

(E6E7/C) 
cells 

SD 
(E6E7/C) 

cells 

FC 
(E6E7/C)  
exo-EVs 

SD 
(E6E7/C) 
exo-EVs 

p-value  
cells vs exo-EVs 

miR-16-5p 1.37 0.02 1.04 0.037 0.0002 
miR-19a-3p 1.77 0.195 1.84 1.068 ns 
miR-21-5p 0.91 0.097 0.58 0.106 0.0176 
miR-25-3p 2.21 0.647 3.2 2.335 ns 
miR-34a-5p 0.24 0.074 0.37 0.081 ns 
miR-93-5p 1.29 0.098 1.68 0.624 ns 
miR-106b-5p 1.85 1.113 2.35 1.635 ns 
miR-107 0.89 0.029 1.51 0.634 ns 
miR-148b-3p 1.47 0.274 1.51 0.311 ns 
miR-155-5p 2.84 0.814 2.31 1.643 ns 
miR-182-5p 0.91 0.08 4.23 4.179 ns 
miR-195-5p 1.71 0.994 1.3 0.125 ns 
miR-200b-3p 1.39 0.2 0.92 0.053 0.0159 
miR-205-5p 1.14 0.098 0.71 0.193 0.0255 
miR-218-5p 1.45 0.402 2.04 1.36 ns 
miR-222-3p 0.85 0.004 1.65 0.362 0.0191 
miR-320a 1.47 0.03 0.47 0.284 0.0038 
miR-335-5p 2.44 0.239 2.87 1.939 ns 
miR-375 1.41 0.04 2.96 1.485 ns 
miR-376c-3p 0.56 0.295 0.71 0.137 ns 
miR-378a-3p 1.68 0.213 0.61 0.307 0.0077 
miR-625-3p 1.43 0.46 2.59 0.705 ns 
miR-652-3p 1.2 0.225 1.1 0.139 ns 

 
 

FC, Fold Change; SD, Standard Deviation.  Only miRs above the limit of detection of 

the assay, that showed the same trend in expression in both HFK populations tested 

and with data from cells and exo-EVs are listed. 
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statistically different between cells and exo-EVs, we utilized unpaired, two-tailed t-tests 

with a 95% confidence level, comparing the expression of each miR in cells to 

expression of the same miR in exo-EVs.  We found that 16 miRs were similarly 

regulated intracellularly and in exo-EVs, with most miRs upregulated intracellularly and 

in exo-EVs, and only a few miRs downregulated intracellularly and in exo-EVs.  In 

contrast, seven miRs showed a different abundance in exo-EVs than intracellularly.  

Together, our data show that HPV16 E6/E7 expression alters the expression of many 

miRs in a similar manner intracellularly and in exo-EVs.  However, the expression 

pattern of some miRs is different intracellularly compared to exo-EVs. 

 

Analysis of differentially expressed microRNAs in exosome-enriched extracellular 

vesicles released from HPV16 E6/E7 expressing human foreskin keratinocytes 

 To uncover potential functions of miRs in exo-EVs, we utilized the core analysis 

function of Ingenuity Pathway Analysis (Qiagen), which identifies relationships, 

mechanisms, functions and pathways of relevance to a particular dataset.  Specifically, 

we compared core analyses of miRs that were expressed similarly intracellularly and in 

exo-EVs and those miRs that were differentially expressed intracellularly and in exo-

EVs. 

 The molecular/cellular functions the two sets of miRs had in common were “cell 

cycle, development and cell to cell signaling.”  For the miRs that were similarly 

regulated by expression of HPV16 E6/E7 intracellularly and in exo-EVs, the top 

molecular and cellular functions that were unique to that dataset were “cell growth and 

proliferation” and “cell movement”.  In contrast, for the miRs regulated differently by 
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HPV16 E6/E7 intracellularly and in exo-EVs, distinct molecular and cellular functions 

were “cell death and survival” and “cellular compromise.”  “Cellular compromise” refers 

to any process that may compromise the function of the cell, as well as functions 

associated with damage or degeneration of cells, including cellular atrophy, damage, 

disruption and swelling.  When we examined the miRs regulated differently by HPV16 

E6/E7 intracellularly and in exo-EVs more closely, we found that within the “cell death 

and survival” category, “necrosis” and “apoptosis” were predicted to be inhibited by this 

group of miRs, although the z-scores were not significant (-1.170 and -1.053, 

respectively) (Table 4.3).  Nonetheless, these results suggest that miRs that may be 

selectively packaged into exo-EVs of HPV16 E6/E7 expressing HFKs may inhibit cell 

death. 
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Table 4.3.  miRs that are differentially expressed (16E6E7/C) intracellularly and in 

exosome-enriched extracellular vesicles are predicted to inhibit cell death and 

promote survival 

!
cell death/ 

survival 
activation 
z-score p-value associated miRs 

necrosis -1.17 0.00699 miR-16-5p, -200b-3p, -222-3p, -320a, -378a-3p 
apoptosis -1.053 0.00673 miR-16-5p, -200b-3p, -222-3p, -320a, -378a-3p 

cell viability 0.262 0.00328 miR-16-5p, -200b-3p, -222-3p, -378a-3p, 
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DISCUSSION 

 

 Our study examined how EV-associated miRs are altered by expression of the 

high-risk HPV E6 and E7 oncoproteins, the major drivers of HPV-associated cancers.  

As there is no consensus on a gold standard method for exosome isolation, it cannot be 

claimed that there is an optimal method that should be used and the commercial 

reagent we utilized in this study has been thoroughly compared to other methods for the 

isolation of exosomes (Helwa et al., 2017).  Specifically, the reagent utilized in our study 

interacts with water molecules in the sample, thereby forcing less soluble sample 

components, like EVs, out of solution.  The EVs can then be collecting by a short, low-

speed centrifugation rather than a long, high-speed ultracentrifugation.  

 To biochemically analyze our exosome preparations, we followed 

recommendations from the International Society for Extracellular Vesicles (Lotvall et al., 

2014).  While there are no true exosomes-specific markers, there are proteins that are 

exosomes-enriched, and it is recommended to examine three or more of these proteins 

from the following categories: 1) transmembrane/lipid-bound extracellular proteins; 2) 

cytosolic proteins; 3) intracellular proteins (Lotvall et al., 2014).  We analyzed six 

different proteins: RIG-I, HSC70, actin, CD9, RAB5 and H3.  RIG-I is a cytosolic RNA 

sensor of the innate immune system, is not packaged into exosomes (Boelens et al., 

2014) and we did not observe this protein in our samples.  HSC70 is a chaperone 

protein found in exosomes from most cell types (Geminard et al., 2004; Thery et al., 

2001) and we detected HSC70 in our samples.  We did not detect actin in our samples, 

indicating that our preparations were free of cellular debris (Angeloni et al., 2016).  The 
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CD9 tetraspanin is expected to be present in exosomes (Lotvall et al., 2014) and we 

detected this protein in our samples.  Endosome or membrane binding proteins, such as 

RAB5, are expected to be present in exosomes (Lotvall et al., 2014), and we detected 

RAB5 in our samples.  Nuclear histones, such as H3, should be absent in exosomes, 

but are present in some other EV types (Lotvall et al., 2014), and we did not observe H3 

in our preparations.  Overall, our biochemical characterization of our exo-EV 

preparations meets and exceeds the requirements recommended by the International 

Society for Extracellular Vesicles for the characterization of exosomes.  

 We also utilized NTA to assess the size of exo-EVs, and to determine the 

concentration of exo-EVs in our samples.  We found that HPV16 E6/E7-expressing 

HFKs release three distinct populations of exo-EVs of 67, 89 and 121 nm in diameter.  

This might seem surprising, as it is generally assumed that exosomes are a 

homogeneous population.  However, a recent study revealed that multiple cell types 

release more than one subpopulation of exosomes (Willms et al., 2016).  These 

subpopulations were shown to carry different protein and RNA cargoes, suggesting that 

they may have distinct biological activities on recipient cells (Willms et al., 2016).  

Hence, HPV16 E6/E7 expressing HFKs may also release several exo-EV 

subpopulations and it will be interesting to determine whether they each carry unique 

cargoes, and have different activities on neighboring cells.  Due to the amount of 

sample required for NTA, we were only able to investigate exo-EV size distributions 

from HPV16 E6/E7 expressing HFKs and it will be fascinating to elucidate whether or 

not HPV16 E6/E7 expressing cells induce alterations in the abundance of specific exo-

EV populations. 
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 There are only a few studies of miRs contained in exosomes secreted from HPV 

expressing cells and clinical lesions (Chiantore et al., 2016; Honegger et al., 2013; 

Honegger et al., 2015).  One previous study found miR-222-3p to be significantly 

expressed in exosomes from HPV16 expressing HFKs (Chiantore et al., 2016).  We 

also found miR-222-3p to be upregulated in our HPV16 E6/E7 exo-EV samples.  

Interestingly, this miR is downregulated in HPV16 E6/E7 expressing HFKs but 

upregulated in exo-EVs released from the same cells.  The same study (Chiantore et 

al., 2016) also detected miR-320a in exosomes and we found miR-320a to be 

expressed in exosomes released from HPV16 E6/E7 expressing HFKs as well.  This 

miR was upregulated in HPV16 E6/E7 HFKs but downregulated in exosomes released 

from these cells.  

 We also observed some overlap with another study, which utilized deep 

sequencing to examine exosomes released from HeLa cells in which expression of 

HPV18 E6/E7 was silenced (Honegger et al., 2015).  Consistent with this study, we also 

detected miR-21-5p, -222-3p, -320a and -378a-3p in our exo-EVs.  Two of these miRs, 

miR-378a-3p and miR-21-5p, are part of the seven miR signature associated with 

HPV18 E6/E7 oncogene expression that was identified in this study (Honegger et al., 

2015).  

 An important finding from our analysis of miR expression in exo-EVs released by 

HPV16 E6/E7 expressing HFKs was that some miRs are expressed similarly in exo-EVs 

and intracellularly whereas others are not.  This is consistent with what has been 

previously reported for cancer-associated EVs.  In some cases, the miR content of 

exosomes mirrors miR expression in the tumor (Rabinowits et al., 2009; Taylor and 



! 160 

Gercel-Taylor, 2008).  However, in other cases, some miRs are much more highly 

abundant in exosomes than within tumor cells, suggesting that these miRs are 

preferentially packaged in exosomes (Jaiswal et al., 2012; Pigati et al., 2010).  Any 

miRs that are expressed at lower or higher levels in exosomes released from HPV16 

E6/E7 expressing cells compared to control HFKs (Table 4.1) may potentially serve as 

biomarkers for HPV-associated diseases and cancers.  Candidates include miR-21-5p, 

identified in our study and one other (Honegger et al., 2015), as well as miR-222-3p, -

320a and -378a-3p that were observed in our experiments and two other studies 

(Chiantore et al., 2016; Honegger et al., 2015).   

 Pathway analysis of the miRs that are differentially expressed in HPV16 E6/E7 

HFK secreted exo-EVs than intracellularly suggest that these miRs inhibit necrosis and 

apoptosis.  While the z-scores associated with necrosis and apoptosis were not 

significant, this is likely due to the small list of miR analyzed.  The transfer of exosomes 

by other cell types to recipient cells has been previously linked to effects on apoptosis 

(Rivoltini et al., 2016; Yang et al., 2015) and necrosis (Nong et al., 2016) and our data 

suggest that expression of HPV16 E6/E7 inhibits apoptosis and necrosis in neighboring 

normal cells through miRs secreted in exo-EVs.  Supporting this finding, one of the few 

previous studies of HPV-associated miRs in exosomes reported that several of E6/E7-

dependent exosomal miRs were linked to control of cell proliferation and apoptosis 

(Honegger et al., 2015).  
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Overall Implications of Our Studies 

This dissertation investigates the perturbation of host cellular miRs by the high-

risk HPV16 oncoproteins E6 and E7.  Through these studies, we have advanced our 

knowledge of HPV-associated miRs. A visual diagram depicting the subject matter of 

each of the three data chapters of this dissertation and how they are related is shown in 

Figure 5.1.   

In Chapter 2, we found that expression of HPV16 E6/E7 alters the expression of 

individual miRs and whole clusters of miRs.  Integration of miRseq and RNAseq data 

allowed us to observe that miR regulation is an important mode of posttranscriptional 

regulation of gene expression in HPV16 E6/E7 expressing HFKs.  Bioinformatic 

pathway analysis of these results also revealed that miR-modulated RNAs are involved 

in distinct canonical pathways in HFKs expressing HPV16 E6/E7 and that regulation of 

miRs by HPV16 E6/E7 contributes to the biological activity of these oncoproteins.  

Around half of RNAs targeted by miRs in HPV16 E6/E7 expressing HFKs may be 

targeted by more than one miR and, as one would anticipate, miR-modulated RNAs are 

also regulated by other mechanisms.  Our data indicate that miR alterations in HPV-

associated tumors are likely caused by HPV E6/E7 expression and some of the miR-

mRNA pairs identified in this study may be potential “drivers” of HPV carcinogenesis.  

Additionally, our results suggest that a core set of miRs may be altered in all HPV-

associated epithelial cancers as a result of HPV16 E6/E7 expression, whereas some 

miRs may be specific to an HPV-associated cancer of a particular anatomical site.  

Some miRs modulated by expression of HPV16 E6/E7 are TP53 or E2F responsive and 

other miRs are altered by HPV16 E6/E7 through other mechanisms.  Our findings also  
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Figure 5.1  Visual dissertation overview.  This diagram depicts the subject matter of 

each of the three data chapters of this dissertation and how they are connected.  

Chapter 1 investigates HPV16 E6/E7 modulation of miR-mRNA target pairs.  Chapter 2 

examines a mechanism HPV16 E6/E7 may utilize to alter miR expression, through 

perturbation of the miRNA biogenesis enzymes DROSHA and DICER.  Chapter 3 

analyzes the modulation of miRs in extracellular vesicles resulting from HPV16 E6/E7 

expression.  More details are found in the text in Chapters 2 to 5.  
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show that expression of miRs can be perturbed by one or both oncoproteins.  

Ultimately, modulation of miRs by HPV16 E6/E7 plays an important role in the dramatic 

rewiring of cellular gene expression that results from expression of the two 

oncoproteins, eventually leading to cellular transformation and HPV-associated cancers. 

In Chapter 3, we investigate the effect of HPV16 E6/E7 expression on the miR 

biogenesis machinery.  Our results show that expression of HPV16 E6/E7 alter 

expression of two key enzymes in the canonical miR biogenesis pathway, DROSHA 

and DICER.  Examining known DROSHA responsive miRs, we found that some HPV16 

E6/E7 mediated changes in cellular miR expression may be through a mechanism 

involving increased DROSHA expression.  A comparative pathway analysis also 

revealed that many similar molecular and cellular functions are associated with both 

DROSHA regulated and HPV16 E6/E7 modulated miRs.  Lastly, taking into account 

miR biogenesis independent activities of DROSHA and DICER, increases in their 

expression as a result of HPV16 E6/E7 may also contribute to cervical carcinogenesis 

through additional miR independent mechanisms.   

In Chapter 4, we examine the expression of miRs in exo-EVs released from 

HPV16 E6/E7 expressing HFKs.  Investigation of the size of exo-EVs revealed that 

expression of HPV16 E6/E7 may result in release of several exo-EV subpopulations 

and these subpopulations may carry distinct cargoes and thus, have different effects on 

neighboring cells.  A key finding from our analysis of miR expression in exo-EVs 

released by HPV16 E6/E7 expressing HFKs was that some miRs are expressed 

similarly in exo-EVs and intracellularly whereas others are not.  This implies that some 

miRs expressed in exo-EVs released from HPV16 E6/E7 expressing HFKs may be 
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candidate biomarkers of HPV16 E6/E7 expressing cells whereas other miRs may be 

selectively packaged into exo-EVs released from HPV16 E6/E7 expressing HFKs.  Any 

miR expressed at higher or lower levels in exo-EVs released from HPV16 E6/E7 

expressing cells compared to normal HFKs may serve as a biomarker for HPV-

associated diseases and cancers.  Finally, pathway analysis of differentially expressed 

miRs in HPV16 E6/E7 HFK secreted exo-EVs suggest that these miRs may inhibit 

necrosis and apoptosis.  These data imply that expression of HPV16 E6/E7 may inhibit 

apoptosis and necrosis in neighboring normal cells through miRs secreted in exo-EVs.   

Ultimately, our studies show that HPV16 E6/E7 manipulate the expression of 

cellular and extracellular miRs and one mechanism HPV16 E6/E7 may use to 

accomplish this is through perturbation of the miRNA biogenesis enzymes DROSHA 

and DICER.  Our RNAseq data of potential targets and pathway analysis indicates that 

miR alterations by HPV16 E6/E7 are important for a multitude of cellular processes.  

The following sections discuss the results of each dissertation chapter in more depth. 

 

Chapter 2:  Modulation of microRNA-mRNA Target Pairs by Human 

Papillomavirus 16 Oncoproteins 

 The high-risk HPV E6 and E7 oncoproteins are the drivers of cell transformation 

that ultimately lead to HPV-associated cancers.  In this chapter, we aim to 

systematically identify miRs modulated by expression of HPV16 E6/E7 that may have 

functional implications in high-risk HPV biology.  Towards this goal, we utilized deep 

sequencing to examine miR expression in undifferentiated HFKs to understand how 

miRs are perturbed as a result of HPV16 E6/E7 expression.  Importantly, we also 
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examined changes in RNA expression as a result of HPV16 E6/E7 by deep sequencing 

in parallel, to understand how potential target RNAs may be regulated by miRs.   

 There are four particularly unique aspects that differentiate our study from others.  

First, we examine miR expression in undifferentiated HFKs, which are biologically 

relevant given HPV-associated cancers typically arise from undifferentiated basal 

epithelial cells.  Additionally, given HPVs alter epithelial cell differentiation, it is unclear 

whether previously reported changes in miRs are directly caused by HPV gene 

expression or represent outcomes of HPV-induced changes in epithelial cell 

proliferation and differentiation.  While these studies are useful, particularly for the 

discovery of potential biomarker miRs (Wang et al., 2014), we aimed to concentrate our 

efforts on identifying miR changes resulting from HPV16 E6/E7 expression in 

undifferentiated HFKs.  

 Second, we focus specifically on changes in miRs resulting from expression of 

the two viral oncoproteins given they are consistently expressed in HPV-associated 

cancers rather than utilizing the whole genome or HPV-associated tissues.  Third, we 

employ deep sequencing to examine miR expression changes, a superior and powerful 

method of miR analysis, which has only been used in a few studies of HPV-associated 

miRs to date (Gunasekharan and Laimins, 2013; Wang et al., 2014).   

 Lastly, we utilized RNAseq combined with a miR-mRNA pairing analysis to 

concurrently examine changes in potential miR targets, to begin to understand the 

potential impact of miR-mediated regulation in HFKs expressing HPV16 E6/E7.  We feel 

our study is comprehensive given that it combines miRseq, RNAseq and a miR-mRNA 

pairing analysis to assess both miR and RNA expression, culminating in a view of the 
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potential influence of miR regulation on overall gene expression in HFKs expressing 

HPV16 E6/E7. 

 Comparing our results to key findings that have been previously published in the 

field of miRs, high-risk HPVs and cervical cancer, we observe some similarities and 

some differences.  It is not surprising that we observe both similarities and differences 

between our data and others given the variety in experimental conditions utilized, cell 

types assayed and method of analyzing miR expression.  Our study is one of few which 

used deep sequencing to analyze miR expression (Gunasekharan and Laimins, 2013; 

Wang et al., 2014) and unique, given it was combined with RNAseq to examine the 

regulation of potential miR targets.  

 Two key studies also used miRseq to analyze miR expression in raft cultures 

infected with HPV18 (Wang et al., 2014) or HPV31 (Gunasekharan and Laimins, 2013). 

Comparing trends in regulation of miR expression to miRs identified in these key 

studies, which used a similar method of miR analysis, we observe 54-70% overlap 

between our data and these previously published results.  These differences are to be 

expected given both studies analyze miRseq data of small RNA from other high-risk 

HPV (HPV18 or HPV31) infected and uninfected rafts cultures of differentiated epithelial 

cells.  Our results are from HPV16 E6/E7 oncoprotein expressing undifferentiated HFKs 

and miR expression is known to be cell type and tissue-specific (Ludwig et al., 2016). 

 Almost all cervical cancers are caused by high-risk HPVs (Winer et al., 2006), 

however, high-risk HPV infections also account for 95% of anal cancers, 70% of 

oropharyngeal cancers (Chaturvedi et al., 2011), 60% of vaginal cancers, 50% of vulvar 

cancers and 35% of penile cancers (Gillison et al., 2008).  Given HPV16 is by far the 
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most prevalent HPV type detected in these cancers, we also compared our data to miR 

profiling studies of other HPV-associated cancers.  A study of HPV positive anal 

carcinomas identified the up-regulation of miR-15b as strongly associated with the 

expression of several E2F-regulated genes (Myklebust et al., 2011).  The expression of 

miR-15b was also up-regulated in HFKs expressing HPV16 E6/E7 in our study.  We 

observe overlap in differentially expressed miRs from HPV positive squamous cell 

carcinomas of the head and neck (HNSCC), in particular, overexpression of miR-363, 

miR-33 and decreased expression of miR-181a and miR-142-5p (Wald et al., 2011).  

Our results also agree with another HNSCC study showing up-regulation of miR-20b 

and miR-9 (Hui et al., 2010), which were significantly associated with p16 status, a 

surrogate marker for HPV infection.  There is also some overlap of our results with miR 

expression data from HPV positive vulvar carcinoma.  In particular, two miRs correlated 

with clinical, anatomical and pathologic features in vulvar cancers, miR-223-5p and 

miR-19b-1-5p (de Melo Maia et al., 2013), which were also decreased in HPV16 E6/E7 

expressing HFKs.  Additionally, our results agree with a study of a HPV positive penile 

squamous cell carcinoma, which showed a decrease in miR-23b and miR-145 levels, as 

well as an increase in expression of miR-196a (Barzon et al., 2014).  

 Interestingly, some of the key changes in miR expression as a result of HPV16 

E6/E7 in HFKs are in close agreement with changes observed in HPV positive HNSCC.  

In particular, the miR we observe to be most up-regulated, miR-363-3p, has been 

shown to up-regulated in HPV+ HNSCC cell lines (Wald et al., 2011) and tumors 

(Chapman et al., 2015).  This up-regulation has been shown to be the result of specific 

expression of E6 (Wald et al., 2011), which we also confirm in our study.  Additionally, 
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two other miRs that are highly up-regulated in response to HPV16 E6/E7 expression in 

HFKs, miR-20b and miR-9, were also found to be up-regulated in HPV positive HNSCC 

(Hui et al., 2010).  Others have reported that HPV positive HNSCC is significantly more 

similar to HPV positive cervical squamous cell carcinoma (CSCC) than HPV negative 

HNSCC or CSCC based on miR (Lajer et al., 2012) and mRNA profiles (Pyeon et al., 

2007).  Our results appear to suggest this as well, perhaps supporting the idea that a 

core set of miRs may be altered in all HPV-associated cancers as a result of HPV16 

E6/E7 expression, whereas some miRs may be specific to an HPV-associated cancer of 

a particular anatomical site. 

 Our study showed that expression of HPV16 E6/E7 in HFKs results in changes in 

expression of individual miRs but also entire groups of genomically clustered miRs.  By 

altering expression of miRs that may function cooperatively, changes in expression of 

downstream targets may be more sensitive to small changes in miR expression.  

Therefore, the ability of HPV16 E6/E7 to alter expression of miR clusters, in addition to 

individual miRs, greatly enhances the ability of HPV16 E6/E7 to regulate miR targets 

and pathways they are involved in. 

 Comparing to a literature review study, which compiled information on the 

expression of miR clusters in cervical cancer (Servin-Gonzalez et al., 2015), we 

observed some of the same miR clusters altered by expression of HPV16 E6/E7 in our 

study.  Specifically, expression of the miR-106a~363, -106b~25, -29a~29b-1, -34b~34c 

and -181a-1~181b-1 clusters was perturbed both by HPV16 E6/E7 and in cervical 

cancers.  Changes in the expression of multiple miRs by HPV16 E6/E7 through 

manipulation of miR clusters may promote an environment that is more suitable for the 



! 176 

viral lifecycle or viral oncogenesis.  As an example, HPV16 E6/E7 up-regulates all miRs 

that are part of the oncogenic miR-106b~25 cluster (Hudson et al., 2013; Poliseno et al., 

2010) and down-regulates all miRs in the miR-34b~34c cluster, which is known to be 

tumor suppressive (reviewed in (Hermeking, 2010)).  However, since HPV16 E6/E7 

perturbs the expression of many miR clusters, both oncogenic and tumor suppressive, 

the overall outcome of altering miR cluster expression is unclear. 

 Overall, our data show agreement with other studies of high-risk HPV associated 

miRs, as well as, studies of alteration of miRs in several HPV-associated cancers, in 

particular HNSCC.  While we would not expect our data to perfectly overlap with other 

studies due to differences in experimental conditions and analysis methods, the 

similarities we observe are encouraging and provide validation for the results of our 

study. 

 
 While previously conventional studies of single miRs and their targets were 

useful, this paradigm of research in the miR field has now been mostly replaced with 

studies of many miRs and their targets at once.  This is, in part, due to advances in 

methods for the detection of miRs and identification of their targets, as well as 

decreases in cost associated with these methods.  However, a more compelling reason 

is the fact that humans encode ≥ 2,500 mature miRs and we know that miRs do not 

function alone in the human body.  A single miR can regulate hundreds of targets, but 

aberrant miR expression can influence a multitude of target transcripts, as well as 

signaling pathways.  For these reasons, we aimed to investigate global changes in miRs 

and their potential target RNAs as a result of HPV16 E6/E7 expression in HFKs.  
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Interestingly, our results showed more miRs up-regulated rather than down-regulated in 

response to expression of HPV16 E6/E7.   

 While reduced levels of miRs are often observed in tumors due to genetic loss, 

epigenetic silencing, defects in miR biogenesis or widespread transcriptional repression 

(Chang et al., 2008; Lu et al., 2005), our results are unsurprising, as our experimental 

system may more closely mimic a low grade cervical intraepithelial neoplasia, rather 

than a late-stage malignant tumor.  Our experimental system includes expression of 

HPV16 E6/E7 in early passage undifferentiated HFKs, which are the primary target of 

HPV infection in males.  While undifferentiated basal epithelial cells may be the cells 

from which a cervical cancer arises, cervical cancers arise years or decades after initial 

infection.  Perhaps, over time, the host miR expression profile in the presence of 

continued HPV16 E6/E7 expression would change to a more repressed phenotype, as 

miR expression is known to be context-specific.  Further studies are necessary to 

understand why more miRs are up-regulated in response to HPV16 E6/E7 expression 

and the biological consequences of this phenomenon. 

 There are many methods of identification of potential miR targets and no method 

is necessarily superior, each has caveats associated with it.  An important consideration 

when selecting methods is whether the focus of the study is on a single or select few 

miRs or a large group of miRs.  Since the focus of our study was how expression of 

HPV16 E6/E7 globally perturbed host miR expression, we chose a method that would 

allow us to examine potential targets of many miRs.   

 Our method combined miRseq and RNAseq from the same set of samples, 

followed by miR-mRNA target pairing utilizing predicted and experimentally verified miR 
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targeting information from numerous sources.  This well-controlled experimental method 

allowed us to study the endogenous expression of miRs, without the need for artificial 

overexpression of miRs, which is necessary for some target identification methods.  

Non-natural overexpression of miRs can result in experimental artifacts, including 

increased off-target effects and/or false positives (reviewed in (Eulalio and Mano, 

2015)).  While some effects of overexpression can be countered by miR inhibition, the 

inhibition of highly expressed miRs or miRs from the same family can prove technically 

challenging.  Additionally, our method, unlike other methods based on AGO crosslinking 

and immunoprecipitation (reviewed in (Hausser and Zavolan, 2014)), did not depend on 

the strength of interaction between a miR and the RNA-induced silencing complex 

(RISC) or on miR abundance.  Our method also allowed us to examine potential miR 

targets in a biologically relevant cell environment to detect potential cell-specific natural 

targets.   

 However, our method, like other methods, was not without caveats.  Our method 

yielded both direct and indirect potential miR targets and any changes in potential miR 

targets are part of a pool of indirect changes in transcript abundance as a result of 

HPV16 E6/E7 expression.  Given this information, we only focused on RNAs that were 

inversely correlated in expression with their respective miR.  As a result, we likely 

overlooked the effects of miR regulation that results in “fine tuning” or balancing of gene 

expression, as well as miRs whose effects are masked by the effects of other more 

potent miRs or other upstream regulators altogether.  As an example, miR-203a-3p has 

1,032 potential predicted or experimentally validated targets revealed via the miR 

Target Filter analysis in IPA.  When we limit potential targets to just those present in our 
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RNAseq data, the number of potential targets decreases dramatically to 151 potential 

targets.  As mentioned in the Chapter 2 results, when we employ the expression-pairing 

filter and focus only on RNAs with inverse expression to the miR, the resulting number 

is 85 potential targets.  However, there are 66 other potential targets of miR-203a-3p 

with expression that is not inversely correlated to expression of the miR.  It is possible 

that miR-203a-3p is still regulating these RNAs but, the outcome of gene expression in 

the presence of HPV16 E6/E7 is likely regulated via other mechanisms, which 

overcome or negate the regulatory effect of miR-203a-3p.  Overall, it is important to 

emphasize that not all of the RNA expression changes observed in our study are due to 

miR regulation, further experimental validation will be required to conclusively determine 

which expression changes can be linked to miR expression.   

 Additionally, our method did not allow detection of the precise location of miR 

binding sites, as other methods can.  More importantly, some miR targeting occurs at 

the level of translation repression and our method of detecting potential targets would 

overlook those potential targets.  Despite missing some targets regulated by miRs at the 

level of translation, it has been shown that the majority of miR-mediated repression 

(~84%) is attributed to decreased mRNA abundance (Guo et al., 2010).  Therefore, it is 

likely that the majority of potential miR targets would be detected via our method. 

Ultimately, our large scale, unbiased method allowed us to uncover gene networks 

potentially regulated by miRs, rather than individual miR: target interactions, which was 

the goal of our study. 

 A strength of our study is the ability to identify miRs based on their potential to 

regulate gene expression in HFKs expressing HPV16 E6/E7.  Most studies have 
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identified miRs of importance based on miR abundance alone.  This method is practical, 

given the need for detection of the miR in various downstream assays, which 

sometimes require high amounts of starting material.  However, the possibility exists 

that some miRs of lower abundance may be overlooked.  Our method of combining 

miRseq and RNAseq data, along with the target pairing analysis, allowed us to identify 

both high and low abundance miRs with the potential to regulate gene expression.  

Importantly, we were able to identify miRs of low abundance but with high potential to 

regulate gene expression as evidenced by a high number of potential targets.  For 

example, miR-4532, upregulated only 3 fold in HFKs expressing HPV16 E6/E7, was 

paired with 90 potential targets.  This miR, and others, likely would not have been 

considered particularly important had our study been based on miR abundance alone. 

 Another strength of our study is the ability to examine the potential effect of miR-

mediated regulation on overall gene expression in HFKs expressing HPV16 E6/E7.  In 

particular, our study provides clues on how HPV16 E6/E7 alteration of miRs may impact 

gene expression.  We observed 67.8% of potential target RNAs inversely correlated 

with expression of their respective miRs, suggesting the potential for miR-mediated 

regulation of these RNAs.  It is possible that this number could be even higher, as we 

utilized relatively strict fold change cut-offs for miR expression (-3 ≥ FC ≥ 3).  It has 

been estimated by others that 60% of all mRNAs are controlled by miRs and our results 

agree closely with these estimations (Bartel, 2009).  Based on this observation, it has 

been suggested that miR regulation is the most abundant mode of posttranscriptional 

regulation (Jansson and Lund, 2012) and the results of our study supports this notion as 

well. 
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 As expected, we observed many RNAs regulated by more than one miR.  In fact, 

employing our threshold cut-offs, we observed 49% of potential targets to be regulated 

by more than one miR.  The percentage may be depressed due to our stringent cut-off 

values for the miRseq and RNAseq data.  Interestingly, if we examine the average fold 

change of RNAs potentially targeted by one miR versus more than one miR, we 

observe that RNAs targeted by just one miR, on average, are slightly more highly up-

regulated/down-regulated compared to RNAs targeted by more than one miR.  

Specifically, RNAs potentially targeted by just one miR in our study were up-regulated 

3.9 fold and down-regulated 13.0 fold, on average.  However, RNAs potentially targeted 

by more than one miR were up-regulated 3.4 fold and down-regulated 5.7 fold, on 

average.  While one might hypothesize that RNAs targeted by more than one miR might 

be more highly up-regulated or down-regulated, the changes observed in RNA 

expression are not solely the result of miR regulation and could be the result of indirect 

changes in RNA expression as a result of HPV16 E6/E7 expression. 

 If we compare RNAs targeted by just one miR to RNAs targeted by more than 

one miR utilizing IPA, we notice some significant differences and similarities based on 

activation z-score values (-2 ≥ z-score ≥ 2).  Analysis of RNAs targeted by more than 

miR indicates that the following pathways are significantly inhibited compared to RNAs 

targeted by just one miR: endothelian-1 signaling (z score= -2.11), p38 MAPK signaling 

(z score= -2.12)  and G1/S checkpoint regulation (z score= -2.24).  In contrast, the ATM 

signaling pathway is significantly activated (z score= 2.24) upon analysis of RNAs 

targeted by just one miR compared to RNAs targeted by more than one miR. 
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 When we compared a pathway analysis of the miR-mRNA pairing data to an 

analysis of the entire RNAseq data set, we observed some similarities and some 

differences.  Both data sets were found to be associated with cancer and reproductive 

system disease.  Several molecular and cellular functions were also the same between 

the data sets, including cellular movement and cell morphology.  However, some 

molecular and cellular functions appeared to be specifically associated with changes in 

mRNAs that may be targets of miRs.  In particular, cellular development, morphology, 

growth and proliferation were identified to uniquely involve RNAs that are potential 

targets of miRs in HFKs expressing HPV16 E6/E7.  Additional analyses utilizing IPA 

revealed canonical pathways that significantly differ between the two datasets based on 

activation z-score values (-2 ≥ z-score ≥ 2).   These analyses reveal cyclins, cell cycle 

regulation (z score= 2.33) and estrogen-mediated S-phase entry (z score= 2.24) to be 

significantly activated and aryl hydrocarbon reception signaling to be significantly 

inhibited (z score= -2.45) in the RNAseq data set of all RNAs altered by expression of 

HPV16 E6/E7.  In contrast, ATM signaling (z score= 2.12) was significantly activated 

based on analysis of RNAs with the potential to be miR targets.   

 These results suggest that RNAs with the potential to be targets of miRs altered 

by expression of HPV16 E6/E7 are involved in distinct canonical pathways, molecular 

and cellular functions that may be relevant in the context of HPV biology.  Additionally, 

these results imply that HPV16 E6/E7 regulation of cellular miRs and their potential 

downstream targets is an important function of these two transforming oncoproteins. 
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Contributions to the Field 

 Our study is the first comprehensive, combined analysis of miRseq and RNAseq 

data, together with a target pairing analysis, in the field of HPV-associated miRs.  These 

data provide a glimpse of how expression of HPV16 E6/E7 may be altering gene 

expression on a global scale through miRs.  We have validated the expression of miRs 

previously reported in the literature, as well as identified new miRs regulated by HPV16 

E6/E7 that may subjects of future studies.  While validating previously reported miRs 

may not seem like an important contribution, there is so much variation in miR profiling 

in HPV associated cells and tissues due to differences in samples and experimental 

techniques.  Therefore, it is imperative to compare miR profiling studies in the field to 

get a sense of key miRs involved in HPV biology that show similar trends in expression 

across many studies.  It is expected to observe similarities and differences when 

comparing studies but there may be core groups of miRs that are similarly altered 

across high-risk and low-risk HPV types, for example.  Importantly, the information 

generated from these studies we consider to be a “treasure trove” of data that will fuel 

many future studies in our laboratory, as well as other laboratories. 

 

Future Work 

 There are many future experiments that could evolve from the large miRseq and 

RNAseq datasets generated in these studies.  A valuable addition to our study would be 

large scale validation of miR regulated mRNAs.  With unlimited resources, the most 

comprehensive method would likely be performing RNAseq in HFKs in the presence of 

individual or multiple miR inhibitors and controls.  We have also been interested in 
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determining functional consequences of some of the miRs identified in the miRseq 

experiments that, based on our miR-mRNA pairing data, have potential to regulate large 

numbers of target mRNAs.  Previously, we have examined cell viability, wound healing, 

growth in soft agar and senescence using miR inhibitors to look for functional effects of 

individual miRs on these processes.  We saw very little effect on these processes when 

inhibiting expression of individual miRs, likely given the majority of miRs participate in 

“fine-tuning” of gene expression.  Since we observed HPV16 E6/E7 alters the 

expression of miRs in clusters, it would be interesting to knockdown whole miR clusters 

and then determine by process of elimination which individual miR(s) are responsible for 

an observed phenotype.  Additionally, our pathway analysis data could provide clues on 

other functional assays to pursue.  We could also utilize various mutant of HPV16 E6 

and/or E7 to determine regions of the oncoproteins that appear to be important for miR 

regulation, as well as compare miR alterations by other high-risk or low-risk HPV E6 

and E7 oncoproteins. 

 

Chapter 3:  Perturbation of DROSHA and DICER Expression by Human 

Papillomavirus 16 Oncoproteins 

 It is clear from our studies and others that expression of the HPV16 oncoproteins 

E6 and E7 alters expression of host miRs.  A key question in the field that has not been 

addressed is the mechanism(s) through which HPV16 E6 and E7 affect expression of a 

multitude of human miRs.  While there are many known ways in which miR expression 

can be altered in cancers, and it is likely that expression of HPV16 E6 and E7 alter miR 

expression through multiple mechanisms, in Chapter 3 we address the possibility that 
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E6 and E7 may manipulate key enzymes in the miR biogenesis pathway to perturb host 

miR expression. 

 We focused our efforts on examining the two major enzymes involved in the 

canonical miR biogenesis pathway, DROSHA and DICER.  It is clear from large-scale 

cancer genomics data sets that DROSHA and DICER are commonly altered in cancers, 

with DROSHA most frequently amplified and DICER most often mutated across multiple 

cancer types.  Of interest to this study, DROSHA and DICER are also genomically 

altered in cervical cancers and RNA and protein levels are elevated in cervical cancer 

tissue samples.  We observed elevated RNA levels of DROSHA and DICER in the 

HPV16 positive CaSki and SiHa cervical cancer cell lines.  DROSHA levels were only 

slightly increased in HPV18 positive HeLa cells and DICER levels were lower than the 

HFK control in this cell line.  DROSHA and DICER levels were decreased compared to 

HFK controls in HPV negative C33A cells in our study.  Our data differ from a previous 

report examining DROSHA RNA levels in cervical cancer cell lines including HeLa, SiHa 

and C33A (Zhou et al., 2013). DROSHA was most upregulated in HeLa cells, least 

upregulated in C33A cells and an intermediate level of DROSHA upregulation was 

observed in SiHa cells.   

 Our results may differ due to the use of different controls in our study compared 

to the previous study.  In our study, HFKs were utilized as a control and in the previous 

study the authors utilize CRL2614 cells, which they refer to as a normal cervical 

epithelial cell line, as well as three, independent primary cultures of normal cervical 

epithelial cells were utilized.  Utilizing CRL2614 cells as a control is not ideal for these 

experiments, as these cells are transformed by expression of HPV16 E6/E7 (ATCC) 
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and thus, should not be considered “normal.”  Even the normal cervical epithelial cells 

were harvested from hysterectomy samples from women with diseases unrelated to the 

cervix, which also may not be an ideal (Muralidhar et al., 2007).  While it is difficult to 

find a perfect control, we feel HFKs are a good control as they are freshly harvested 

from neonatal foreskin, the target tissue of HPV infection of males.  These primary cells 

are kept at low passage and are not transformed or derived from diseased patients.  

Ultimately, these important differences in controls may account for the differences we 

observe in DROSHA and DICER levels in cervical cancer cell lines. 

 We hypothesize that the differences in DROSHA and DICER levels observed in 

the HPV18 positive HeLa cell line may be due to the difference in high-risk HPV type, 

although we do not directly test this in this chapter.  An important finding that served as 

an impetus for the additional experiments in this chapter was that DROSHA and DICER 

RNA levels were not elevated in the HPV negative C33A cervical cancer cell line.  This 

result led us to question if the HPV status of the cervical cancer cell line studied was 

related to alterations in DROSHA and DICER RNA levels and our data from cervical 

cancer cell lines appeared to fit this pattern. It is important to point out that C33A cells 

are also deficient for BRG-1(Dunaief et al., 1994), a component of the SWI/SNF 

complex, and alterations like this may account for the discrepancies we observed in 

DROSHA and DICER RNA levels we observed in C33A cells.   Given the high-risk HPV 

oncoproteins are the causative agents of HPV associated cancers at the molecular 

level, we wondered if differences in DROSHA and DICER levels were correlated with 

expression of HPV16 E6/E7.  To address this hypothesis, we examined DROSHA and 

DICER levels in HPV16 E6/E7 expressing HFKs and in the HPV negative C33A cell 
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line. 

 Our data in HPV16 E6E7 expressing HFKs showed that DROSHA and DICER 

RNA and protein levels are elevated compared to control HFKs.  The observed 

upregulation in DROSHA and DICER RNA and protein levels appears to mediated 

mainly through HPV16 E6.  Given expression of the high-risk HPV oncoproteins alone 

results in changes in DROSHA and DICER levels suggests that the elevated levels we 

observed in HPV positive cervical cancer cell lines may be due to expression of the 

HPV oncoproteins.  To further test this, we also introduced the HPV oncoproteins into 

the HPV negative C33A cell line through both transient transfection and stable 

transduction.  Expression of HPV16 E6/E7 in C33As results in an increase in DROSHA 

RNA levels, although not to the same extent as in HFKs or in HPV positive cervical 

cancer cell lines.  The data for stably transduced C33As showed an increase in 

DROSHA RNA levels, however, it was not a statistically significant increase so these 

data were not included in this chapter.  Nevertheless, expression of HPV16 E6/E7 in 

HFKs and in C33As results in elevated DROSHA levels, suggesting the alterations in 

DROSHA may be due to expression of HPV16 E6/E7.  Additionally, these data may 

indicate that DROSHA upregulation is independent of TP53 or pRB given both tumor 

suppressors are mutated in C33A cells (Scheffner et al., 1991) and HPV16 E6/E7 are 

expressed. 

 One explanation for increased DROSHA levels mainly being mediated by HPV16 

E6 may be related to degradation of the tumor suppressor TP53 by HPV16 E6, which 

blunts the TP53 transcriptional response.  TP53 has been shown to enhance the 

biogenesis of several growth-suppressive miRs in response to DNA damage (Suzuki et 
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al., 2009).  In particular, TP53 interacts with the DROSHA processing complex through 

p68 (DDX5), facilitating the processing of primary miR to precursor miR in some cell 

types.  Transcriptionally inactive TP53 mutants interfere with assembly of the DROSHA 

complex and p68, resulting in impaired miR processing (Suzuki et al., 2009).  Perhaps 

in HFKs with expression of HPV16 E6 alone or HPV16 E6/E7, DROSHA RNA and 

protein levels increase to overcome this attenuation of miR processing due to a blunted 

TP53 transcriptional response.  DICER RNA and protein levels may then increase to 

compensate for increased DROSHA RNA and protein levels upstream in the miR 

biogenesis pathway. 

 A comparison of previously identified DROSHA associated miRs (Muralidhar et 

al., 2011) with miR expression changes identified in HPV16 E6/E7 expressing HFKs in 

Chapter 2, revealed that expression of the majority of DROSHA-associated miRs are 

similarly altered in HFKs expressing HPV16 E6/E7.  This may indicate that HPV16 

E6/E7 alteration of DROSHA levels may have functional effects on downstream miR 

expression.  Additionally, it has been suggested from studies of SCC that increases in 

DROSHA must exceed a threshold of ~2-4.5 fold change over control and our data from 

HPV16 E6/E7 expressing HFKs exceeds that threshold, further supporting the notion 

that alterations in DROSHA by HPV16 E6/E7 have functional effects on downstream 

miR expression. 

 For the few DROSHA associated miRs that show different trends in expression in 

HFKs expressing HPV16 E6/E7, it is important to note that these DROSHA responsive 

miRs were not originally identified in HFKs.  Given miRs are known to be cell type 

specific, it is possible that some DROSHA associated miRs may be cell type specific.  



! 189 

Additionally, in the previous study, a limited panel of 319 miRs were analyzed 

(Muralidhar et al., 2011) so it is also possible that additional miRs not evaluated in this 

study may be DROSHA responsive. 

 Given that only a subset of 45 miRs were found to be associated with DROSHA 

levels (Muralidhar et al., 2011), we investigated whether any of these miRs were part of 

a cluster or miR family since this was not addressed in the previous study.  We found 

that 18 out of 45 miRs were part of a miR cluster and these 18 miRs made up 8 different 

miR clusters.  Interestingly, 7 miRs out of 45 miRs were part of the let-7 family of miRs, 

which are known to be frequently deregulated in cancers.  Let-7 is most well known as a 

tumor suppressor miR and, as a result, let-7 family members are frequently 

downregulated in many cancer types (Boyerinas et al., 2010).  However, in some 

cancers upregulation of let-7 family members has been observed (Brueckner et al., 

2007; Lawrie et al., 2009; Lu et al., 2007) and, in our study and in (Muralidhar et al., 

2011), all DROSHA associated let-7 family members are upregulated.  The presence of 

miR clusters and families in the group of miRs associated with DROSHA levels may hint 

at a mechanism by which DROSHA is associated with this particular subset of miRs. 

 To identify pathways unique to the DROSHA-associated miRs, we compared a 

core analysis of these miRs to the entire miRseq dataset (-1 ≥  FC ≥  1).  In this 

analysis, we utilized less stringent fold change cutoffs since the reported fold changes 

for the DROSHA-responsive miRs ranged from 1.8-4.2 fold (Muralidhar et al., 2011).  

This comparative analysis revealed that many of the same molecular and cellular 

functions are associated with both groups of miRs, DROSHA responsive and HPV16 

E6/E7 altered.  These data suggest that the “dual targeted” molecular and cellular 
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functions are important for HPV16 E6/E7 to manipulate both through miRs and through 

DROSHA, ultimately leading to effects on downstream miR expression. 

 Additionally, we compared the previously identified DROSHA-associated miRs 

identified to our list of miRs identified in the miR-mRNA pairing analysis in HPV16 

E6/E7 expressing HFKs described in Chapter 2.  We found there was little overlap 

between the DROSHA-associated miRs and miRs of potential functional importance in 

HPV16 E6/E7 expressing HFKs.  This may indicate that DROSHA-responsive miRs are 

distinct from miRs identified to be of potential functional importance in HPV16 E6/E7 

expressing HFKs.  It is also important to note that the fold change cutoffs utilized to 

identify miRs of potential functional importance in Chapter 2 were fairly stringent (-3 ≥  

FC ≥  3) and this may explain the lack of overlap between these two groups of miRs.  It 

is possible that if less stringent fold change cutoffs were employed the overlap between 

these two groups of miRs may be greater.  However, it is not expected that all miRs of 

functional importance will be DROSHA responsive and vice versa. 

 In summary, data from this chapter suggest that the HPV16 oncoproteins may 

alter RNA and protein levels of DROSHA and DICER, two critical enzymes in the 

canonical miR biogenesis pathway. Examination of miRs that are known to be DROSHA 

responsive suggests that HPV16 E6/E7 perturbation of DROSHA levels may have 

functional effects on miR expression.  Further studies will be necessary to full 

understand how HPV16 E6/E7 manipulates the miR biogenesis pathway but this may 

be one mechanism through which the high-risk HPV oncoproteins function to alter host 

miR expression. 
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Contributions to the Field 

 This chapter reveals a new mechanism by which HPV16 E6/E7 may manipulate 

expression of multiple miRs at once.  Although this is likely just one of several 

mechanisms by which HPV16 E6/E7 perturb miR expression, this chapter uniquely 

focuses on alterations in upstream miR regulators, which has been the subject of little 

investigation in the field of HPV-associated miRs.  Most studies of HPV-associated 

miRs have focused solely on miR profiling in HPV-associated cells and tissues or 

followed up on specific, individual miRs and it is important to investigate the key players 

that orchestrate the processes that ultimately result in changes in miR expression. 

 

Future Work 

 There are several key experiments that will be important to complete to solidify 

our observations and these would include knockdown and overexpression of DROSHA 

and DICER.  As discussed in Chapter 3, we attempted these experiments using 

shRNAs and siRNA pools in HFKs with little to no success.  Based on our experience 

with transfection and transduction of primary cells and observations gleaned from the 

literature, we feel that this experimental failure is due to the sensitive nature of the 

primary cells we work with.  A method to try next might utilize electroporation using a 

protocol for difficult to transfect, primary cells.  If we could successfully knockdown or 

overexpress DROSHA and/or DICER, it would be interesting to perform miRseq in 

HFKs with overexpression or knockdown of these key miR biogenesis enzymes, to 

define DROSHA and DICER “responsive” miRs in HFKs.  It would also be worthwhile to 

investigate whether or not HPV16 E6/E7 manipulates other components of the miR 



! 192 

biogenesis machinery. 

 

Chapter 4:  Human Papillomavirus 16 E6 and E7 Oncoprotein Expression 

Alters microRNA Expression in Extracellular Vesicles 

 

 The study of EVs is still in its infancy and there are two key reasons these 

extracellular entities may be valuable in the diagnosis and treatment of human disease.  

First, EVs can be detected in easily accessible bodily fluids and, thus far, it appears that 

in many diseases that are specific patterns of EV cargo that could serve as possible 

prognostic or diagnostic biomarkers.  Therefore, EVs have potential to facilitate earlier 

and less invasive detection of diseases.  Second, since EVs are derived from 

intracellular material, they are being explored as possible packaging tools for the 

delivery of genetic materials and/or drugs.  However, for these ideas to become reality, 

the basic science behind EVs must be further explored and better defined.  As a result, 

any study that provides some additional knowledge of EV biology will be useful and 

contribute to the future use of EVs as biomarkers and tools for therapeutic delivery.  Our 

study examined how EV-associated miRs are altered by expression of the two high-risk 

HPV oncoproteins E6 and E7, which are the causative agents of HPV-associated 

cancers.   

 Exosome isolation and characterization are still considered scientific challenges 

(Lotvall et al., 2014; Szatanek et al., 2015). Therefore, it is important to discuss the 

isolation method utilized in this chapter.  Since there is no consensus on a “gold 

standard” method for exosome isolation, it cannot be claimed that there is an optimal 
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method that should be used (Lotvall et al., 2014).  Differential ultracentrifugation is a 

traditional and reliable method for the isolation of exosomes (Jeppesen et al., 2014).  

However, there are some issues associated with this method and newer methods are 

less time consuming and more compatible with limited biological samples.  Several 

studies have shown that centrifuging at high speeds can result in fusion of particles with 

contaminants and other proteins, disturbing their physical properties (Linares et al., 

2015; Rood et al., 2010; van der Pol et al., 2012).  Additionally, applying centrifugal 

forces over multiple cycles, while advantageous for the removal of cellular debris and 

contaminants, can result in lower and more variable exosome yield (Alvarez et al., 

2012).  

 We employed a newer, less tedious alternative to differential ultracentrifugation 

using a commercial kit for the isolation of exo-EVs in our study.  The commercial kit we 

utilized has been thoroughly compared to differential ultracentrifugation and several 

other methods and validated to be an excellent alternative to differential 

ultracentrifugation for the isolation of exosomes (Helwa et al., 2017).  Specifically, the 

reagent utilized in our study interacts with water molecules in the sample, thereby 

forcing less soluble sample components, like EVs, out of solution.  The EVs can then be 

collecting by a short, low-speed centrifugation rather than a long, high-speed 

ultracentrifugation.  However, our method, and other methods, may not selectively 

enrich for exosomes and may also co-isolate other contaminating factors, like 

extracellular RNA binding proteins (Van Deun et al., 2014).  For this reason, we are 

careful to refer to the EVs in our samples as exosome-enriched extracellular vesicles 

(exo-EVs) rather than exosomes. 
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 To evaluate the presence of exo-EVs in our samples, we followed 

recommendations from a publication of the International Society for Extracellular 

Vesicles describing the minimal acceptable experimental requirements to claim the 

presence of EVs (Lotvall et al., 2014).  EVs must be isolated from extracellular fluids 

and we harvested our exo-EVs from the conditioned cell culture medium of HFKs 

expressing HPV16 E6/E7 or controls.  Next, we examined the protein cargo of our exo-

EVs by Western blotting analysis.  While there are no true “exosome specific” markers, 

there are proteins that appear to be “exosome-enriched” that can be analyzed and it is 

recommended to examine three or more of these proteins at a minimum (Lotvall et al., 

2014).  In particular, it is recommended to assess proteins from the following categories: 

1) transmembrane/lipid-bound extracellular proteins; 2) cytosolic proteins; 3) 

intracellular proteins.   

 We monitored the steady state levels of 6 different proteins, some of which are 

expected to be present in exosomes and some of which are not expected to be in 

exosomes.  RIG-I, a cytosolic RNA sensor of the innate immune system, is not 

packaged into exosomes (Boelens et al., 2014) and we did not observe this protein in 

our exo-EV samples.  HSC70 is a chaperone protein found in exosomes from most cell 

types (Geminard et al., 2004; Thery et al., 2001) and we observe HSC70 in our exo-EV 

samples.  We did not detect actin in our exo-EV samples, indicating that our exo-EV 

preparations were free of cellular debris (Angeloni et al., 2016).  However, the presence 

of actin in exosomes seems to be cell dependent, as other studies have detected actin 

in exosomes from dendritic cells, enterocytes and mastocytes (Thery et al., 2002). 

Tetraspanins, like CD9 are expected to be present or enriched in exosomes (Lotvall et 
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al., 2014) and we observe this protein in our exo-EV samples.  Endosome or membrane 

binding proteins, such as Rab5, are also expected to be present or enriched in 

exosomes (Lotvall et al., 2014), which we also identified.  Nuclear histones, like H3, 

should be absent or under-represented in exosomes, but present in other EV types 

(Lotvall et al., 2014), and we did not observe H3 in our exo-EVs. Overall, our 

characterization of the protein content of our samples meets and exceeds the 

requirements recommended by the International Society for Extracellular Vesicles and 

indicates that our exo-EV samples are enriched for exosomes. 

 We utilized NTA to assess the size of exo-EVs, as well as determine the 

concentration of exo-EVs in our samples.  We found that expression of HPV16 E6/E7 

results in release of three distinct populations of exo-EVs, a population of 67, 89 and 

121nm in diameter.  This might seem surprising, as the majority of the EV field assumes 

exosomes to be a homogeneous population.  However, a recent study revealed that 

multiple cell types release more than one subpopulation of exosomes (Willms et al., 

2016).  This study showed that exosome subpopulations are characterized by their 

distinct size, protein and RNA composition, and these differences resulted in diverse 

functional effects on recipient cells (Willms et al., 2016).  These results suggest that 

HPV16 E6/E7 expressing HFKs release several subpopulations of exo-EVs and each 

subpopulation may have unique cargo, which could result in different functional effects 

on neighboring cells. 

 Only a few studies of HPV-associated exosomes have been reported (Chiantore 

et al., 2016; Honegger et al., 2013; Honegger et al., 2015) and our study corroborates 

previous findings, as well as contributes new knowledge to our understanding of miRs in 



! 196 

HPV-associated EVs.  One previous study (Chiantore et al., 2016) found miR-222-3p to 

be significantly expressed in exosomes from HPV16 expressing HFKs.  We also found 

miR-222-3p to be upregulated in our HPV16 E6/E7 exo-EV samples.  Interestingly, this 

miR is downregulated in HPV16 E6/E7 expressing cells but upregulated in exo-EVs 

released from the same cells.  The same study (Chiantore et al., 2016) also found miR-

320a in exosomes and we found miR-320a to be expressed in exosomes released from 

HPV16 E6/E7 expressing HFKs as well.  This miR was upregulated in HPV16 E6/E7 

HFKs and downregulated in exosomes released from the same cells.  Our experimental 

approach, utilizing HPV16 E6/E7 and control expressing HFKs was similar to (Chiantore 

et al., 2016), however we analyzed the expression of miRs in EVs with a highly 

sensitive and specific assay tailored for the detection of miRs in circulating biofluids, 

which allowed us to detect more miRs in our samples.    

 Comparing our data to another study, which utilized deep sequencing to examine 

exosomes released from HeLa cells in which expression of E6/E7 was silenced, we 

observed some overlap with our data analyzing miR expression in exo-EVs (Honegger 

et al., 2015).  In particular, we also observed miR-21-5p, -222-3p, -320a and -378a-3p 

in exo-EVs from HPV16 E6/E7 HFKs.  Two of these miRs, miR-378a-3p and miR-21-5p, 

are part of the 7 miR signature affiliated with HPV E6/E7 oncogene expression identified 

in this study (Honegger et al., 2015).  Experimentally, it is ideal to use an unbiased 

sequencing approach as in (Honegger et al., 2015); however, since this was our first 

study of miRs in exo-EVs, we felt it would be most useful to focus on a panel of miRs 

already known to be associated with cancer.  Additionally, rather than silencing 

expression of the oncoproteins in cervical cancer cell lines, we prefer to use primary 
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cells, from tissue which is the target of HPV infection of males, and express HPV16 

E6/E7 in these cells at biologically relevant levels. 

 An important finding from our analysis of miR expression in exo-EVs released by 

HPV16 E6/E7 expressing HFKs was that some miRs are expressed similarly in exo-EVs 

and parental cells and others are not.  This is consistent with what has been previously 

reported in the literature for other cancer-associated EVs.  The miR content of some 

exosomes has been reported to be similar to that of the original tumor (Rabinowits et 

al., 2009; Taylor and Gercel-Taylor, 2008), which is ideal for the use of exosome-

associated miRs for early detection of disease.  However, in other studies, an 

abundance of particular miRs not expressed or expressed at very low levels in the 

parental cells has been observed, suggesting that certain miRs are preferentially 

packaged in exosomes (Jaiswal et al., 2012; Pigati et al., 2010).   

 These findings indicate that both miRs expressed similarly and differently than 

parental cells are interesting for different reasons and we observe examples of both in 

exo-EVs released by HPV16 E6/E7 expressing HFKs.  In particular, miR-21-5p, 

identified in our study and one other (Honegger et al., 2015), may be a useful biomarker 

for HPV16 E6/E7 expression.  Additionally, further studies of miR-222-3p, -320a and -

378a-3p to determine if they are selectively packaged in response to expression of 

HPV16 E6/E7 would be worthwhile as these miRs were observed in our experiments 

and two other studies (Chiantore et al., 2016; Honegger et al., 2015).  Nonetheless, it is 

important to keep in mind that the mechanism behind selective packaging and release 

of exosomal miRs is still a subject of debate and the reliability of exosomal miRs as 

markers of disease remains to be determined. 
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 Pathway analysis of the miRs we identified to be expressed differently by HPV16 

E6/E7 in exo-EVs compared to parental cells revealed that these miRs appear to 

uniquely inhibit pathways involved in necrosis and apoptosis.  While the z-scores 

associated with necrosis and apoptosis were not significant, this does not make this 

finding uninteresting.  In fact, it is likely that the z-scores are not significant simply due 

to the small list of miR analyzed.  The transfer of exosomes by other cell types to 

recipient cells has been previously linked to effects on apoptosis (Rivoltini et al., 2016; 

Yang et al., 2015) and necrosis (Nong et al., 2016) and perhaps, expression of HPV16 

E6/E7 inhibits apoptosis and necrosis in neighboring cells through manipulation of miR 

expression in exo-EVs.  Supporting this finding, one of the few previous studies of HPV-

associated miRs in exosomes reported that several of E6/E7-dependent exosomal miRs 

were linked to control of cell proliferation and apoptosis. 

 In summary, we isolated and characterized EVs released by HPV16 E6/E7 

expressing HFKs and control HFKs.  Analysis of the protein content of these EVs 

suggests that these EVs are exosome-enriched.  NTA results indicate that expression of 

HPV16 E6/E7 in HFKs may result in the release of several subpopulations of exo-EVs 

rather than a single, homogeneous exo-EV population.  We also examined the miR 

content of exo-EVs released from HPV16 E6/E7 and control expressing HFKs.  Our 

data agree with findings from a few previous studies indicating that HPV16 E6/E7 alters 

the expression of miRs in exosomes (Chiantore et al., 2016; Honegger et al., 2015). 

Through this analysis we found that some miRs are expressed similarly in exo-EVs and 

parental cells and other are not, which has not been previously reported for HPV-

associated EVs.  The miRs expressed similarly in exo-EVs and parental cells may be 
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useful as biomarkers of HPV16 E6/E7 expressing cells or cancers.  The miRs 

expressed differently in exo-EVs compared to parental HPV16 E6/E7 HFKs may be 

selectively packaged into exo-EVs and perhaps have unique functions in recipient cells.  

Ultimately, further studies of HPV-associated EVs and their miR cargo are warranted to 

uncover their full diagnostic and therapeutic potential. 

 

Contributions to the Field 

 These data confirm and expand upon the little data that currently exists on HPV-

associated miRs in EVs.  Given the biology of EVs is not well understood, any study of 

EVs is a contribution to the field.  In particular, we have shown that HPV16 E6/E7 

expression may result in release of several subpopulations of EVs of various sizes, 

potentially carrying distinct cargo.  We also found that HPV16 E6/E7 alters the 

expression of some miRs in cells and EVs in a similar fashion and these miRs may 

serve as biomarkers of HPV16 E6/E7 expression.  However, HPV16 E6/E7 alters the 

expression of others miRs differently in cells and in EVs, suggesting that these miRs 

may be selectively packaged as a result of HPV16 E6/E7 expression.  Overall, our 

studies reveal some unique insights into the biology of HPV-associated miRs in EVs 

and these data will be the basis of future studies. 

 

Future Work 

 Since there is so little known about the biology of HPV-associated miRs in EVs, 

there is much future work to be done.  Given our observation of some miRs with 

different patterns of expression as a result of HPV16 E6/E7 expression, this would be 
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worthwhile to follow up on more comprehensively using miRseq to examine all miRs in 

EVs released from HPV16 E6/E7 and control expressing HFKs.  These data could be 

compared with our miRseq data in cells to understand more comprehensively miRs with 

similar and different patterns of expression in cells and EVs.  More importantly, it will be 

necessary to determine if miRs in EVs released from HPV16 E6/E7 expressing HFKs 

have effects on recipient cells.  We are currently in the process of collaborating with the 

laboratory of Dr. Paul Lambert to examine the effects of EVs from HPV16 E6/E7 and 

control HFKs on fibroblasts using RNAseq.  These in vitro data will then be compared to 

stromal gene expression changes previously observed by their laboratory in vivo 

(mouse).  Our hypothesis is that miRs in EVs released from HPV16 E6/E7 expressing 

cells may be responsible for some of the gene expression changes observed in the 

stroma in vivo. 

 

The Potential Far-Reaching Impact of Our Studies on Human Health 

 It is important to envision how the results of these studies may benefit human 

health in the future.  These studies have described miRs associated with HPV16 E6/E7 

expression in cells and in extracellular vesicles (EVs) and this could be potentially 

useful in the clinical management of HPV-associated cancers.  In the longer-term, it is 

also possible that our studies, together with data from other studies, could contribute 

valuable information towards the development of miR-base therapeutics for HPV-

associated diseases and cancers.  These subjects are discussed in more detail below. 
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miR as biomarkers 

 The expression patterns of miRs are thought to be applicable to several aspects 

of the clinical management of cancers including diagnosis, prognosis, remission, 

release and metastasis (reviewed in (Hayes et al., 2014)).  It is thought that miRs may 

be even more useful than mRNAs as prognostic indicators as they are more stable 

within clinical samples and exhibit robust expression patterns (Lu et al., 2005).  As such, 

the investigation of miR signatures for prognostic purposes is currently underway in 

multiple clinical trials.  Of interest in cervical cancer diagnosis, one study examined the 

expression of miRs in cervical exfoliated cells collected for Pap testing (Tian et al., 

2014).  Their results showed that they were able to detect miRs in cervical exfoliated 

cells and found that expression of miR-424 or miR-375 individually or a multimarker 

panel of miR-424/miR-375/miR-218 showed superior performance over the traditional 

Pap test (Tian et al., 2014).  These results are exciting and provide proof of concept 

data that miR expression could serve as a biomarker in samples that are already 

normally collected for the Pap smear, thus potentially improving the assay without 

altering the sample collection protocol. 

 Interestingly, several studies have also associated miRs with biomarkers for 

treatment therapy decisions and this may eventually be incorporated into clinical 

decision making.  For instance, treatment of chronic myeloid leukemia with imatinib 

decreases the levels of cells with the BCR-ABL rearrangement, an oncogenic gene 

fusion that characterizes this disease, and miR-451 levels correlate with BCR-ABL 

levels at the time of diagnosis and during treatment (Scholl et al., 2012).  There is also 

some evidence that SNPs in miR target sites may be predictors of treatment responses 
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(Pardini et al., 2013; Sebio et al., 2013; Wynendaele et al., 2010).  SNPs in miR target 

sites may also be markers of genetic susceptibility in cancer, predicting subsets of 

patients at risk for poor outcomes or lack of treatment response (Ziebarth et al., 2012).  

With regards to HPV-associated cancers, in particular, cervical cancer, there is some 

evidence that miRs may be utilized to predict responses to treatment with radiotherapy, 

a standard treatment for invasive cervical cancer (Liu et al., 2015; Pedroza-Torres et al., 

2014; Song et al., 2015).  The ability to predict radioresistance, prior to a course of 

radiotherapy, is extremely valuable to allow the design of an optimal treatment strategy 

for high-risk HPV positive cervical cancers. 

 As mentioned in Chapter 4, the potential for circulating miRs to serve as non-

invasive biomarkers of various cancer types is an area of extensive research.  Released 

from tumor cells and protected in EVs, these miRs are stably detected in bodily fluids 

even after multiple freeze-thaw cycles and exposure to room temperature conditions 

(Mitchell et al., 2008).  There is still much to learn about the biology of miRs in EVs but 

the ease of detection and stability of miR expression in bodily fluids makes miRs in EVs 

an exciting and promising avenue for the future development of non-invasive cancer 

biomarkers. 

 

miR for disease classification 

 Given miR expression frequently reflects the embryonic or developmental origin 

of tumors, miRs can also be useful for the classification of tumors.  In fact, in a blinded 

study of 22 different tumor types, miR expression identified cancer tissue origin to a 

high accuracy rate (greater than 90%)(Rosenfeld et al., 2008).  Incorrect classification of 
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tumors is also an issue, even in cancers with well-defined classification, such as in 

breast cancer (Andorfer et al., 2011). Therefore, analysis of miR expression could 

improve on current methods for the classification of tumors.  MiRs may also be useful 

for the prediction of metastatic outcomes in patients, as they have been shown to have 

a role in cancer progression (Pencheva and Tavazoie, 2013).  For example, in breast 

cancer metastases, specific miRs have been observed to support endothelial 

recruitment to metastatic sites and thus, miRs could serve as predictive markers of this 

kind of event (Png et al., 2011). 

 Extrapolating to HPV-associated cervical cancers, cervical intraepithelial 

neoplasias (CIN) develop slowly and progression to cervical cancer is preventable and 

can be cured if detected early enough (Holowaty et al., 1999).  However, with current 

screening methods, including cervical cytology and HPV testing, the ability to accurately 

determine the CIN grade or predict regression or progression of CINs is difficult.  An 

HPV-associated miR with consistent expression results across multiple studies is miR-

203a-3p.  We (Chapter 2), and two others (McKenna et al., 2010; Melar-New and 

Laimins, 2010), have shown that this miR is decreased upon expression of high-risk 

HPV E6/E7 and this miR may be a good candidate for an HPV-associated miR 

biomarker.  In fact, a recent study examined expression of this miR as a biomarker to 

differentiate different CIN stages and cervical cancer (Coimbra et al., 2016).  Although 

their results are preliminary, and further evidence is needed in larger sample sizes 

and/or in multiple cohorts, expression of this miR appears to be useful in the diagnosis 

of cervical cancer stages.  Other miRs identified in this dissertation could be useful as 

indicators of HPV16 E6/E7 expression for diagnostic purposes in the future. 
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microRNA-based therapeutics 

 In addition to studies of miRs as biomarkers, miR and miR inhibitor constructs 

are under investigation as potential therapeutic agents for cancer, as well as other 

diseases.  These therapies may be designed to directly target tumor cells or to enhance 

other therapies by reducing drug resistance (Liu et al., 2014; Xiao et al., 2014).  

Currently, there are eight miR-based therapeutics in US clinical trials, spanning a variety 

of disease areas including one for oncology, as well as others for endocrine, respiratory, 

renal and infectious diseases (Biomedtracker).  Of these therapies, five are in Phase I 

and three are in Phase II clinical development, with many other miR-based therapeutics 

still in preclinical testing.  In particular, MRG-106, a locked nucleic acid inhibitor of miR-

155-5p, is currently in a Phase I clinical study for cutaneous T-cell lymphoma, in which 

miR-155-5p is known to be an oncomiR with a strong mechanistic link to the disease.  

MRG-106 showed strong pharmacodynamic activity in preclinical models (Seto et al., 

2015) and preliminary data from their small Phase I trial of six patients was just released 

at the end of last year.  MRG-106 is delivered via intratumoral injection and, thus far, it 

is well tolerated and promising therapeutic improvements have been observed in 

patients (Querfeld et al., 2016). 

 The most advanced miR-based therapy in clinical development, Miravirsen, 

targets miR-122 and is being developed for the treatment of hepatitis C virus infection 

(Janssen et al., 2013).  Miravirsen is a locked nucleic acid inhibitor of miR-122 that has 

been shown to reduce viral RNA with no evidence of resistance.  Interestingly, while the 

intended target is the mature miR-122, it was found to also have affinity for the pri- and 
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pre-miR-122, resulting in reduced processing to the mature miR form and enhancement 

of the therapeutic effect (Gebert et al., 2014). 

 There are still some concerns with miR-based therapeutics, including targeted 

delivery of these kinds of molecules in humans.  Resistance to therapy may also 

become an issue, however, this may be resolved through utilization of combinatorial 

therapies.  In fact, some anti-miR therapies are being designed to target whole miR 

families (Obad et al., 2011), thereby avoiding the problem of resistance altogether.  

Additionally, the potential side effects of miR-based therapeutics in humans are 

unknown and since miR can be exported in exosomes, systemic side effects may be 

possible, which may only become apparent in clinical trials.  Also, therapies that involve 

synthetic miRs may overwhelm the endogenous miR processing machinery.  As a 

result, the processing of endogenous miRs may be reduced and the side effects of this 

in humans are unknown. 

 While our data did not include functional assays in the presence or absence of 

miR mimics and inhibitors to assess specific functional effects of individual miRs, our 

data do provide a wealth of information to serve as a basis for the identification of 

functionally important miRs.  Our miR-mRNA pairing analysis revealed many miRs that 

appear to be targeting RNAs in HPV16 E6/E7 expressing HFKs and these may be 

excellent candidates in future functional studies.  However, we can compare our data to 

others studies to identify HPV-associated miRs that may have potential as future drug 

targets in high risk HPV infections or HPV-associated cancers. 

 As mentioned previously, we, and two others (McKenna et al., 2010; Melar-New 

and Laimins, 2010), observe a decrease in miR-203a-3p expression in the presence of 
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HPV16 E6/E7 expression.  One study examined the functional implications of 

decreasing this miR in cells with expression of HPV16 E6/E7 and found that when this 

miR was artificially overexpressed, HPV genome amplification and long-term 

maintenance of HPV episomes are perturbed (Melar-New and Laimins, 2010).  We also 

observe decreased levels of miR-145-5p and these data agree with a study in HPV-31 

positive raft cultures.  This study showed that forced overexpression of miR-145-5p 

resulted in reduced episomal viral DNA and reduced genome amplification in 

differentiated cells (Gunasekharan and Laimins, 2013).  These examples showcase 

miRs with potential to be therapeutic targets for the treatment of high-risk HPV 

infections or HPV-associated cancers in the future. 
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Table S2.1. miRs modulated in HFKs with expression of individual viral 
oncoproteins (threshold cut-offs: ≥ 10 reads; FDR ≤ 0.05) 
 

16E7: Up-Regulated miRs  16E6: Up-Regulated miRs 
miR FC  miR FC 

miR-542-3pa 7.86  miR-363-3pb 44.68 
miR-100-3p 5.55  miR-9-5pb 15.16 
miR-345-5p 5.37  miR-335-3pa 13.57 
miR-7974a 5.11  miR-335-5p 10.13 
miR-181b-3p 5.10  miR-542-3pa 6.84 
miR-30b-3p 4.74  miR-450a-5pb 6.46 
miR-224-3pa 4.43  miR-1271-5p 6.06 
miR-25-5p 4.22  miR-450b-5p 5.51 
miR-129-5p 4.06  miR-193a-5p 4.91 
miR-16-2-3pb 4.06  miR-7974a 4.78 
miR-15b-5pa 3.96  miR-548w 4.48 
miR-335-3pa 3.95  miR-224-3pa 4.42 
miR-16-5p 3.60  miR-362-5p 4.26 
miR-33b-3pa 3.52  miR-33b-3pa 4.26 
miR-873-3p 3.23  miR-15b-5pa 4.10 

     
16E7: Down-Regulated miRs  16E6: Down-Regulated miRs 

miR FC  miR FC 
miR-197-3pb -2.01  miR-34a-5pb -3.58 
miR-10a-3p -1.97  miR-487b-3p -2.62 
miR-485-3p -1.96  miR-485-3p -2.18 
miR-203a-3p -1.75  miR-328-3p -2.08 
miR-328-3p -1.73  miR-642a-5p -2.03 
miR-193b-3p -1.63  miR-34c-3pb -1.83 
miR-1249b -1.54  miR-758-3p -1.75 
miR-3607-3p -1.54  miR-410-3p -1.72 
miR-3065-5p -1.50  miR-143-3p -1.71 
miR-136-3p -1.49  miR-31-3p -1.69 
miR-873-5p -1.43  let-7d-3p -1.51 
miR-3065-3p -1.30  miR-193b-3p -1.46 
let-7e-3p -1.30  miR-3065-3p -1.42 
miR-132-3p -1.25  miR-136-3p -1.41 
miR-221-3p -1.10  miR-3614-5p -1.30 
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Table S2.1. (Continued) 
 

amiRs that are up or down-regulated by both HPV16 E6 and E7 individually and in 

HPV16 E6/E7 expressing HFKs 

bmiRs that are up or down-regulated by one oncoprotein and also up or down-regulated 

in HPV16 E6/E7 expressing HFKs 
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Table S2.2. miR clusters modulated by expression of HPV16 E6/E7 

Clustered miRsa Chromosome Location FC (E6E7/C) 
miR-374c-5p chrX: 74218549-74218618 [+] -1.0 
miR-374b-3p chrX: 74218547-74218618 [-] 3.5 
miR-374b-5p chrX: 74218547-74218618 [-] 1.6 
miR-421 chrX: 74218377-74218461 [-] 2.1 

  
miR-532-5p chrX: 50003148-50003238 [+] -1.2 
miR-532-3p chrX: 50003148-50003238 [+] -1.0 
miR-188-5p chrX: 50003503-50003588 [+] -1.4 
miR-500a-5p chrX: 50008431-50008514 [+] 1.7 
miR-362-5p chrX: 50008964-50009028 [+] 3.7 
miR-362-3p chrX: 50008964-50009028 [+] -1.0 
miR-501-5p chrX: 50009722-50009805 [+] 1.2 
miR-500b chrX: 50010672-50010750 [+] -1.0 
miR-660-5p chrX: 50013241-50013337 [+] -1.4 
miR-660-3p chrX: 50013241-50013337 [+] -1.6 
miR-502-5p chrX: 50014598-50014683 [+] -1.0 
miR-502-3p chrX: 50014598-50014683 [+] -1.2 

  
miR-106a-5p chrX: 134170198-134170278 [-] 5.9 
miR-18b-5p chrX: 134170041-134170111 [-] 2.3 
miR-20b-5p chrX: 134169809-134169877 [-] 10.0 
miR-20b-3p chrX: 134169809-134169877 [-] 1.3 
miR-19b-2-5p chrX: 134169671-134169766 [-] -1.0 
miR-92a-2-5p chrX: 134169538-134169612 [-] 1.3 
miR-363-3p chrX: 134169378-134169452 [-] 96.1 

  
miR-424-5p chrX: 134546614-134546711 [-] 1.0 
miR-503 chrX: 134546328-134546398 [-] 1.3 
miR-542-5p chrX: 134541341-134541437 [-] 2.1 
miR-542-3p chrX: 134541341-134541437 [-] 7.1 
miR-450a-2-5p chrX: 134540508-134540607 [-] 7.5 
miR-450a-1-5p chrX: 134540341-134540431 [-] 7.5 
miR-450b-5p chrX: 134540185-134540262 [-] 2.7 

  
hsa-let-7a-5p chr9: 94175957-94176036 [+] 1.0 
hsa-let-7a-3p chr9: 94175957-94176036 [+] 1.6 
hsa-let-7f-1 chr9: 94176347-94176433 [+] -1.0 
hsa-let-7d-5p chr9: 94178834-94178920 [+] 1.2 
hsa-let-7d-3p chr9: 94178834-94178920 [+] -3.5 
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miR-3154 chr9: 128244947-128245030 [-] -1.0 
miR-199b-5p chr9: 128244721-128244830 [-] 5.1 
miR-199b-3p chr9: 128244721-128244830 [-] 1.6 

  
miR-30d-5p chr8: 134804876-134804945 [-] 1.2 
miR-30d-3p chr8: 134804876-134804945 [-] 1.6 
miR-30b-3p chr8: 134800520-134800607 [-] 5.3 

  
miR-550a-5p chr7: 30289794-30289890 [+] 4.8 
miR-550a-3p chr7: 30289794-30289890 [+] 2.0 
miR-550b-1 chr7: 30289794-30289890 [-] -1.0 

  
miR-106b-5p chr7: 100093993-100094074 [-] 2.4 
miR-106b-3p chr7: 100093993-100094074 [-] 1.4 
miR-93-5p chr7: 100093768-100093847 [-] 1.9 
miR-93-3p chr7: 100093768-100093847 [-] 1.6 
miR-25-5p chr7: 100093560-100093643 [-] 5.1 
miR-25-3p chr7: 100093560-100093643 [-] 2.7 

  
miR-29b-1-5p chr7: 130877459-130877539 [-] 5.4 
miR-29b-1-3p chr7: 130877459-130877539 [-] 1.6 
miR-29a-5p chr7: 130876747-130876810 [-] 1.6 
miR-29a-3p chr7: 130876747-130876810 [-] 1.6 

  
miR-15b-5p chr3: 160404588-160404685 [+] 4.2 
miR-15b-3p chr3: 160404588-160404685 [+] 6.4 
miR-16-2-3p chr3: 160404745-160404825 [+] 6.0 

  
miR-191-5p chr3: 49020618-49020709 [-] 1.8 
miR-191-3p chr3: 49020618-49020709 [-] 4.8 
miR-425-5p chr3: 49020148-49020234 [-] 1.5 
miR-425-3p chr3: 49020148-49020234 [-] 1.4 

  
miR-642a-5p chr19: 45674928-45675024 [+] -3.1 
miR-642b-5p chr19: 45674932-45675008 [-] -1.0 
miR-642b-3p chr19: 45674932-45675008 [-] -1.0 

  
miR-212-5p chr17: 2050271-2050380 [-] 8.2 
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miR-212-3p chr17: 2050271-2050380 [-] 2.9 
miR-132-5p chr17: 2049908-2050008 [-] 3.0 

  
miR-33b-5p chr17: 17813836-17813931 [-] 3.2 
miR-33b-3p chr17: 17813836-17813931 [-] 6.1 
miR-6777 chr17: 17813480-17813545 [-] not detected 

  
miR-497-5p chr17: 7017911-7018022 [-] -3.5 
miR-195-5p chr17: 7017615-7017701 [-] 5.6 
miR-195-3p chr17: 7017615-7017701 [-] 1.6 

  
miR-193b-5p chr16: 14303967-14304049 [+] -1.4 
miR-193b-3p chr16: 14303967-14304049 [+] -3.8 
miR-365a-5p chr16: 14309285-14309371 [+] -1.8 
miR-365a-3p chr16: 14309285-14309371 [+] 1.2 

  
miR-5587-5p chr16: 535316-535368 [+] -1.0 
miR-5587-3p chr16: 535316-535368 [+] -1.0 
miR-3176 chr16: 543277-543366 [+] 3.1 

  
miR-381 chr14: 101045920-101045994 [+] -1.1 
miR-487b chr14: 101046455-101046538 [+] -2.3 
miR-539-5p chr14: 101047321-101047398 [+] -1.6 
miR-889 chr14: 101047901-101047979 [+] 1.1 
miR-544a chr14: 101048658-101048748 [+] -1.0 
miR-655 chr14: 101049550-101049646 [+] -1.0 
miR-487a chr14: 101052446-101052525 [+] 1.2 
miR-382-5p chr14: 101054306-101054381 [+] -1.0 
miR-382-3p chr14: 101054306-101054381 [+] -1.0 
miR-134 chr14: 101054687-101054759 [+] -1.4 
miR-668 chr14: 101055258-101055323 [+] -1.6 
miR-485-5p chr14: 101055419-101055491 [+] -3.3 
miR-485-3p chr14: 101055419-101055491 [+] -7.8 
miR-323b-5p chr14: 101056219-101056300 [+] -1.0 
miR-323b-3p chr14: 101056219-101056300 [+] -1.0 
miR-154-5p chr14: 101059755-101059838 [+] -1.1 
miR-154-3p chr14: 101059755-101059838 [+] -1.0 
miR-496 chr14: 101060573-101060674 [+] -1.0 
miR-377-3p chr14: 101062050-101062118 [+] -1.1 
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miR-541-5p chr14: 101064495-101064578 [+] -1.0 
miR-541-3p chr14: 101064495-101064578 [+] -1.0 
miR-409-5p chr14: 101065300-101065378 [+] -1.5 

  
miR-203a chr14: 104117405-104117514 [+] -8.9 
miR-203b-5p chr14: 104117418-104117503 [-] -1.0 
miR-203b-3p chr14: 104117418-104117503 [-] 2.4 

  
miR-379-5p chr14: 101022066-101022132 [+] -1.0 
miR-411-5p chr14: 101023325-101023420 [+] 1.1 
miR-299-5p chr14: 101023794-101023856 [+] -1.0 
miR-380-5p chr14: 101025017-101025077 [+] -1.0 
miR-380-3p chr14: 101025017-101025077 [+] -1.0 
miR-1197 chr14: 101025564-101025651 [+] -1.0 
miR-323a-5p chr14: 101025732-101025817 [+] -1.0 
miR-323a-3p chr14: 101025732-101025817 [+] -3.4 
miR-758 chr14: 101026020-101026107 [+] -1.1 
miR-329-1 chr14: 101026785-101026864 [+] 1.3 
miR-329-2 chr14: 101027100-101027183 [+] 1.3 
miR-494 chr14: 101029634-101029714 [+] -1.9 
miR-1193 chr14: 101030052-101030129 [+] -1.0 
miR-543 chr14: 101031987-101032064 [+] -1.1 
miR-495 chr14: 101033755-101033836 [+] -1.9 
      
miR-181a-3p chr1: 198859044-198859153 [-] 1.4 
miR-181b-5p chr1: 198858873-198858982 [-] 1.4 
miR-181b-3p chr1: 198858873-198858982 [-] 3.8 
      
miR-30e-5p chr1: 40754355-40754446 [+] 1.8 
miR-30e-3p chr1: 40754355-40754446 [+] 1.5 
miR-30c-1-3p chr1: 40757284-40757372 [+] 3.3 
      
miR-100-5p chr11: 122152229-122152308 [-] 1.8 
miR-100-3p chr11: 122152229-122152308 [-] 4.8 
hsa-let-7a-2-3p chr11: 122146522-122146593 [-] 1.5 
      
miR-34b-5p chr11: 111512938-111513021 [+] -1.1 
miR-34b-3p chr11: 111512938-111513021 [+] -3.2 
miR-34c-5p chr11: 111513439-111513515 [+] -1.4 



! 225 

Table S2.2 (Continued) 
 

miR-34c-3p chr11: 111513439-111513515 [+] -4.2 
      
miR-331-5p chr12: 95308420-95308513 [+] 3.0 
miR-3685 chr12: 95309923-95309984 [+] -1.0 

 

amiRs in bold were found to be both differentially expressed by HPV16 E6/E7 and part 

of a miR cluster, unbolded miRs are also part of the miR clusters but did not meet 

threshold cutoffs 
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Table S2.3. Numbers and types of RNAs detected by RNAseq 

(threshold cut-offs: ≥ 10 reads; FDR ≤ 0.05; -2 ≥ FC ≥ 2) 

 
RNA type number 

protein coding RNA 3,471 
pseudogene RNA 2,703 

long, intervening non-coding RNA (lincRNA) 1,452 
antisense RNA 1,058 

long, non-coding transcripts in introns of coding genes w/no exon overlap 193 
small nuclear RNA (snRNA) 110 

RNA w/out ORF (processed_transcript) 87 
small nucleolar RNA (snoRNA) 70 

long, non-coding transcripts w/coding genes in introns on the same strand 35 
immunoglobulin (Ig) variable chain & T-cell receptor (TcR) RNA 34 

inactivated immunoglobulin RNA 28 
polymorphic pseudogene RNA 16 
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Table S2.5. RNAs identified via the miR-mRNA pairing analysis to be potentially 

targeted by two or more miRs 

 
number of targeting miRs number or name of RNAs potentially targeted 

2 349 

3 182 

4 90 

5 46 

6 22 

7 
 

ABCG4, ANKRD52, ATXN1, CCDC71L, CLCN5 
ERBB3, FYCO1, KMT2C, MTF1, NFAT5        

SH3PXD2A, SMURF1, SOX4, TANC2, ZNF365 
8 CFLAR, CREBRF, SHANK2 

9 CUX1, RORA 

10 TRPS1 

12 ABL2 
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Table S2.6. Molecular and cellular functions identified via IPA core analysis 

associated with the RNAseq and potential miR target RNA data sets 

ALL RNAs 
Molecular & Cellular Functions p-value rangea 

Cell Cycle 5.46x10-3 – 3.13x10-16 
Cellular Assembly & Organization 4.59x10-3 – 6.72x10-14 

DNA Replication, Recombination & Repair 4.59x10-3 – 6.72x10-14 
Cell Morphology 5.48x10-3 – 3.67x10-7 

Cellular Movement 5.42x10-3 – 8.62x10-6 
POTENTIAL miR TARGET RNAs 

Molecular & Cellular Functions p-value rangea 
Cellular Developmentb 1.60x10-4 – 3.15x10-16 

Cellular Movement 1.53x10-4 – 7.49x10-13 
Cellular Growth & Proliferationb 1.48x10-4 – 1.20x10-11 

Molecular Transportb 1.61x10-4 – 3.67x10-11 
Cell Morphology 6.78x10-5 – 4.28x10-10 

aThe p-value for a given molecular or cellular function is calculated by comparing the 

number of genes in the data set that participate in that process to the total number of 

genes that are known to be associated with a given molecular or cellular function in the 

reference set.  The p-value range refers to the range of p-values assigned to more 

specific molecular and cellular functions that fall within the larger molecular and cellular 

function categories shown. 

bBolded molecular and cellular functions are unique to the data set containing RNAs 

that are potential targets of miRs. 

 

 

 

 



! 229 

Table S2.7. Predicted upstream regulators identified via IPA core analysis based 

on gene expression changes observed in the RNAseq and potential miR target 

RNA data sets 

 
ALL RNAs 

Upstream Regulator P-value of Overlapa Predicted Activation 
RABL6 1.02-20 Activated 
CCND1 1.59-20 Activated 

CDKN1A 1.75-19 Inhibited 
EHF 1.85-19 Inhibited 

dextran sulfate 2.20-17  
POTENTIAL miR TARGET RNAs 

Upstream Regulator P-value of Overlapa Predicted Activation 
TNF 3.35-17  

TGFB1 3.92-17 Inhibited 
beta-estradiol 1.68-16  

gefitinib 6.27-13  
CREB1 1.27-12  

aThe overlap p!value is calculated using Fisher’s Exact Test and determines whether 

there is a statistically significant overlap between genes in the dataset and genes that 

are regulated by a transcription factor.  P!values < 0.01 are considered significant and 

can be utilized to identify upstream regulators that may explain the observed gene 

expression changes. 
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Table S2.8. Comparison of trends in miR expression in HFKs expressing HPV16 

E6/E7 with previously described HPV-associated miRs   

 
miR Observed Literature References Notesa 
let-7a-5p up down (1, 2) CxCa 
miR-10b-5p up up (3) CxCa, HNSCC 
miR-100-5p up down (4) CxCa 
miR-106b-5p up up (5, 6) OPC, VC 
miR-124-3p down down (7)  
miR-1246 down down (8) CxCa 
miR-1254 up down (6) VC 
miR-125a-5p up down (9) CxCa 
miR-125b-5p up down (10) VC 
miR-1291 down down (6) VC 
miR-139-5p down down (3) CxCa, HNSCC 
miR-139-3p down down (3) CxCa, HNSCC 
miR-143-3p down down (11) CxCa 
miR-145-5p down down (3, 12) CxCa, HNSCC 
miR-15a-5p up up (3) CxCa, HNSCC 
miR-15b-5p up up (13) AC 
miR-155-5p up up (14) OPC 
miR-16-5p up up (3, 15) HNSCC, CxCa 
miR-18a-5p up down (14) OPC 
miR-186-5p up up (6) VC 
miR-193a-5p up down (6) VC 
miR-196a-5p up up (16) CxCa 
miR-199a-5p down down (3, 5) CxCa, HNSCC, OPC 
miR-199a-3p up down (3) CxCa, HNSCC 
miR-199b-5p down down (3) CxCa, HNSCC 
miR-20b-5p up up (3, 17) OPC, CxCa, HNSCC 
miR-203a-3p down down (18, 19)  
miR-205-5p down down (20)  
miR-21-5p up up (1, 2, 16, 21, 22) (6, 23) CxCa, VC 
miR-218-5p up down (24-27) CIN, OPC, PSCC 
miR-22-3p down down (6) VC 
miR-221-5p up up  (16, 28) CxCa 
miR-222-3p up up  (28)  
miR-223-3p down down (14) OPC 
miR-23b-3p down down (29)  
miR-24-3p up down (20)  
miR-25-3p up up (5) OPC 
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miR-26b-5p up down (6) VC 
miR-27a-3p up up (16) CxCa 
miR-29a-3p up down (30) CxCa 
miR-29c-3p up up (6) VC 
miR-31-5p down down (14) OPC 
miR-3144-5p down down (31)  
miR-328 down down (3) CxCa, HNSCC 
miR-34a-5p down down (32-35) CxCa 
miR-375 down down (36, 37)  
miR-379-5p down down (3) CxCa, HNSCC 
miR-381 down down (3) CxCa, HNSCC 
miR-574-3p down down (3) CxCa, HNSCC 
miR-875-5p down down (31)  
miR-9-5p up up (5, 14, 17, 38) CxCa, OPC 
miR-9-3p down up (17) OPC 
miR-93-5p up up (5) OPC 
 

anotes indicate when one or more literature references includes samples analyzed from 

HPV-associated cancer biopsies; AC= anal cancer; CxCa= cervical cancer; HNSCC= 

head and neck squamous cell carcinoma; OPC= oropharyngeal cancer; PSCC= penile 

squamous cell carcinoma; VC= vulvar cancer 
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Table S2.9. Comparison of trends in miR expression in HFKs expressing HPV16 

E6/E7 with study by Wang et al. 2014. PNAS, 111:4262-4267. 

miR HPV16 E6E7/C (Observed) HFK18/HFK (Literature) Regulationa Notesb 
miR-16-5p 3.0 3.2 up CaCx 
miR-25-3p 2.7 1.6 up CaCx 
miR-92a-1-5p 1.5 1.9 up    CaCx 
miR-93-5p 1.9 2.3 up  
miR-106b-5p 2.4 1.9 up  
miR-210 -2.7 1.4                        
miR-224-5p -1.4 4.1                        
miR-378a-5p 2.7 1.9 up CaCx 
miR-22-3p -1.1 −2.1 down  CaCx 
miR-24-3p 1.4 −1.5                        
miR-27a-3p 1.0 −2.0                       CaCx 
miR-29a-3p 1.4 −2.5                       CaCx 
miR-100-5p 1.8 −2.8                       CaCx 

 

ashading indicates the trend in miR expression was not the same between our study 

and the compared study 

bnotes indicate when a miR was also detected in HPV-associated cervical cancer 

(CaCx) biopsies in the study by Wang et al. 2014. PNAS, 111:4262-4267 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



! 238 

Table S2.10. Comparison of trends in miR expression in HFKs expressing HPV16 

E6/E7 with study by Gunasekharan et al. 2013. J Virol, 87:6037-6043. 

 

miR HPV16 E6E7/C (Observed) viv-31gen/viv (Literature) Regulationa 
miR-1246 -1 31.7                       
miR-335-3p 14.5 10.6 up 
miR-1260b -1.4 8.7                       
miR-3613-5p -1.4 5.9                       
miR-1260a -1 4.6                       
miR-1285-3p -1.9 4.1                       
miR-576-5p 2.8 4.0 up 
miR-615-5p 3.7 3.9 up 
miR-92b-3p 2.4 3.7 up 
miR-25-5p 5.1 3.3 up 
miR-582-3p 2.1 -9.2                       
miR-199a-5p -1 -8.7 down 
miR-214-3p -1 -8.4 down 
miR-143-3p -2.3 -7.3 down 
miR-145-5p -1 -7.1 down 
miR-145-3p -1 -6.9 down 
miR-369-3p -1.3 -6.5 down 
miR-655 -1 -6.4 down 
miR-493-3p -1.1 -6.2 down 
miR-493-5p -1.1 -5.3 down 

 

ashading indicates the trend in miR expression was not the same between our study 

and the compared study 

 
 
 

 

 

 

 


