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Abstract
A hallmark feature of cervical cancers caused by the Human Papillomavirus is
the continued and high-level expression of viral oncoproteins. These viral
oncoproteins play a significant role in induction of malignancy by targeting
several critical cell control pathways. One of the potentially important elements
in this process is phosphorylation of E7 by Casein Kinase II (CKII) which induces
S-phase entry and modulates association with pRB and other pocket proteins.
Phosphorylation of E7 has also been known to enhance E7’s ability to interact
with other cellular targets and thereby increasing the ability of E7 to enhance cell
proliferation and induce malignancy. However, there is little information on the
importance of this site in E7, once the tumour cells have become fully
transformed. To determine this, we have generated genome edited cell lines at
CKII phospho-acceptor site of HPV-18 E7 in C4-1 cervical tumour derived cells
using CRISPR/Cas9. We show that the HPV-18 E7 S32A/S34A mutation
abolishes CKII phosphorylation. Genome edited cells with this mutation continue
to proliferate but are more slow-growing than wild type cells, reach lower
saturation densities and are susceptible to low nutrient conditions. The invasive
ability of these cells is markedly reduced, partly due to downregulation of matrix
metalloproteases (MMPs). Mechanistically, we find that phosphorylation of E7
plays a direct role in the ability of E7 to activate AKT signaling, which in turn is
required for optimal levels of MMP secretion. Using proteomic analysis, we
identify Vangl1, planar cell polarity protein, as a novel CKII phospho-dependent
interactor of E7. The steady levels of Vangl1 are downregulated in genome
edited cells and it co-operates with HPV-16 E7 in BRK cell transformation
assays, indicating Vangl1 being important for E7 transforming activity. Finally, I
also show that HPV-E7 interacts with PTPN21, a non-receptor tyrosine
phosphatase, via c-terminal region of E7. The interaction leads to destabilization
of PTPN21 by high-risk E7, suggesting a potential role of E7 in affecting posttranslation modifications of its targets. Thus, HPV E7 continue to play an
important role in maintenance of transformed phenotype and targeting E7
phosphorylation could be a potential therapeutic strategy in HPV-induced
malignancy.
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Introduction
Hallmarks and etiology of Cancer
The human body is composed of many different types of cells which are the basic
building blocks that make up the body. These cells possess specific
characteristics that help maintain functioning of tissues, organs and organ
systems. Normal cells maintain normal cell proliferation or controlled growth,
undergo programmed cell death in response to unrepairable damage and
maintain tissue homeostasis, differentiate into specialized cells with a specific
function and maintain selective adhesions ensuring to remain in their intended
location. However, due to specific changes in the genes of one or a group of
cells, they can evade the normal cell characteristics affecting their growth and
division, leading to development of a tumour and often acquire potential to invade
and/or spread to different locations in the body.
The hallmark features of these deregulated or cancer cells are acquired over the
process of tumor development and malignant progression. Cancer cells in
general are thus able in sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, deregulating cellular
energetics and metabolism, and avoiding immune destruction (Hanahan and
Weinberg, 2000, 2011). The acquisition of these eight functional capabilities are
primarily facilitated by two main traits of cancer – genome instability with
consequent gene mutation and tumor-promoting inflammation. All these diverse
capabilities are brought about by heterotypic interactions between different cell
types in the tumour microenvironment, composed of cancer cells and tumourassociated stroma which includes recruited support cells (angiogenic vascular
cells, fibroblasts and infiltrating immune cells). Thus, cancer cells are continually
undergoing genetic diversification during tumour progression assuming a variety
of distinctive phenotype and pathogenesis of diverse forms of human cancer
(Hanahan and Weinberg, 2011, 2016) (Figure 1).
The major cause of most human cancers is exposure to agents that cause DNA
damage and genomic instability leading to attaining above mentioned hallmarks
of cancer over the period of tumour development and malignant progression.
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Smoking, radiation, cancer-causing chemicals or carcinogens, infectious agents
(viruses and bacteria), obesity, hormones, chronic inflammation and lack of
exercise have been linked to play a role in causing cancer (Cogliano et al., 2011;
de Martel et al., 2012). Among others, infectious agents like hepatitis B virus
(HBV), hepatitis C virus (HCV), Human Papillomavirus (HPV), Epstein Barr Virus
(EBV), HIV-1, human T-cell lymphotrophic virus-1, Merkel Cell Polyomavirus
(MCV), Kaposi’s sarcoma herpesvirus (KSHV), Helicobacter pylori, Schistosoma
hematobium, and Opisthorchiasis viverrini are known to cause approximately
15% of human cancers (de Martel et al., 2012; Plummer et al., 2016). Most
viruses have evolved to use host cellular gene products for their life cycle,
however, certain tumour viruses such as HPVs are able to express specific viral
genes (oncogene) that regulate proliferative or anti-apoptotic activities through
interaction with cellular gene products and can directly contribute to cancer
hallmarks (Moore and Chang, 2010; Schiller and Lowy, 2014).

Figure 1. The hallmarks of cancer adapted from (Hanahan and Weinberg, 2016).
A schematic illustrating eight distinct functional capabilities (radial bullets) and two facilitators
(bullets in oval bubble), that are necessary conditions to manifest malignant disease - Cancer.

2

HPV infection and HPV attributable cancer
Cervical cancer is the 2nd most common female cancer in women aged 15-44
years and ranks the 4th leading cause of female cancer worldwide, with an
estimated 527,624 new cases and 265,672 deaths (Bruni L, 2017; GLOBOCAN,
2012). Almost one third of the 15.4% human cancers attributable to carcinogenic
infections are caused by human papillomaviruses (HPVs) (Plummer et al., 2016).
Cervical cancer and a significant number of other anogenital cancers, plus a
rapidly increasing number of head and neck cancers, including those in the oral
cavity, oropharynx, sinus, tonsil and larynx (Cutts et al., 2007; Moody and
Laimins, 2010) are caused by these viruses. In the case of cervical malignancy
this is almost always associated with infection with HPVs. The WHO has recently
defined at least 12 different HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58,
and 59 – collectively known as high-risk types) as being cancer-causing in the
cervix, and cervical cancer is one of the devastating causes of cancer mortality
in the developing parts of the world (Cutts et al., 2007; de Martel et al., 2017;
UK., 2012; WHO, 2017a).
HPVs belong to the Papillomaviradae family. They are non-enveloped virions
containing a double-stranded DNA genome enclosed by icosahedral capsid
composed of major (L1) and minor (L2) structural proteins. These viruses infect
cutaneous and mucosal epithelium. To date, over 200 HPV types have been
identified based on the genomic sequence of the principal capsid protein (L1).
The HPV types can be classified as cutaneous or mucosal based on their
potential infection site in the body and by their potential to induce malignancy as
high-risk and low-risk types.
Infection with HPV is believed to occur though contact with infected genital skin,
mucous membranes or bodily fluids and can be sexually transmitted. Most (7090%) of these infections are asymptomatic and resolved by the host immune
response within 1-2 years. While in some (5-10% of infected) individuals, where
the virus is not cleared by the immune system, this can lead to a persistent
infection which is one of the biggest risk factors for progression to invasive
carcinoma (Doorbar et al., 2012). Persistent infection is a necessary cause of
cervical cancer and is defined by the presence of type-specific HPV DNA on
3

repeated clinical biological samples over a period-of-time (usually >6 months).
Such persistent infection may progress to premalignant glandular or squamous
intra-epithelial lesions, histopathologically classified as cervical intra-epithelial
neoplasia (CIN) and to cancer (Bosch et al., 2002; WHO, 2017b).
Diagnosis of cervical HPV infection can be done using tests based on
identification of HPV DNA from cervical or vaginal swabs. While changes in the
cervical epithelium due to HPV can be detected by Papanicolaou (Pap) test – a
microscopic examination of exfoliated cells. In low-resource settings, visual
inspection with acetic acid are used to identify lesions and screen for cervical
cancer (WHO, 2013b).
Virus-specific treatment of HPV infection is not available, while screening and
treatment for pre-invasive disease of the cervix is widely successful in preventing
progression to cervical cancer. Such methods of treatment include removal or
destruction of the abnormal tissue by burning or freezing (cryotherapy) and/or
surgical removal (loop electrosurgical excision procedure [LEEP] or cone biopsy)
(WHO, 2013a).
HPV-attributable cancers can be prevented by vaccines and cervical cancer is
one of the most preventable cancers. Currently, three prophylactic vaccines are
available – (i) Cervarix (GlaxoSmithKline), (ii) Gardasil (Merck & Co.) and (iii)
Gardasil 9 (Merck & Co.). All three vaccines protect against infection with high
risk HPV type 16 and 18 associated with 73% of cervical cancers (de Martel et
al., 2017). In addition, Gardasil protects against low-risk HPV type 6 and 11 and
Gardasil 9 protects against next five most carcinogenic types (HPV 31, 33, 45,
52, 58) in addition to HPV 16, 18, 6, 11; all together causing 90% HPVattributable cancers (de Martel et al., 2017; WHO, 2017b).
Although these vaccines have the potential to have a major impact on the global
burden of HPV attributable cancers, they are purely prophylactic and have no
therapeutic potential. Therefore, many women that are infected with the virus will
still develop cervical cancer. In addition, accessibility in terms of both cost and
logistics in many developing countries, is a major issue (reviewed in (Roden and
Stern, 2018)). Thus there is still a pressing need to develop better forms of
therapeutic interventions (Manzo-Merino et al., 2013) and understanding the
4

mechanisms by which these viruses bring about malignancy, thus offers, one
potential means of developing novel intervention strategies.
Molecular Biology of HPV
Virus structure and genome organization
HPV are small, icosahedral non-enveloped, 50-60 nm in diameter and enclose a
circular, double-stranded DNA genome of approximately 8 kb. Each capsid is
made up of 360 molecules of L1 protein arranged into 72 capsomeres and
around 72 copies of L2 protein (Buck et al., 2008; Sapp et al., 1995). The genome
contains eight or nine ORFs designated early (E1, E2, E4, E5, E6, and E7) or
late (L1 and L2) depending on the time of expression after infection. The
expression of these ORFs is regulated by multiple promoters and a complex
pattern of splicing. The genome also includes a long control region (LCR) or
upstream regulatory region (URR), which contains cis-responsive elements
responsible for controlling viral replication and gene expression. A schematic
depiction of HPV-16 genome organization is shown in Figure 2.

Figure 2. Organization of the HPV-16 genome, adapted from (Doorbar, 2006).
A. The graphical representation of 7906 bp of HPV16 genome is shown with the early (p97) and
late (p670) promoters marked by arrows. The six early ORFs [E1, E2, E4 and E5 and E6 and E7
are expressed from either p97 or p670 at different stages during epithelial cell differentiation. The
late ORFs [L1 and L2] are also expressed from p670, following a change in splicing patterns, and
a shift in polyadenylation site usage [from early polyadenylation site (PAE) to late polyadenylation
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site (PAL)]. All the viral genes are encoded on one strand of the double-stranded circular DNA
genome. The long control region (LCR from 7156–7184) is enlarged to allow visualization of the
E2-binding sites and the TATA element of the p97 promoter.

Viral life cycle
The life cycle of HPVs is closely linked to the differentiation profile of the host
epithelium. It is believed that the initial infection requires access to the cells in
the basal layer, through micro-traumas in the skin. The virus particle requires cell
surface receptors heparin sulphate proteoglycans and possibly laminin for
attachment. The virus is then suggested to be internalized with the help of α6
integrin and growth factor receptors, however, the exact identity of the receptor
for entry is controversial (Culp et al., 2006; Evander et al., 1997; Giroglou et al.,
2001; Johnson et al., 2009). After internalization, virions undergo endosomal
transport, uncoating and cellular sorting; ensuring nuclear entry of L2-DNA
complex while leaving L1 protein for lysosomal degradation (Bergant Marusic et
al., 2012; Schelhaas et al., 2012). In the basal layer, the viral genome is then
maintained in a low copy episome (Pyeon et al., 2009; Schiffman et al., 2016).
The infected basal cells divide and eventually undergo cellular differentiation
program towards the parabasal layer. In case of a productive life cycle (Figure
3), as a result of co-ordinate expression of viral proteins (E1, E2, E4, E5, E6, E7,
L1 and L2) with ongoing differentiation program of the infected cell, viral genome
amplification then typically occur in the mid-epithelial layers and virus assembly
and release at the epithelial surface giving rise to new infectious viral particles
(Schiffman et al., 2016).
Early proteins – E1 and E2
The viral proteins E1 and E2 play important role in initial amplification phase. E1
protein has ATPase and helicase activity essential for viral DNA replication
(Sakakibara et al., 2011). E2 is a DNA-binding protein. It regulates viral
transcription and has multiple binding sites in the viral LCR (long control region).
It recruits the viral E1 helicase to the viral origin of replication, which in-turn is
involved in replicating the viral genome by recruiting host replication proteins
(McBride, 2008). E2 protein can also function as transcriptional repressor for the
expression of viral oncoproteins E6 and E7 (Dowhanick et al., 1995; Thierry and
Yaniv, 1987).
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Figure 3. Progression from a productive HPV infection to malignancy, adapted from
(Thomas et al., 2008).
Infection with HPV is usually acquired through micro-traumas in the skin infecting the epithelial
mucosa basal cells. As these cells divide, there is coordinate expression of different viral gene
products with E6/E7 causing differentiated cells back into S-phase competent cells. This allows
viral genome amplification and ultimately, the synthesis and shedding of new viral particles within
a period of 2-3 weeks. In the case of persistent infection, lesions are not resolved, and high levels
of viral DNA can be detected over extended periods of time. This ultimately pre-disposes the host
to the development of a malignancy. This is characterized by a loss of differentiation, no viral
replication, and high levels of E6 and E7 oncoprotein expression.

Oncoproteins – E6 and E7
A clear role for low risk E6 and E7 proteins in infected basal cells is uncertain,
while in the case of high-risk types, it has been shown that E6 and E7 drive cell
proliferation in the basal and parabasal cell layers (Barrow-Laing et al., 2010;
Zhang et al., 2006). The coordinate expression of E6 and E7 proteins create an
environment favorable for viral DNA replication, achieved primarily through
interfering with cellular growth control pathways, with E7 targeting many
elements involved in the control cell of cycle, whilst E6 inhibits the pro-apoptotic
response of the cell to this unscheduled DNA replication. The molecular details
of how these oncoproteins do this will be discussed later. Despite functional
7

differences between high and low risk HPV type, the main function of E6 and E7
protein of most HPV types is to allow viral genome amplification by stimulating
cell cycle re-entry occurring mainly in the mid-epithelial layers (reviewed in
(Doorbar et al., 2012)).
Early proteins – E4 and E5
E4 proteins are expressed relatively late during infection before the expression
of L2 and L1 and help in the maturation of viral particles. E4 proteins are highly
expressed and facilitate efficient release and transmission of the new virions.
High levels of E4 proteins are deposited as amyloid fibers and can be used as
infection biomarkers (Doorbar, 2013). The E5 proteins are small hydrophobic
proteins, localizing to endosomal membranes and the Golgi apparatus (Conrad
et al., 1993). It is thought to augment oncogenic activities of E6 and E7 proteins,
and allow the continuous proliferation of the host cell delaying differentiation (de
Freitas et al., 2017; Venuti et al., 2011).
Viral packaging and release
HPV life cycle is ready to re-initiate with release of mature viral particles from
superficial dying keratinocytes. This involves expression of L2, cell cycle exit and
L1 to allow genome packaging (Doorbar, 2006). L2 proteins are recruited (by E2)
to regions of replication to initiate encapsidation of the viral genome (Day et al.,
1998; Holmgren et al., 2005). At this stage, transcripts that initiate at late
promotor (p670 in HPV16) and terminate at late polyadenylation site are
elevated, which is facilitated by higher levels of E2 which also down-regulate
p97; finally leading to a change of E5 mRNA to a L1 mRNA (Doorbar, 2005;
Johansson et al., 2012; Milligan et al., 2007; Ozbun and Meyers, 1998). Oxidizing
environment at superficial dying keratinocytes then enables the progressive
accumulation of bisulfide bonds between L1 proteins leading to virus maturation
and production of stable infectious virions (Buck et al., 2005; Doorbar et al., 2015;
Finnen et al., 2003).
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HPV E6 and E7 oncoproteins
One of the key features of HPV-associated neoplasia is the disordered
expression of viral gene products, leading to deregulation of the viral life cycle.
The neoplastic phenotype of the disease is thought to be a function of underlying
levels of expression of E6 and E7 oncoproteins. CIN1 lesions typically retain the
ability to complete the viral life cycle and production of viral particles, having a
lower level of cell proliferation in the basal and parabasal layers and
phenotypically resembling flat warts (Middleton et al., 2003). While in the case of
CIN2/3+, there is an elevated expression of E6 and E7, allowing the cell to
accumulate genomic changes that can eventually contribute to cancer
progression. The deregulated viral gene expression in these neoplasia (CIN2/3+)
is also thought to facilitate the integration of viral episome into the host
chromosome, further deregulating the expression of E6 and E7 (Doorbar et al.,
2015). In fact, a major feature of HPV-attributable cancers is the requirement for
continued expression of the viral E6 and E7 oncogenes for continued
proliferation and survival (Butz et al., 2003; Yamato et al., 2008; Yoshinouchi et
al., 2003). Neither E6 nor E7 has enzymatic functions, but by interacting with
many different cellular proteins they modulate various normal cellular signaling
functions to induce a proliferative state that can progress towards cell
transformation. In the following sections I aim to summarize some of these key
functions of E6 and E7 oncoproteins that contribute towards carcinogenesis.
E6 Oncoprotein
The HPV E6 proteins are approximately 150 amino acids in length and are zinc
binding proteins with four CXXC motifs (Barbosa et al., 1989; Grossman and
Laimins, 1989). A schematic structure of E6 is shown in Figure 4. E6 is
transcribed either as full-length (E6) mRNA or as one of several possible
truncated E6 mRNAs (E6*) based on a complex splicing pattern. The E6*
transcripts described in HPV-16 are known as E6*I, E6*II, E6*III, E6^E7,
E6^E7*I, E6^E7*II, E6*IV, E6*V and E6*VI (Ajiro and Zheng, 2015; Doorbar et
al., 1990; Smotkin and Wettstein, 1986; Tang et al., 2006), while the four E6*
transcripts that have been described for HPV-18 are E6*I, E6*II, E6*III and
E6^E7 (Ajiro et al., 2016; Pim and Banks, 1999; Pim et al., 1997).
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Figure 4. Schematic representation of HPV-16 E6.
The position of CXXC (Cys-X-X-Cys) motifs, which participate coordinating zinc ion are indicated.
C-terminus PDZ binding motif (PBM) sequence ‘ETQV’ is shown, which can be phosphorylated
by AKT, Chk2 via PKA and Chk1 kinases.

E6 is a multifunctional protein and interacts with numerous cellular targets:
modulating inactivation of p53; blocking apoptosis; activating telomerase;
disrupting cell adhesion, cell polarity and epithelial differentiation; altering
transcription and reducing immune recognition (reviewed in (Howie et al., 2009;
Vande Pol and Klingelhutz, 2013)). The complete crystal structure of E6 including
the N-terminal and C-terminal halves has been resolved and structure-functional
analysis of E6 further suggests its plasticity in interacting with wide range of
cellular substrates (Nomine et al., 2006; Thomas et al., 2016; Zanier et al., 2013;
Zanier et al., 2012).
Role of HPV E6 in cell transformation
Inactivation of p53 tumour suppressor and abrogation of apoptotic signaling
One of the most well-studied interactions of E6 is with the p53 tumor suppressor
(Werness et al., 1990). The p53 protein plays many roles in the cell, including
cell-cycle regulation, activation of DNA repair pathways upon DNA damage and
induction of apoptosis (Murray-Zmijewski et al., 2008). By interacting with p53,
E6 checks the transcriptional functions of p53, leading to inhibition of p53dependent gene expression (Mietz et al., 1992). In addition, high-risk E6 binds
to an LXXLL motif on a cellular E3 ubiquitin-protein ligase, E6-associated protein
(E6AP) (Brimer et al., 2007; Chen et al., 1998; Huibregtse et al., 1993b; Kuballa
et al., 2007). The E6-E6AP complex then recruits and ubiquitinates p53,
mediating its degradation via the proteasome (Huibregtse et al., 1991, 1993a;
Scheffner et al., 1990). The E6-E6AP complex has also been shown to be
important for E6 stability, and ablation of E6AP thus rescues p53 through two
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routes: as result of E6 destabilization and the loss of E6AP ubiquitin ligase
activity (Hengstermann et al., 2005; Tomaic et al., 2009).
E6 interaction with p53 has been shown to perturb binding of p53 to its sitespecific DNA sequences (Lechner and Laimins, 1994), possibly as a result of
conformational changes in the p53 protein upon interaction with E6, which, in
turn, lead to an inhibition of p53 DNA binding ability (Thomas et al., 1995).
Furthermore, E6 perturbs p53 function by sequestering p53 in the cytoplasm,
potentially by sterically hindering the p53 nuclear localization signal (Mantovani
and Banks, 1999). E6 has also been shown to abrogate transactivation of p53responsive genes via interaction with CBP/p300, (Patel et al., 1999; Thomas and
Chiang, 2005; Zimmermann et al., 1999), with hADA3 (Chand et al., 2014; Kumar
et al., 2002; Sekaric et al., 2007), and by destabilizing TIP60 (Jha et al., 2010).
In addition, E6 can further abrogate apoptotic signaling by interacting with the
pro-apoptotic protein Bak and mediating its degradation via the E6AP ubiquitin
ligase (Thomas and Banks, 1998, 1999). E6 was also shown to inhibit
differentiation-induced apoptosis in human foreskin keratinocytes by modulating
the expression of anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins (Alfandari
et al., 1999). Further, inhibition of E6 was shown to result in the p53-dependent
transcriptional activation of the PUMA promoter, leading to activation and
translocation of Bax to the mitochondrial membrane, cytochrome c release into
the cytosol and activation of caspase 3. In addition, inhibition of Bax expression
in this context was shown to efficiently revert the apoptotic phenotype,
suggesting that perturbation of the p53/PUMA/Bax cascade is an important
antiapoptotic function of E6 in HPV-positive cancer cells (Vogt et al., 2006).
Moreover, E6 interacts with the Fas-associated death domain (FADD) and
procaspase 8 to enable cells to escape from Fas-triggered apoptosis (Filippova
et al., 2007; Filippova et al., 2004). In addition, E6 has been shown to evade
apoptosis by downregulating the pro-apoptotic transforming growth factor-β2
(TGF-β2) and thence downregulating TGF-β2 responsive gene expression
(Nees et al., 2000). The ultimate consequence of E6 targeting apoptotic
pathways is to avoid apoptosis, which would otherwise eliminate the HPVinfected cell.
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Role of E6 PDZ binding motif (PBM)
One of the unique features of high-risk E6 proteins is the presence of a PDZ
(Post Synaptic Density 95 (PSD95), Discs Large (Dlg) and Zona Occludens 1
(ZO-1))-binding motif (PBM) (X-(S/T)-X-(V/I/L)-COOH), in the C-terminus, which
is largely absent in E6 proteins of low-risk HPV types (Kiyono et al., 1997; Lee
et al., 1997). The PBM is involved in binding to cellular proteins that have PDZ
domains (Songyang et al., 1997). Some of the key PDZ domain-containing
proteins that are bound by the E6 PBM are discs large tumor suppressor (hDlg)
(Kiyono et al., 1997; Lee et al., 1997), scribble tumor suppressor (hScrib)
(Nakagawa and Huibregtse, 2000) and Membrane-associated guanylate kinase
inverted 1 (MAGI-1) (Dobrosotskaya et al., 1997; Ide et al., 1999). hScrib is
involved in epithelial tight junctions and mediates the adhesion of basal cells to
the extra-cellular matrix (ECM). Similarly, hDlg is involved in epithelial tight
junctions, cell-to-cell junctions and epithelial polarity. While MAGI-1 has been
suggested to co-localize with components of adherens junctions and tight
junctions and its expression probably promotes the assembly of macromolecular
junctional complexes. hDlg, hScrib and MAGI-1 are tumour suppressors; loss of
these proteins facilitates cancer formation (reviewed in (Javier, 2008; Subbaiah
et al., 2011)), and all high-risk E6 proteins target them for proteasome-mediated
degradation (Gardiol et al., 1999; Glaunsinger et al., 2000; Nakagawa and
Huibregtse, 2000), most likely leading to the loss of cell polarity and facilitating
tumor formation (Pim et al., 2012; Thomas et al., 2008). In addition, recent
studies have shown that high-risk E6 can interact with sorting nexin 27 (SNX 27),
a component of the retromer complex and the endocytic transport machinery,
again though its PBM. The interaction has been shown to impact upon the rates
of cargo recycling and in maintaining high levels of glucose uptake in HPVtransformed cells (Ganti et al., 2016).
The E6 PBM is further regulated by post-translational modification by
phosphorylation at S/T at the -2 position either by PKA, AKT or Chk1 kinases,
resulting in inhibition of E6 PDZ binding activity and instead allowing E6 to
associate with 14-3-3 proteins (Boon and Banks, 2013; Boon et al., 2015; Kuhne
et al., 2000; Thatte et al., 2018). In HPV transformed cells, the steady state levels
of phosphorylated E6 are low, however, under exposure to oxidative stress or
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induction of DNA damage, there is a dramatic increase in the levels of
phosphorylation of E6. This phosphorylation of E6 appears to involve the
ATM/ATR signaling pathway resulting in E6 being phosphorylated directly by
Chk1 or indirectly by Chk2 via PKA. Consequently, an intact phospho-acceptor
site was shown to be important for E6's ability to inhibit p53 transcriptional activity
on a subset of p53-responsive promoters, in a manner independent of E6’s ability
to direct p53 degradation (Thatte et al., 2018).
Modulation of cellular signaling pathways
The E6 protein also modulates several survival pathways, including
phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT), Wnt and Notch. The
PI3K/AKT pathway is a major cancer survival pathway regulating a broad range
of downstream targets, including proliferation, cell growth, cell mobilization,
angiogenesis and cell survival (Martini et al., 2014). E6 has been shown to
inactivate PTEN, leading to increased pAKT and increased cell proliferation
(Contreras-Paredes et al., 2009). The mammalian target of rapamycin (mTOR)
kinase, downstream target of AKT, has been demonstrated to be activated by
E6 via E6/E6AP-mediated degradation of mTOR inhibitor tuberous sclerosis
complex 2 (TSC2) (Lu et al., 2004; Zheng et al., 2008). While under conditions
of nutrient deprivation, HPV-16 E6 expression was shown to increase mTOR1
activity as a result of upstream activation of mTOR2 and 3-phosphoinositidedependent kinase 1 (PDK1), leading to activation of AKT (Spangle and Munger,
2010). Furthermore, HPV-16 E6 expression was shown to sustain activation of
receptor protein tyrosine kinases, including epidermal growth factor receptor
(EGFR), insulin receptor beta and insulin-like growth factor receptor beta,
mediated via the signaling adaptor protein Growth Factor Receptor-Bound
protein 2 (GRB2), which are upstream of PI3K/AKT pathway (Spangle and
Munger, 2013).
Further, nuclear accumulation of β-catenin has been shown to be associated with
E6 in activation of the Wnt pathway. The mechanism was shown to be dependent
on E6 ability to interact with E6AP and was shown to be independent of E6's
ability to target p53 for degradation or to bind to the PDZ-containing E6 targets
(Lichtig et al., 2010). Another mechanistic explanation of E6 activation of Wnt
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pathways was shown to be through downregulation of seven in absentia
homologue (Siah-1), involved in proteasomal degradation of β-catenin (Rampias
et al., 2010). While, mice expressing wild-type E6 under the Keratin 14 promoter
(K14E6 mice) showed enhanced nuclear accumulation of β-catenin and the
accumulation of cellular β-catenin-responsive genes, mice expressing E6 lacking
the PDZ binding domain (K14E6∆PDZ) mice did not, indicating that E6 activation
of Wnt signaling is in part PBM-dependent (Bonilla-Delgado et al., 2012).
HPV-16 E6 has also been shown to activate the Notch pathway by interacting
with NFX1-123 and increasing its expression, which, in turn, increases Notch-1
mRNA levels in E6-expressing cells (Vliet-Gregg et al., 2013). Modulation of
Notch-1 by E6 was further shown to be mediated via presenilin-1 in mouse and
human primary cell lines expressing HPV-16 E6 (Weijzen et al., 2003), while,
expression of HPV-16 E6 has been shown to prevent early fate commitment of
human keratinocytes towards differentiation and promoting cell proliferation at
high cell densities, through a combined inactivation of p53 and Notch-1 (Kranjec
et al., 2017). Furthermore, studies in cutaneous papillomavirus E6 oncoproteins
have shown that E6 represses Notch signaling by association with MAML-1, a
coactivator and effector of Notch-induced transcription, and thereby delays
keratinocyte differentiation (Brimer et al., 2017; Brimer et al., 2012; Tan et al.,
2012; White and Howley, 2013). It is intriguing to note that whilst E6 proteins
from cutaneous HPV types targets MAML through an LXXLL motif, E6 proteins
from mucosal HPV types targets E6AP through the same mechanism. This
suggests that this interaction motif appeared early in the evolution of these
viruses relative to their respective tropism in the mucosal or cutaneous
epithelium, in order to favor cellular environment amenable for viral replication
(Brimer et al., 2017; Tan et al., 2012; White and Howley, 2013; Zanier et al.,
2013).
Telomerase activation
High-risk E6 can activate telomerase by a mechanism independent of p53
degradation and was shown to be important for immortalization (Klingelhutz et
al., 1994; Klingelhutz et al., 1996). E6 was shown to interact with hTERT and
increases telomerase activation by a posttranscriptional mechanism (Liu et al.,
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2009). E6-mediated hTERT activity was shown to be the result of a combinatorial
binding effect of Myc and Sp1 transcription factors responsible for hTERT
expression (Oh et al., 2001). Furthermore, E6 was shown to cooperate with
NFX1-123 to increase hTERT activity (Vliet-Gregg et al., 2013) and to
downregulate hTERT repressors, such as NFX1-91 (Gewin et al., 2004), p300
(James et al., 2006) and Maz (Xu et al., 2013). The expression of hTERT and
the telomerase activity were shown to be positively corelated with cervical cancer
initiation and progression (Branca et al., 2006; Mutirangura et al., 1998). The
advantage of activation of telomerase by HPV is not entirely clear, however, as
telomeres are associated with a variety of proteins associated with DNA damage
repair (DDR) pathway (Wallace and Galloway, 2014), a possibility could be
modulation of DDR pathway for HPV genome replication.
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E7 Oncoprotein
The HPV 16 E7 is a 98 amino acid long, heterogenous protein based on its
structural and dynamic properties (Phelps et al., 1992). The spliced E6*I
transcripts has been suggested to be the responsible for translation of E7 (Tang
et al., 2006), however, recent evidences of circular RNA which encompasses E7
oncogene (circE7) has been demonstrated to have significant contribution to E7
protein levels and transforming properties despite being less abundant species
(~1–3% of total E7 transcripts) (Zhao et al., 2019). The N-terminus of HPV16 E7
has sequence and function homology to a portion of CR1 and to the entire CR2
region of adenovirus (Ad) E1a and related sequences in the simian vacuolating
virus 40 large tumor antigen (SV40 TAg) (Figge and Smith, 1988; Matlashewski
et al., 1987; Phelps et al., 1988). The CR2 homology domain includes a LXCXE
(X is any amino acid) motif, which is the interaction site for the retinoblastoma
tumor suppressor (pRB) and related pocket proteins (Dyson et al., 1989; Munger
et al., 1989b), however, optimum interaction requires the residues in the CR3
domain as well (Huang et al., 1993; Todorovic et al., 2012; Wu et al., 1993).
Adjacent to this motif is a consensus phosphorylation site for casein kinase II
(CKII) at serine 31 and 32 position in case of HPV 16 E7 (Barbosa et al., 1990;
Firzlaff et al., 1989) (Figure 5).

Figure 5. Schematic representation of HPV-16 E7.
(A). The position of conserved regions (CR1, CR2 and CR3) and CXXC (Cys-X-X-Cys) motifs,
which participate coordinating zinc ion are also indicated. (B). Sequence alignment between CR1
and CR2 of HPV 16-E7, adenovirus type 5 E1a (Ad5E1a) and simian vacuolating virus 40 large
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tumour antigen (SV40 Tag). Conserved residues are in bold letter and boxed region indicates
the consensus LXCXE motif that targets pRB and pocket proteins p107 and p130.

Further to the C-terminus, the CR3 region contains two CXXC zinc-binding motifs
separated by 29 amino acids (Barbosa et al., 1989; McIntyre et al., 1993). Unlike
the N-terminus which is intrinsically disordered and is characterized by high
flexibility (Calcada et al., 2013; Garcia-Alai et al., 2007; Ohlenschlager et al.,
2006), the C-terminus appears to be more structured and is also responsible for
formation of a homodimer as shown by the 3D structure of E7 CR3 regions from
HPV-1A (Liu et al., 2006) and HPV-45 (Ohlenschlager et al., 2006). E7 has also
been shown to form dimers (Clemens et al., 1995; McIntyre et al., 1993;
Todorovic et al., 2011), tetramers (Clements et al., 2000) and higher order
oligomers (Alonso et al., 2004; Alonso et al., 2006).
The HPV-16 E7 was shown to be a cytoplasmic phosphoprotein in 1987 (Smotkin
and Wettstein, 1987), however, nuclear pools have also been reported
(Greenfield et al., 1991; Guccione et al., 2002; Sato et al., 1989; Smith-McCune
et al., 1999). Furthermore, recently E7 has been shown to be present in different
subcellular

(ER,

Golgi

and

nucleus)

compartments

based

on

immunofluorescence techniques using antibodies recognizing different epitopes
in HPV-16 E7 (Valdovinos-Torres et al., 2008). E7 proteins lack a typical nuclear
localization sequence, however, it has been shown to gain entry to the nucleus
though a RAN-dependent pathway (Angeline et al., 2003). While, RAN
dependent nuclear export of E7 has been mapped to a well conserved residue
(amino acids 76-84) in HPV E7 proteins (Knapp et al., 2009). Furthermore, E7 is
post-transcriptionally regulated by the proteasome and by phosphorylation
(discussed in section ‘PTMs of HPV E7 and their role in HPV biology and
carcinogenesis’).
Role of HPV E7 in cell transformation
The cellular transforming activities of high-risk HPV genomes was established in
mid 1980s in rodent cell transformations assays (Matlashewski et al., 1987;
Yasumoto et al., 1986) and subsequently, E7 was recognized as the major
transforming protein of high-risk HPVs using mutational analyses in such assays
(Bedell et al., 1989; Kanda et al., 1988; Phelps et al., 1988; Tanaka et al., 1989;
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Vousden et al., 1988; Watanabe and Yoshiike, 1988; Yutsudo et al., 1988). Later,
using primary human keratinocytes, it was shown that high-risk HPV genomes
causes life span extension, inhibit keratinocyte differentiation and leads to
cellular immortalization (Schlegel et al., 1988; Woodworth et al., 1988;
Woodworth et al., 1989). Organotypic raft cultures expressing the HPV genome
was also shown to have cellular alterations and abnormalities in tissue
architecture as in high-grade HPV-associated clinical lesions (McCance et al.,
1988; Waggoner et al., 1990). While, the resulting cell lines were immortalized,
they were not tumorigenic in nude mice but could induce tumors after several
passages or in cooperation with additional oncogenes such as ras or fos (Bedell
et al., 1989; Hawley-Nelson et al., 1989; Hudson et al., 1990; Munger et al.,
1989a). Further mutational analysis showed that E7 protein in cooperation with
E6 is necessary for these transforming activities in human keratinocytes, while
such transforming and immortalizing activities are highly decreased in case of
low-risk E7s (Barbosa et al., 1991; Halbert et al., 1992).
As with E6, E7 has not been reported to have any intrinsic enzymatic activity but
is able to interact and subvert many different cellular regulatory proteins involved
in cell cycle control and regulation, apoptosis, DNA damage and repair,
transcription and many other vital cellular processes. Some of the key target
proteins interacting with HPV-16 E7 are shown in a schematic diagram in Figure
6. Following sections below is aimed to discuss some of these key targets of E7
and their functions in cellular transformation.

Figure 6. Hypothetical model of HPV-E7 showing various cellular binding partners.
Then N-terminus of E7 is intrinsically disordered and its structure has not been determined while
the structure of C-terminus has been determined. Some of the key targets that E7 interacts are
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p600 in the CR1 region shown to have role in anchorage independent growth and proteasomal
degradation of PTPN14, pRB in the CR2 region (LXCXE motif) important for cell cycle entry,
while regions in the CR3 region of E7 also contribute to pRB binding. (Refer to text for details).

Association of E7 with pRb and activation of E2F-dependent transcription
The members of the pocket family of proteins and their interactions with member
of the E2F family of transcription factors plays a key role in regulation of cell cycle
and apoptosis (Dyson, 1998). In normal cells, the association of pRB with E2F
transcription factors blocks the transition of G1/S checkpoint of cell cycle until the
cell receives a signal to divide (Frolov and Dyson, 2004). The G1 specific
pRB/E2F transcriptional repressor complex is disrupted by phosphorylation of
pRB by cdk4/6 and cdk2 in late G1 and the dissociated E2F acts as a
transcriptional activator of genes necessary for S-phase entry and progression.
In HPV infected cells, high-risk E7 can bind the G1 specific, E2F bound pRB and
cause disruption of this repressor complex leading to uncontrolled G1 exit and
S-phase entry (Dyson et al., 1992). pRB binds to the LXCXE motif in CR2 region
of E7 while sequences in the CR3 regions of E7 have also been shown to be
important (Huang et al., 1993; Wu et al., 1993). In addition, high-risk E7 are able
to destabilize pRB (Boyer et al., 1996; Jones et al., 1997b) through proteasomal
degradation by interacting with cullin 2 ubiquitin ligase complex (Huh et al., 2007)
(Figure 7). Sequences in the CR1 region of E7 has also been shown to be
necessary for pRB destabilization, in addition to LXCXE binding motif in the CR2
(Jones et al., 1997b).

Figure 7. Hypothetical model of HPV-16 E7/Cullin 2 complex.
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HPV-16 E7 associates with the Cullin 2 complex and recruits cellular proteins, including pRB
(depicted in the model), p130 for ubiquitination and proteasome mediated degradation. Cullin 2associated ubiquitin ligase activity may be increased in HPV-16 E7-expressing cells due to
increased cullin 2 neddylation. ub – ubiquitin, aa – amino acids, n8 – nedd8 [adapted from (Huh
et al., 2007)].

Furthermore, HPV-16 E7 can target multiple members of the E2F transcription
factor family, including the transcriptional activator, E2F1 and the transcriptional
repressor, E2F6 (Hwang et al., 2002). By interacting with E2F1, HPV-16 E7 can
enhance E2F1-mediated transcription. E2F1 plays a role in mediating the
transcriptional control of E2F6 gene, which is upregulated in the G1/S phase
transition in order to repress E2F-responsive promoters, thereby checking the
cell cycle for differentiation (Lyons et al., 2006). While, HPV-16 E7 associates
with E2F6 and perturbs its ability to function as transcriptional repressor
(McLaughlin-Drubin et al., 2008). Taken together, due to these functions of E7,
the cells committed to exit cell cycle and differentiate are then able to remain in
a S-phase-competent state necessary for viral life cycle. However, the resulting
unscheduled DNA replication also activates the cellular apoptotic pathways by a
mechanism termed ‘trophic sentinel response’ (Evan and Vousden, 2001) but is
efficiently inactivated by high-risk E6 proteins (discussed in “E6 oncoprotein”
section).
High-risk and low-risk E7s have differential ability in binding to members of the
pRB family of proteins. Low risk E7 proteins bind to pRB with a much lower
efficiency (approx. 10-fold less) than the high-risk HPV E7 proteins (Gage et al.,
1990; Munger et al., 1989b). Again, only high-risk E7s can target all three pRB
family members for degradation. Therefore, it has been suggested that the
inability of low-risk HPV types to drive robust basal cell proliferation is because
these types can only efficiently target p130 for degradation, which regulates cell
cycle entry in the upper epithelial layers, but cannot target p107 and p105, which
regulates the cell cycle in the basal and parabasal layer (Barrow-Laing et al.,
2010; Boyer et al., 1996; Demers et al., 1994; Gonzalez et al., 2001; Helt and
Galloway, 2001; Jones and Munger, 1997; Roman, 2006; Zhang et al., 2006).
Although E7’s oncogenic potential correlates more closely with the ability to
induce pRB destabilization than just the interaction potential (Giarre et al., 2001;
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Gonzalez et al., 2001), it has been shown that the destabilization of the pocket
proteins is not sufficient to overcome cell cycle arrest or efficient cell
transformation (Banks et al., 1990; Helt and Galloway, 2001; Shin et al., 2012).
These observations highlight the importance of additional cellular targets of E7
involved in stimulating cell cycle progression and suggests multiple mechanisms
are involved in inducing and maintaining of cell transformation.
G1/S cell checkpoint deregulation by other mechanisms
In addition to destabilization of pRB leading to perturbation of pRB/E2F complex,
E7 further enhances G1/S transition by binding with both positive and negative
regulators of the cell cycle. Cyclin dependent kinases (cdks) are drivers of the
cell cycle. The regulatory subunits of cdk2, cyclin E and A, which drive S-phase
entry and progression, is under the control of E2F. And it has been shown that
cells expressing E7, maintain high levels of both cyclin E and A as a result of
destabilization of pRB and increased E2F dependent transcription (Zerfass et al.,
1995). E7 can also directly associate with cdk2/cyclin A and cyclin E complexes
resulting in increased cdk2 activity (He et al., 2003; Nguyen and Munger, 2008;
Tommasino et al., 1993). Furthermore, HPV16 E7 also causes an increase in the
transcription of the cell division cycle (cdc) 25A phosphatase involved in
removing inhibitory phosphorylation of cyclin E and A complexes, leading to
further activation of cdk2 activity (Katich et al., 2001). More recently, cdc6 was
also shown to be up-regulated in E7-expressing cells (Fan et al., 2016), which
promotes cell cycle progression by activating cdk2 (Kan et al., 2008; Uranbileg
et al., 2012) and further cdc6 was shown to be important in G1/S transition in E7expressing cells in hypoxic conditions (Chen et al., 2017).
During keratinocyte differentiation, loss of contact with the basal membrane is
accompanied by increased levels of cyclin dependent kinase inhibitors (CKIs),
subsequently inhibiting cdk2 activity inducing a G1 growth arrest. However, HPV
16 E7 abrogates the inhibition of cdk2 activity by interacting with CKIs, p21Cip1
(Funk et al., 1997; Jones et al., 1997a) and p27Kip1 (Zerfass-Thome et al., 1996),
which are induced by anti-proliferative signals, including growth factor withdrawal
(Firpo et al., 1994), activation of p53 (el-Deiry et al., 1993) and loss of cellular
adhesion (Assoian, 1997; Fang et al., 1996). Although E7 expression increases
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p21Cip1 through protein stabilization (Jian et al., 1998; Jones et al., 1999; Noya
et al., 2001), cdk2 remains active in HPV-E7 expressing cells (Funk et al., 1997;
Jones et al., 1997a; Ruesch and Laimins, 1997). Furthermore, abrogation of
p21Cip1 inhibition has been shown to require C-terminus sequences of E7,
where zinc binding site mutants are shown to be proficient for targeting pocket
pockets for degradation but are yet unable to overcome growth arrest (Helt et al.,
2002; Helt and Galloway, 2001). Further, this function of abrogation of p21Cip1
activity is less efficient in low-risk E7 (Funk et al., 1997; Jones et al., 1997a).
Thus, the ability of HPV E7 to abrogate CKIs and disrupt pRB/E2F complexes
resulting in increased levels of cyclin A and E, together establishes a replication
competent cellular milieu in differentiating keratinocytes necessary for virus
propagation.
HPV E7, senescence and autophagy
Repression of endogenous E6 and E7 using bovine papillomavirus E2 protein
and re-expression of high-risk HPV E7 protein in HeLa cells, results cells in
proliferation, senescence or apoptosis depending on the particular mutant of E7
anlaysed (DeFilippis et al., 2003). Mutational analysis of high-risk E7 in the CR1
region (16E7∆6-10) and CR2 region (16E7∆21-24) indicated that Rb binding was
not enough to prevent senescence induced by repression of endogenous E7 in
HeLa cells but degradation of RB was also required (Psyrri et al., 2004). Highrisk E7 has also been shown to upregulate DEK proto-oncogene, a negative
mediator of senescence (Wise-Draper et al., 2005). While, promyelocytic
leukemia protein IV (PML IV), a positive mediator of senescence, has been
shown to be inhibited by both high-risk and low-risk E7. This activity was shown
to be dependent on Rb binding site and also CR3 regions of E7 (Bischof et al.,
2005).
Furthermore, high-risk HPV E7 has been shown to induce autophagy in response
to growth factor deprivation (Zhou and Munger, 2009), which might be a result of
metabolic stress due to sustained proliferative activity and/or reprogramming of
the cellular metabolism to a less efficient anaerobic mechanism (Zwerschke et
al., 1999). This switch to a lesser requirement of oxygen and increasing
glycolysis has been linked to interaction of high-risk E7 C-terminus to M2
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pyruvate kinase resulting in the less active form of the enzyme (Zwerschke et al.,
1999). Thus, induction of autophagy may be a cellular response to enhanced
proliferation in limited growth factors conditions or E7-induced increased
requirement for energy (Zhou and Munger, 2009; Zhou et al., 2009).
E7 and genomic instability
Despite the fact that expression of high-risk oncogenes in primary human
keratinocytes causes cellular immortalization exhibiting many characteristics of
premalignant lesions, these cells do not form tumors when injected into nude
mice. Additional oncogenic events are necessary for malignant progression to
occur, such as expression of oncogenes like ras or fos, or accumulation of
oncogenic mutations over prolonged passaging in culture (DiPaolo et al., 1989;
Durst et al., 1989; Hurlin et al., 1991; Pei et al., 1993).
High-risk HPV E7 has been suggested to cause genomic instability (Duensing et
al., 2000). HPV-16 E7 has been shown to induce centrosomal duplication errors
leading to multipolar mitoses, chromosome mis-segregation and aneuploidy,
independently of RB-inactivating activity (Duensing and Munger, 2003). Further,
HPV-16 E7 was shown to associate with the centrosomal regulator, γ-tubulin,
altering the recruitment of gamma-tubulin to the centrosome in HPV-16 E7
expressing cells, suggesting a role of E7 in abnormal centrosomal amplification
and disrupting centrosome homeostasis (Nguyen et al., 2007). Abnormal
centriole multiplication was also shown to correlate with up-regulation of Pololike kinase 4 in HPV-16 E7 expressing cells (Korzeniewski et al., 2011). In
addition, HPV-16 E7 expression was shown to induce delocalization of dynein
from mitotic spindles (Nguyen et al., 2008) and induce aneuploidy in infected
cells by disrupting nuclear mitotic apparatus protein 1 (NuMA)/dynein network
even in the absence of supernumerary centrosomes (Nguyen and Munger,
2009).
Further, high-risk E7 has been shown to target ATM/ATR DNA damage response
pathways. HPV-31 E7 was shown to bind ATM inducing its phosphorylation and
activating Chk2 (Moody and Laimins, 2009). HPV-18 E7 was shown to induce
increased levels of phosphorylated ATM and the downstream kinases Chk1,
Chk2 and JNKs (c-jun N-terminal kinases) (Banerjee et al., 2011). In addition,
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high-risk E7 was shown to target claspin, a key regulator of ATR-Chk1 pathway
activated in response to replications stress. HPV-16 E7 was shown to attenuate
mitotic checkpoint control by upregulating cellular factors involved in
destabilization of claspin – a positive regulator of mitotic checkpoint, primarily
dependent on the ability of E7 to inactivate RB, as most of the factors involved
in turnover of claspin are regulated by E2F transcription factors (Spardy et al.,
2009). Thus, E7 induced accelerated degradation of claspin in G2/M phase leads
cells to initiate checkpoint recovery even in presence of DNA damage potentially
leading to genomic instability (Spardy et al., 2009) and contributing to E7
mediated carcinogenesis.
Furthermore, HPV oncogenes hinder the homologous-recombination repair
pathway, where HPV E7 impairs RAD51 localization to double strand break
(DSB), leading to inability to robustly repair DSBs, causing some of these lesions
to be more persistent and contributing to genomic instability (Wallace et al.,
2017). More recently, HPV E7 has been shown to directly interact with E3
ubiquitin ligase RNF168, a critical factor in DNA repair following DSBs. This
interaction leads to perturbation of cellular DSB signaling where, HPV E7 hijacks
this ligase to promote viral replication cycle (Sitz et al., 2019).
HPV E7 and Epigenetic reprograming
Alterations in DNA methylation are associated with human diseases and are one
of the hallmarks of cancer. The HPV-16 E7 oncoprotein has been shown to
directly bind to DNMT1 and stimulate its methyltransferase activity (Burgers et
al., 2007). Further, HPV E7 proteins have been shown to interact with both HATs
and HDACs. HPV-16 E7 has been shown to interact with p300/CBP-associated
factor (PCAF) histone acetyltransferase (Avvakumov et al., 2003) and this
activity has been shown to contribute to downregulation of IL-8, which might
contribute to the ability of infected cells to avoid the host immune response
(Huang and McCance, 2002).
HPV E7 has also been shown to interact with HDAC1 and HDAC2 through Mi2β
protein (Brehm et al., 1999). Both Mi2β and HDAC1/HDAC2 are components of
the NuRD chromatin remodeling complex. This interaction has been
demonstrated to modulate histone modification and transcription of cellular
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genes relevant to cell cycle deregulation (Nguyen et al., 2002) or immune
evasion (Park et al., 2000). HPV-16 E7 interacts with interferon regulator factor1 (IRF-1), which activates IFN-β gene, however, by recruiting HDAC to abrogate
transactivation function of IFR-1, E7 has been suggested to suppress a cellular
immune response to HPV infection (Park et al., 2000). Further, the association
of HPV-31 E7 and HDACs in differentiated cells is involved in activation of E2F2
gene transcription facilitating HPV31 replication (Longworth et al., 2005). HPV
E7 has also been shown to enhance HIF-1α-dependent transcription by inducing
dissociation of HDAC1, HDAC4 and HDAC7 from HIF-1α, which might contribute
to tumour angiogenesis (Bodily et al., 2011b).
HPV E7 has also been shown to induce expression of histone H3 lysine 27
demethylase, KDM6A and KDM6B enzymes responsible for H3K27me3
demethylation (McLaughlin-Drubin et al., 2011). Further, KDM6B induction
mediates increased expression of cervical cancer biomarker p16INK4A. Higher
expression of p16INK4A caused by HPV-16 E7 mediated by KDM6D upregulation
represents an E7-triggered oncogene-induced senescence (OIS) response. This
response, as RAS/RAF cause KDM6B upregulation, leads to de-repression of
p16INK4A transcription followed by inhibition of CDK4/6 activity and inhibition of
pRB phosphorylation. The ultimate effect is G1 cell cycle arrest and senescence,
however, since, HPV E7 targets pRB for ubiquitin-dependent proteasomal
degradation and this explains why p16INK4A upregulation in HPV positive cancer
cells does not inhibit proliferation (McLaughlin-Drubin and Munger, 2013;
McLaughlin-Drubin et al., 2013; Munger et al., 2013). Further, KDM6A- and
KDM6B-responsive Homeobox (HOX) genes are expressed at significantly
higher levels, suggesting that ectopic expression of HPV-16 E7 results in
reprogramming of host epithelial cells (McLaughlin-Drubin et al., 2011).
Furthermore, increased KDM6A in response to high-risk HPV E7 expression was
shown to cause de-repression of cell cycle and DNA replication inhibitor p21CIP1
and this activity was shown to be required for high-risk E7 expressing cells for
p21CIP1’s ability to inhibit DNA replication through PCNA binding (Soto et al.,
2017).
The polycomb group of proteins forms polycomb repressive complexes (PRC)
and repress gene transcription (Bracken and Helin, 2009). PRC2, for instance,
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silences genes by trimethylating lysine residue 27 of histone H3, while PRC1
binds to H3K27me3-marked chromatin and further silences gene expression by
monoubiquitinating lysine K119 of histone H2A. HPV-16 E7 associates with
E2F6 factor with multiple polycomb group of proteins including BMI1, PCGF2
(MEL-18), CBX4 (hPC2), RING1, MGA, and L3MBTL2, and abrogates
repressive activity of E2F6 on its target genes (McLaughlin-Drubin et al., 2008).
HPV-16 E7 has also been shown to induce expression of H3K27 histone
methyltransferase EZH2 (enzymatic component of PRC2), enhancing PRC4
complex formation (Holland et al., 2008), which has been demonstrated to cause
histone H1K26 deacetylation and methylation (Kuzmichev et al., 2005).
Modulation of micro RNAs by HPV E7
Among many other factors, micro RNAs (miRNAs) are also known to regulate
the expression and activities of cellular proteins by acting as post-transcriptional
regulators of gene expression (Suzuki et al., 2012). These are small RNA
molecules (18-25 nucleotides), transcribed by RNA polymerase II. HPV E7 has
been shown to downregulate miRNA203, which is normally expressed in higher
levels in differentiating cells to downregulate the p63 family of transcription
factors and inhibit cell proliferation. However, E7 mediated downregulation of
miRNA203 appears to be necessary for genome amplification and productive
replication in differentiating cells (Melar-New and Laimins, 2010). In addtion, a
number of other micro RNAs are modulated by expression of E6 and E7
oncoproteins, singly or in combination. Specifically, upregulation of miR-16-2-3p
and downregulation of miR-197-3p and -1249 in HPV-16 E6/E7 expressing HFKs
is driven by E7 expression (Harden et al., 2017). These microRNAs together with
others being modulated by HPV oncoproteins seem to affect several of the
cellular signaling pathways including p38 MAPK signaling, G1/S checkpoint
regulation and ATM signaling, thus contributing towards rewiring of cellular
regulatory pathways in oncogenic transformation (Harden et al., 2017;
Yablonska et al., 2013).
UBR4/p600, Anoikis and anchorage independence
High-risk and low-risk HPV E7, as well as E7 protein from bovine papillomavirus
1 (BPV1) has been shown to associate with p600/UBR4 (DeMasi et al., 2005;
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Huh et al., 2005). p600 has been implicated in regulation of anoikis signaling.
Anoikis is a form of apoptosis mediated in normal cells when they attempt to
divide in absence of a matrix (Frisch and Screaton, 2001). Interaction of E7 with
p600 has been shown to be through CR1 amino-terminal domain of E7 (DeMasi
et al., 2005; Huh et al., 2005), which is necessary for the transforming ability of
HPV-16 E7 (Gulliver et al., 1997; Phelps et al., 1992) and expression of the BPV1 E7 oncoprotein has been suggested to result in resistance to anoikis (DeMasi
et al., 2007). Further, p600 is a E3 ubiquitin ligase and is involved in the N-end
rule pathway in ubiquitin proteasome pathway (Tasaki et al., 2005). More
recently p600/UBR4 interaction with high-risk E7 was shown to be important for
destabilization of PTPN14 (Szalmas et al., 2017; White et al., 2016).
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PTMs of HPV E7 and their role in HPV biology and carcinogenesis
Most nascent proteins undergo several modifications before they can fulfil their
various functions as enzymes, or as structural biomolecules involved in
maintaining diverse cellular functions. Many others undergo a series of
sequential modifications to relay signals from the extra-cellular milieu to the cell
interior, leading to alterations in gene expression and function. Phosphorylation,
ubiquitination, glycosylation, acetylation, proteolysis, deamidation are a few of
the many post-translational modifications (PTM) that have been extensively
studied. Given a complex network of continuous signals being relayed in the cell,
most proteins are continually undergoing one or several of these modifications,
and this also applies to several other proteins that are exogenously acquired –
for example, proteins from viral gene expression. In case of HPV, PTMs of viral
proteins play a significant role in the viral life cycle and in carcinogenesis, as
noted above in the case of E6. The following sections are aimed to summarize
the reported PTMs of the HPV E7 oncoprotein in terms of the viral life cycle and
cell transformation.
As discussed previously, many functions of the E7 protein are mediated through
interaction with various cellular proteins, and some of these interactions are
strongly modulated by post-translational modifications of E7. Despite much
previous research being mainly focused on HPV biology and HPV-induced
carcinogenesis, the specific role of PTM of viral proteins and oncogenes in these
processes has not been well explored.
Phosphorylation
HPV 16E7 has long been recognized as a cytoplasmic/nulcear serine phosphoprotein (Smotkin and Wettstein, 1987). HPV E7 contains a consensus
phosphorylation site for CKII (Figure 8) at the N-terminus of the protein in the
CR2 homology domain (Barbosa et al., 1990; Firzlaff et al., 1989). The substrate
specificity for CKII recognition is determined by multiple acidic residues located
between the -2 and +5 positions, relative to the S/T phospho-acceptor site (Marin
et al., 1994; Sarno et al., 1996). Although a run of three acidic amino acids is
enough for CKII recognition, a stretch of five acidic downstream residues, as is
found in HPV-16 E7, has been found to be more efficient (Marin et al., 1986).
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Both the serine residues of HPV-16 E7 at S31 and S32 have been demonstrated
to be phosphorylated by CKII (Figure 8) (Barbosa et al., 1990; Firzlaff et al.,
1989). In addition, recently, a variant of 16E7 with an additional serine at S29
has also been shown to be phosphorylated by CKII (Zine El Abidine et al., 2017).
Similar consensus phosphorylation sites in HPV-18, HPV-11 and HPV-6 E7
proteins have been shown to be phosphorylated (Armstrong and Roman, 1995;
Firzlaff et al., 1989; Genovese et al., 2008); however, CKII phosphorylation
kinetics were shown to be twice as fast for HPV-18 E7 as for HPV-16 E7, which,
in turn, was twice as fast as for HPV-6 E7 (Barbosa et al., 1990).

Figure 8. Schematic representation of the known HPV E7 post translational modifications.
HPV E7 can be phosphorylated, ubiquitinated and polyaminated (refer to text for details). CR –
conserved region, CKII – casein kinase II, DYRK1A – dual-specificity tyrosine phosphorylationregulated kinase 1A, PKC – protein kinase C, p – phosphate group, ub – ubiquitin, Am – amine
group.

The 3D structures of the C-terminal halves of E7 proteins from HPV-1A (Liu et
al., 2006) and HPV-45 (Ohlenschlager et al., 2006) have been determined, while
the N-terminal halves have been termed heterogenous in structural behavior and
characterized as intrinsically disordered and with high flexibility (Calcada et al.,
2013; Ohlenschlager et al., 2006). However, recent structural studies have
revealed that CKII phosphorylation of E7 at these residues does not affect E7’s
overall conformation, but is most likely to contribute to local changes in charges
at serine residues S31 and S32, thus affecting E7’s capacity to interact with its
target proteins (Nogueira et al., 2017). Indeed the N-terminal half of HPV E7(140) displays an extended polyproline II (PPII) conformation, which is not only fully
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accessible to PTMs, but is also stabilized by CKII phosphorylation at S31/S32,
further increasing the PPII content and promoting the accessibility of this
interaction motif for binding with various cellular interacting partners (Chemes et
al., 2010; Garcia-Alai et al., 2007; Kukic et al., 2019).
In line with the above-mentioned details, the clue to phosphorylation of E7 and
enhanced binding initially came from structural studies of pRB and the E7 binding
region (Lee et al., 1998) (Figure 9). The LXCXE motif upstream of the CKII
phospho-acceptor site in E7's CR2, binds pRB and is robustly engaged via the
additional negative charges of the CKII-phosphorylated S31/S32 residues of E7
(Chemes et al., 2010; Dick and Dyson, 2002; Dyson et al., 1989; Lee et al., 1998;
Singh et al., 2005). Furthermore, an intact CKII phosphorylation site has been
shown to be important for E7 to be able to target and inactivate pRB and related
pocket proteins by proteasomal degradation (Genovese et al., 2008; Jones et
al., 1997b).

Figure 9. The E7 LXCXE binds as an extended peptide onto a conserved groove of B-box
of RB (Lee et al., 1998).
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A. Three-dimensional structure showing hydrogen-bonds interactions to peptide backbone
groups (indicated as red dotted lines) of E7 LXCXE region with B-box of pRB. B. The E7 L22,
C24 and L28 side chains bind in small hydrophobic pockets of the B-box of pRB. C. The clustering
of basic residues at the rim of the LXCXE binding site, a well-conserved feature, facilitating
binding of viral oncogenes that often have a stretch of acidic residues following the LXCXE motif.
A conserved lustering of acidic residues at the opposite side of the binding site can also be
observed.

A similar enhancement of E7's interaction with TATA Box Binding Protein (TBP)
was also shown to be dependent on phosphorylation of HPV 16E7 by CKII,
where a mutation to acidic residues instead of serine at the CKII phosphoacceptor site significantly increased the affinity for TBP (Massimi et al., 1996;
Phillips and Vousden, 1997). It has been further suggested that E7
phosphorylation may play a role in E7 interaction with p53 in a complex with TBP
that inhibits p53 transcriptional activity (Massimi and Banks, 1997). Moreover,
HPV 16E7 was also shown to interact with F-actin in a CKII phosphorylationdependent manner, with consequent decrease in polymerized actin and
disruption of the actin cytoskeleton in cells expressing E7 (Rey et al., 2000).
CKII is an ubiquitous serine/threonine protein kinase that has been reported to
localize in both cytoplasm and nucleus and has been shown to be associated
with the plasma membrane, Golgi and endoplasmic reticulum (reviewed in
(Litchfield, 2003)). CKII activity is modulated by growth factors (Ackerman and
Osheroff, 1989) and can be inhibited by calprotectin (Murao et al., 1989).
Calprotectin, or the S100 calcium-binding protein complex, is composed of
macrophage-inhibitory related factor (MRP) proteins 8 and 14 and has been
shown to inhibit CKII (Murao et al., 1989) and decrease CKII-dependent HPV
16E7 phosphorylation (Tugizov et al., 2005). Furthermore, MRP 8/14 levels were
undetectable in HPV-immortalized human keratinocytes that had a four-fold
increase in CKII activity compared with normal keratinocytes (Tugizov et al.,
2005), suggesting a possible role for the complex in regulating CKII-mediated E7
phosphorylation.
Biologically, phosphorylation of HPV 16E7 S31/S32 residues by CKII, or their
mutation to negatively-charged amino acids such as aspartic acid, has been
shown to be important for cell transformation (Barbosa et al., 1990; Firzlaff et al.,
1991; Heck et al., 1992); while in context of the whole HPV-16 genome, mutation
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of the CKII phospho-acceptor site results in reduced virus production in raft
cultures (Bodily et al., 2011a). In terms of cell proliferation and terminal
differentiation, mutation of the CKII phospho-acceptor site to phosphorylationdeficient A31/A32 was shown to impair the ability of HPV-16 E7 to override the
b-zip transcription factor CCAAT/enhancer-binding protein alpha (C/EBPalpha)mediated cell cycle arrest, without affecting the transactivation activity of
C/EBPalpha or its ability to participate in differentiation (Muller et al., 1999). In
postmitotic and differentiated cells, negative charges or phosphorylation at one
or both of the serines in CKII phospho-acceptor sites of E7 have been shown to
be required for efficient activation of S-phase genes and subsequent induction
of S-phase reentry (Chien et al., 2000; Genovese et al., 2008). All these functions
described for the E7 CKII phospho-acceptor site relate to viral life cycle or to
early events of transformation. In the case of cervical cancer derived cells, one
study addressed the role of CKII phosphorylation in the maintenance of cell
proliferation in HeLa cells. Using overexpression of E2 to suppress viral
oncoprotein expression and subsequent rescue with E7 overexpression, an
intact CKII phospho-acceptor site was found to be important for optimal cell
growth (Psyrri et al., 2004).
As with the E6 oncoprotein, phosphorylation of E7 does not appear to be
constitutive and is differentially regulated during the cell cycle. CKII
phosphorylation of E7 mainly occurs during the G1 phase at S31/S32 and
decreases rapidly as the cells progress towards S-phase (Massimi and Banks,
2000). The same study also found evidence of an additional phospho-acceptor
site in E7 at S71 in the carboxy-terminal half of the protein. In this case
phosphorylation at S71 seemed to occur preferentially during S-phase, although
the kinase responsible has not yet been identified (Massimi and Banks, 2000).
Furthermore, the biological relevance of phosphorylation at S71 also remains to
be clarified, although mutations at this site have been linked to reduction in
induction of tetrasomy in raft cultures, when compared with wildtype E7expressing cells (Southern et al., 2004). However, a clear link to tetrasomy with
phosphorylation at S71 has so far not been demonstrated. Phylogenetically, this
residue is highly conserved in high-risk alpha papillomaviruses, further
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suggesting a conserved function for this residue that warrants further
investigation.
HPV-16 E7 has also been shown to be phosphorylated in vitro and in vivo at
threonine residues T5 and T7 in the CR1 homology domain, by dual-specificity
tyrosine phosphorylation-regulated kinase 1A (DYRK1A), even when a perfect
consensus recognition

sequence

[RXX(S/T)P]

is not

present

at

the

phosphorylation site (Liang et al., 2008). Furthermore, this kinase was shown to
bind to the C-terminus of HPV-16 E7 and increase E7 stability, resulting in an
increased ability to target pRB for degradation. Phosphorylation by DYRK1A at
T5 and T7 and subsequent increase stability of E7 has been suggested to be the
result of the perturbation of N-terminal ubiquitination of E7 (see section
"Ubiquitination of E7") (Liang et al., 2008).
In low-risk HPV-6 E7, the threonine residue T7 in the CR1 homology domain has
been shown to be phosphorylated by protein kinase C (PKC), while the
consensus threonine residue of HPV-16 E7 was not phosphorylated by PKC
under similar in vitro conditions. Although this particular threonine residue at T7
seems to be well-conserved in many HPV types, including the high-risk E7s, the
discrepancy in phosphorylation seems to reside in deviation of the PKC
recognition sequence [(R/K1–3/X2–0)-S/T-(X2–0/R/K1–3)] in the high-risk types,
suggesting a qualitative biochemical difference between high-risk and low-risk
E7 (Armstrong and Roman, 1995).
Ubiquitination of E7
HPV E7 is a short-lived protein: turned over very quickly in cells (Selvey et al.,
1994) via the ubiquitin proteasome pathway (Reinstein et al., 2000; Wang et al.,
2001), and has a half-life of less than an hour (Reinstein et al., 2000; Wang et
al., 2001). HPV-16 E7 has two internal lysine residues; however, mutating both
lysine residues to arginine did not affect its ubiquitination or degradation.
Furthermore, addition of a Myc tag to the N-terminal but not to the C-terminal
residue was shown to stabilize the protein, suggesting that E7 is subject to Nterminal ubiquitination and proteasomal degradation (Figure 8) (Reinstein et al.,
2000). The N-terminal ubiquitination of E7s is further supported by the case of
HPV58 E7, which does not contain any lysine residue, but has been shown to be
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ubiquitinated and degraded by the proteasome (Ben-Saadon et al., 2004). It has
further been shown that the first 11 residues in the N-terminus of HPV 16E7 are
important for its ubiquitination, and that deletion or N-terminal tagging stabilizes
the protein (Reinstein et al., 2000). A functional interaction of E7 with the S4
subunit of the 26S proteasome has also been described, but whether this
interaction has any role in E7 proteolysis is not clear (Berezutskaya and Bagchi,
1997; Wang et al., 2001). Whether ubiquitination of E7 plays any role in E7
function other than targeting it for degradation remains to be determined,
however it is intriguing that N-terminally tagged E7 proteins are defective in
transforming activity, despite their increased stability. Whether this is due to loss
of ubiquitination or loss of ability to interact with other cellular substrates such as
p600 (see below), remains to be determined.

Figure 10. Post translational modification of HPV E7 by ubiquitin proteasome pathway.
Hypothetical schematic representation of the SOCS1 complex (in cytoplasm) and SCF E3 ligase
complex (in nucleus) in ubiquitination and proteasomal degradation of E7 and stabilization of E7
by USP11 (refer to text for details). ub – ubiquitin, pp – 2-25 residue peptides.

E7 has also been shown to interact with suppressor of cytokine signaling-1
(SOCS1)/JAB, a member of the CIS/SOCS family of proteins, resulting in the
destabilization of E7 by its ubiquitination in a SOCS-box-dependent manner
(Figure 10) (Kamio et al., 2004). SOCS1 is a component of the VCB-type E3
ubiquitin ligase, containing Elongin B and C, which recruits Cullin-2, Rbx-1 and
E2 ubiquitin transferase complex, and acts as an adaptor protein to recruit target
proteins for ubiquitination and proteasomal degradation (Zhang et al., 1999).
Thus, higher levels of E7 protein and consequent higher sensitivity to E734

mediated transformation has been observed in SOCS1-deficient fibroblasts.
However, E7 is still weakly ubiquitinated in the presence of a SOCS-boxdefective mutant of SOCS1, suggesting possible involvement of other ubiquitin
ligases (Kamio et al., 2004). Further, the ring E3 ligase, SCF (Skp-Cullin-Fbox)
ubiquitin ligase complex, containing Cullin 1 and Skp2, was shown to associate
with and destabilize E7 by ubiquitination and proteasomal degradation (Oh et al.,
2004). In the same analysis, it was shown that E7 proteolysis was not completely
blocked in Skp2-deficient cells, suggesting the involvement of Skp2-independent
proteolysis of E7 (Oh et al., 2004). Several proteins, such as p27Kip1 and E2F1, often require specific phosphorylation prior to SCF-dependent ubiquitination
(Montagnoli et al., 1999; Ohta and Xiong, 2001), however, it is not clear if E7
requires phosphorylation prior to SCF-dependent ubiquitination (Oh et al., 2004).
Even though two independent ubiquitin ligase pathways have been described,
SOCS1-dependent destabilization of E7 occurs predominantly in the cytoplasm
(Kamio et al., 2004), while SCF-dependent ubiquitination is involved in
destabilization of nuclear pools of E7 (Oh et al., 2004), suggesting the
involvement of complementary mechanisms of E7 destabilization. Furthermore,
ubiquitination of HPV 16E7 is opposed by USP11 (ubiquitin specific protease
11). The C-terminus of USP11 binds E7 and increases its steady state levels by
reducing ubiquitination of E7 and subsequent degradation (Lin et al., 2008).
Low risk HPV-6b E7 and HPV-11 E7 proteins have also been shown to be
ubiquitinated, however, they have a longer turn-over time compared with highrisk E7s, based on cycloheximide pulse-chase experiments of estrogen-receptor
fused HPV E7s. While HPV-11 E7 could be ubiquitinated at non-conserved lysine
residues at positions 39 and 42, surprisingly, mutations to arginine residues
rather decreased protein stability (Genovese et al., 2011).
Other modifications
Polyamination of HPV 18E7
HPV-18 E7, but not HPV-16 E7, has been shown to be modified by
Transglutaminase 2 (TGase 2), which attaches polyamines onto the glutamine
residues in the C-terminal region of E7 (Figure 8). While both HPV-16 and HPV18 E7 have been shown to associate with TGase2, only HPV-18 E7 can undergo
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polyamination, as there are no glutamine residues at those potential
polyamination sites in HPV-16 E7. Interestingly, polyamination of the HPV-18 E7
protein by TGase 2 diminishes E7’s ability to bind Rb, suggesting that this could
be one possible explanation for the higher prevalence of HPV-16 than HPV-18
in cervical cancer (Jeon et al., 2006; Jeon et al., 2003). TGase2 belongs to a
family of calcium-dependent enzymes that catalyze PTMs of proteins through a
transamination reaction involving polymerization of polyamines onto proteins
and/or deamidation of proteins (Lorand and Graham, 2003). Based on this
finding, a study conducted to investigate modulation of TGase2 in infected
human cervical epithelium showed that TGase2 was absent in normal squamous
mucosa, but was present in CIN I lesions. Furthermore, TGase2 expression was
higher in CIN I than in CIN II/III, suggesting that TGase2 expression in HPV
infection is an early phenomenon and probably a part of the host cell reaction
against HPV-induced tissue modification (Bazzo Goulart et al., 2017; Del Nonno
et al., 2011).
The existence of additional PTMs of HPV E7 is demonstrated by the existence
of multiple isoforms of E7 with different molecular weights and isoelectric points
(IEP), described as E7a1 (17.5 kDa, IEP 4.68), E7a (17 kDa, IEP 6.18) and E7b
(16 kDa, IEP 6.96). These isoforms have been shown to be distributed into the
ER, Golgi and nucleus, suggesting the possibility of other posttranslational
modifications of E7 besides phosphorylation (Valdovinos-Torres et al., 2008).
Therapeutic implications of studying E7 PTMs
Despite the availability of three potent prophylactic vaccines covering the
majority of cancer-causing HPV types, there is still need of a therapeutic target
against cervical cancer. This is because the current vaccines are prophylactic,
not therapeutic, and thus would not be useful to an already-infected population
who could potentially develop cancer over several years. In addition, there is a
huge challenge in terms of both logistics and cost of the vaccine in many
developing countries where most of the cases occur. Thus, a potential
therapeutic target is urgently needed for HPV-induced carcinogenesis. The
following section attempts to summarize recent therapeutic interventions against
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HPV-induced cancers, targeting PTMs of E7 and/or their functions as one such
strategy.
CKII and CKII inhibitors in HPV-associated cancers
CKII is a constitutively active, pleiotropic and highly conserved serine/threonine
kinase (Allende and Allende, 1995; Pinna, 2002). The mammalian family of these
kinases is composed of 2 genes CSNK2A1 (CKIIα) and CSNK2A2 (CKIIα’). CKII
kinases can act monomerically or as a tetrameric complex composed of two CKII
units (CKIIα and/or CKIIα’) and two regulatory units (CKIIβ). The regulator
subunit is encoded by a separate gene CSNK2B and regulates the substrate
specificity and stability of the catalytic unit in the tetrameric complex (Bibby and
Litchfield, 2005). Additionally, an intron-less CKIIα pseudo-gene (CK2αP) can be
expressed in mammalian cells and has been shown to be associated with some
cancers (Ortega et al., 2014; Wirkner et al., 1992).
CKII regulates many essential cellular processes including cell growth and
proliferation, apoptosis, cell cycle regulation, DNA damage response,
transcription, translation, chaperone-mediated protein folding, WNT signaling,
mitotic spindle checkpoint, and circadian rhythm; with many of these processes
being deregulated in cancers (reviewed in (Chua et al., 2017b; Rabalski et al.,
2016)). There is an ample evidence of CKII being involved in the pathogenesis
of cancer. It has been shown to function as an oncogene when overexpressed
in mice (Landesman-Bollag et al., 2001; Ortega et al., 2014). The expression of
CKII is often aberrant in cancers and increasing evidence suggests that CKII is
often overexpressed and is linked to poor prognosis. However, in certain tumors
(breast, ovarian and pancreatic cancer) CKII genes have been shown to be
under-expressed, while in others over-expression was shown to correlate with
high patient survival (e.g. lung adenocarcinoma) (Ortega et al., 2014). This
indicates a strong degree of context dependency when assigning a role for CKII
in cancer development.
In the case of HPV-associated cancer, clear evidence of CKII overexpression
has not been reported; however, mRNA expression analysis using Oncomine
analysis showed that all CKII transcripts were upregulated in cervical cancer
(Chua et al., 2017a). In addition, CKII activity was shown to be higher (~ 3 fold)
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in HPV-positive cervical cancer cell lines (SiHa, Hela) and primary cell lines
immortalized with HPV-16, compared with HPV-negative primary keratinocytes
(Tugizov et al., 2005). Furthermore, sphere-forming cells (SFCs; cervical cancer
stem-like cells) of the HeLa cell line were shown to have higher levels of CKIIα
compared with the parental cells, and inhibition of CKIIα using apigenin inhibited
the self-renewal capacity of these HeLa-derived SFCs, suggesting a potential
use for CKII inhibitors in cervical cancer therapy (Piazza et al., 2006). In addition,
CKIIα activity was shown to be required for efficient replication of different HPV
types, however, this was rather linked to the phosphorylation-dependent stability
of the E1 protein (Piirsoo et al., 2019). Nevertheless, these findings strongly
indicate CKII inhibition as a potential therapeutic approach to HPV-induced
diseases.
Various cell-permeable CKII inhibitors have been developed. Some of the more
widely-studied of these are TBB, Quinalizarin, hematein, TBCA, CIGB 300, DRB,
apigenin, DMAT, Emodin and TF; and among them only CX-4945 and CIGB 300
have made it into clinical trials (Chua et al., 2017b; Ortega et al., 2014).
CIGB 300, is a synthetic chimera, consisting of a 9-mer cyclic peptide (P15
peptide, CWMSPRHLGTC), identified in a phage-display library screen as
binding to the HPV 16E7 peptide (28LNDSSEEEDEI38), conjugated via βalanine to the HIV Tat cell-penetrating peptide (48GRKKRRQRRRPPQ68).
CIGB 300 inhibited CKII mediated HPV-16 E7 phosphorylation and induced
apoptosis in cell cultures and halted tumor growth in mice models (Perea et al.,
2008; Perea et al., 2004; Perera et al., 2008). The first human clinical trial
included 31 women with cervical cancer. CIGB 300 was administered
intralesionally at four increasing doses over five consecutive days, and 75% of
patients showed significant lesion reduction with minimal side effects even with
the highest dose. Furthermore, 19% patients had a full histological regression
and 48% patients (HPV DNA-positive) were HPV DNA-negative at the end of the
trial (Solares et al., 2009). Further studies are ongoing with phase II where CIGB
300 in combination with chemoradiotherapy showed a response rate of 75% in
6 months, compared with 50% with chemoradiotherapy alone in 12 months
(Perea et al., 2018).
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CX-4945 (Silmitasertib), is a selective ATP-competitive inhibitor for CKIIα and
CKIIα’ catalytic subunits with an IC50 of 1nmol/L in vitro. It exhibits a broad
spectrum of antiproliferative activity and induces activation of caspase-3 and
caspase-7 in normal cells (Pagano et al., 2004; Pierre et al., 2011; Siddiqui-Jain
et al., 2010). Recently, CX-4945 was also shown to inhibit replication of some
HPV types (HPV-18, -11 and -5) (Piirsoo et al., 2019). Furthermore, CX-4945 is
in

clinical

trials

[Clinicaltrials.gov

for
-

hematological
NCT02128282

and

solid

carcinoma

(Cholangiocarcinoma,

treatments
phase

2),

NCT03904862 (Medulloblastoma, phase 2) and NCT03897036 (Basal cell
carcinoma, phase 1)]. Taken together, these studies on CKII inhibitors suggest
targeting CKII could be a plausible therapy in HPV infection and HPV-induced
cancers.
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MMPs and HPV mediated carcinogenesis
Matrix metalloproteases are a family of zinc-dependent endopeptidases and play
crucial roles in various physiological processes including tissue remodeling,
organ development and regulation of inflammatory processes (Klein and
Bischoff, 2011; Loffek et al., 2011). Human MMPs are classified as soluble and
membrane-anchored (Klein and Bischoff, 2011; Loffek et al., 2011). Soluble
MMPs contain an amino-terminal secretion leader sequence and they include
collagenases (MMP1, MMP8, MMP13), stromelysins (MMP3, MMP10, MMP11),
matrilysins (MMP7, MMP26), the metalloelastase (MMP12) and gelatinases
(MMP2, MMP9). The membrane-anchored MMPs (membrane type MMPs, MTMMPs) (MMP14, MMP15, MMP16, MMP17, MMP24, MMP25) contain a COOHterminal trans-membrane domain linked to a cytoplasmic tail (Jablonska-Trypuc
et al., 2016; Klein and Bischoff, 2011).
In physiological conditions, expression of MMP is generally low in most tissues
and are induced or up-regulated only during tissue remodeling processes. In
these processes, growth factors, hormones or cytokines trigger signaling
molecules that, in turn, activate transcription factors, such as Activator Protein
(AP)-1, ETS (E26 transformation-specific or E-twenty-six), Specificity protein
(Sp)-1 and/or Nuclear Factor-kappa B (Gilet et al., 2015; Lin et al., 2017; Yan et
al., 2015). Further, these activation pathways depend on cell types and are
influenced by cell-to-cell contacts and cell-ECM interactions (Klein and Bischoff,
2011; Loffek et al., 2011; Rohani and Parks, 2015). The activity of soluble MMPs
is kept under control by them being secreted as latent zymogens (proMMPs),
which are converted to the active form around their producing cells, allowing a
spatial control of MMP function. Furthermore, active soluble MMPs are regulated
by endogenous inhibitors including serum globulin and Tissue Inhibitors of MMPs
(TIMPs). TIMPs are expressed in most tissues and inhibit MMP activity by
binding in their amino-terminal to the catalytic site of MMPs in 1:1 molar
stoichiometry. Till date four TIMPs (TIMP 1-4) has been identified and have
broad range of specificity in inhibiting MMPs (Brew and Nagase, 2010).
MT-MMPs are also synthesized as latent zymogens (proMT-MMPs) in cells,
where they are converted to active MT-MMPs by the pro-hormone convertase
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furin and then are expressed on the cell surface in a complex with TIMPs. The
number of active MT-MMP molecules on the plasma membrane is regulated both
by inhibitory activity of TIMP and autolysis of MT-MMPs in absence of TIMPs
(Itoh, 2015). Thus, in normal homeostasis, the activity of MMPs is tightly
regulated both at transcriptional and post-transcriptional level, however, in case
of inflammatory diseases or cancers the regulation of MMPs is often perturbed
leading to abnormal expression of MMPs and/or deregulation of their function
(Folgueras et al., 2004; Yadav et al., 2014).
MMPs play a major role in tumour progression, by digesting molecules involved
in mediating cell-to-cell or cell-to-ECM adhesion (e.g. cadherins or integrins),
allowing tumour cells to detach from the ECM and adjacent cells. Further, MMPs
degrade the basement membranes and the ECM, allowing a route for cancer cell
migration and tissue invasion. These actions together allows the tumour cells to
infiltrate in to the adjoining blood and lymph vessels leading to metastasis
(Folgueras et al., 2004; Yadav et al., 2014). In addition, MMPs also play a
significant role in tumour-associated angiogenesis by remodeling basement
membrane of blood vessels and perivascular ECM. While, certain MMPs can
also exert anti-tumour properties for example MMP8 expression was shown to
be associated with increased survival in tongue cancer patients (Korpi et al.,
2008).
In the case of development and progression of cervical cancer, various members
of the MMP family including MMP-2, MMP-9 or MT1-MMP have been shown to
be upregulated both at the RNA and protein level in high-grade CIN compared
to normal cervix or low-grade CIN. Furthermore, upregulation of MMP1, MT1MMP, MMP2, MMP9 has been shown to be due to expression of HPV E6 and
E7 oncoproteins in various cellular models of cervical cancer (Kaewprag et al.,
2013; Srivastava et al., 2017; Wang et al., 2014; Zhai et al., 2005; Zhu et al.,
2015), which has also been linked molecularly to activation of AKT signaling
which has been shown to activate transcription factors leading to mmp gene
expression (Menges et al., 2006; Srivastava et al., 2017).
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Novel targets of HPV E7
Most of the functions of HPV E7 proteins are due to interactions with cellular
proteins as discussed earlier. There are numerous E7 interactions with host cell
protein identified by various approaches (Poirson et al., 2017; Rozenblatt-Rosen
et al., 2012; White and Howley, 2013), however, several of these proteins’
function in HPV biology is yet to be identified. As most of these novel interactions
are not delineated based on PTMs of E7 and in search of scrutinizing such
targets to specifically identify targets dependent on phosphorylation of E7, a
proteomic analysis using phosphorylated CR2 region of HPV-16 E7 described in
this thesis identified, Vangl1 – planar cell polarity protein – as a novel HPV E7
interacting partner.
Wnt/PCP (Planar cell polarity) and cancer
Cell polarity is a fundamental characteristic of multicellular organisms which
leads to correct orientation of cells both internally and with respect to one
another. It refers to the localized distribution of cell polarity regulatory proteins
within a cell. Most of our understanding of cell polarity derives from studies on
invertebrates - Drosophila melanogaster and Caenorhabditis elegans. Cellular
polarity module can be divided into two main types – (i) apico-basal polarity
(ABP) defined by the orientation of cells perpendicular to the basement
membrane and (ii) planar cell polarity (Wnt/PCP) defined by the orientation of
cells parallel to the basement membrane or orthogonal to the apico-basal polarity
(McCaffrey and Macara, 2011).
Wnt/PCP signaling is defined by asymmetric distribution of core proteins
complexes within individual cells and this asymmetry is propagated across the
tissue through intercellular protein-protein interactions (Devenport, 2014). The
core Wnt/PCR components include, the seven-pass transmemrane receptor
Frizzled (Dorsophila – Fz/mammalian Fzd), the atypical cadherin Flamigo
(Fmi/Celsr), and the intercellular scaffolds Dishevelled (Dsh/Dvl) and Diego
localize to the distal membrane, while the proximal membrane is marked by Fmi,
the transmembrane tetraspanin scaffold Van Gogh (Vang/Vangl) and the
intracellular scaffold Prickle (Pk). The asymmetric distribution of these core PCP
protein complexes within cells are established by intracellular antagonism
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between opposing complexes (Axelrod, 2001; Jenny et al., 2005; Tree et al.,
2002; Warrington et al., 2017) (Figure 11A). And intercellular interaction between
Wnt/PCP complexes on adjacent cells transmit this asymmetry to the
neighboring cells, establishing propagation of asymmetry across many cell
distances and demonstrating global signals to locally polarized cellular behavior
(Chen et al., 2008; Strutt and Strutt, 2008; Wu and Mlodzik, 2008).

Figure 11. Wnt/PCP signaling in cancer cell migration.
(A). Planar cell polarity (orthogonal to the apical-basal axis) is governed by establishment of
asymmetric distribution of Wnt/PCP protein complexes within a cell via intracellular antagonism
between opposing complexes. (B). Activation of Wnt/PCP signaling occurs by noncanonical Wnt
ligant (eg Wnt5a or Wnt11) binding to the Fzd receptor at the plasma membrane, which recruits
and activates Dvl. The downstream effector components such as Rho family GTPases and JNK
are then activated by Dvl, leading to modulation of actin cytoskeleton organization and promoting
cellular motility. Adapted from (VanderVorst et al., 2018)

The molecular mechanisms governing the intracellular mutual antagonism are
not completely clear, however, it has been suggested that post-translational
modifications and directed protein trafficking play a major role in establishing and
enforcing this asymmetry. Studies in Drosophila and mammalian models have
suggested that the newly synthesized Wnt/PCP components are selectively
trafficked to proximal or distal regions (Carvajal-Gonzalez et al., 2015; Matis et
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al., 2014; Merte et al., 2010; Wansleeben et al., 2010) and these components
are further regulated by post-translational modification such as ubiquitination
providing local regulation at distal and proximal membranes establishing
asymmetric localization, suggesting local negative regulation of PCP
components essential for establishing global polarity within an epithelial tissue
(Cho et al., 2015; Daulat et al., 2012; Kelly et al., 2016; Strutt et al., 2013).
Further, in context of a motile cell, the antagonistic crosstalk between the
opposing Wnt/PCP components both within a single cell and on adjacent cells,
enables the context and tissue-specific cytoskeletal arrangements through the
activation of downstream effectors. Wnt/PCP signaling is activated by noncanonical Wnt ligand (eg. Wnt5a or Wnt 11) binding to Fzd receptor at the plasma
membrane, which recruits and activates Dvl. The downstream effector
components such as Rho family GTPases and JNK are then activated by Dvl,
leading to modulation of actin cytoskeleton organization and promoting cellular
motility (Wald et al., 2017a) (Figure 11B).
Wnt/PCP is responsible for diverse events including proper embryonic
development and structuring of multicellular tissues. In mouse embryo, proper
neural tube closure (Kibar et al., 2001; Murdoch et al., 2001) and orientation of
mouse hairs towards the posterior of the animal (Devenport and Fuchs, 2008)
are some examples of the role of PCP in development and loss of proper PCP
leads to various defects and disorders related to developmental processes.
Mutations in core Wnt/PCP components such as Vangl1, Vangl2, Dvl1 and Dvl2,
Fmi, and Fzd3 and Fzd6 have all been linked to neural tube defects (Kibar et al.,
2007; Wang et al., 2006). While, in the case of cancer, reactivation of
developmental pathways leads to tumour initiation and progression highlighting
the connection between PCP signaling and cancer (Humphries and Mlodzik,
2018). Indeed, deregulation of core Wnt/PCP components has been reported to
promote cell migration, invasion or metastasis in breast (Anastas et al., 2012;
Pukrop et al., 2006), brain (Wald et al., 2017b), ovarian (Asad et al., 2014),
prostate (Uysal-Onganer et al., 2010), gastric (Kurayoshi et al., 2006), and
colorectal cancers (Ueno et al., 2008). Thus, contribution of Wnt/PCP signaling
to progression of various tumours indicate that dysregulation of this pathway may
be a feature common to tumor initiation and malignancy.
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Van Gogh-like proteins - Vangl1 and Vangl2
Van Gogh-like proteins (Vangl1, Vangl2) are human orthologs of Drosophila Van
Gogh (Vang/Stbm). It is a multi-pass transmembrane protein with cytoplasmic Nterminal with clusters of serine/threonine, and cytoplasmic C-terminal PBM motif
(diagrammatic representation in shown in Figure 12) (Bastock et al., 2003; Wolff
and Rubin, 1998). In Drosophilia and in mammals, as discussed earlier, Vangl
proteins are core components of Wnt/PCP pathway playing a major role in
asymmetrical distribution across the cell and maintaining cell polarity critical for
tissue morphogenesis (VanderVorst et al., 2018).

Figure 12. Diagrammatic representation of Vangl1 protein.
The Vangl1/2 proteins are cell surface proteins containing four transmembrane domains and
intracellular amino- and carboxy-terminal domains. The N-terminal domain contains two serinerich regions. The C-terminal domain contains protein-protein interaction motifs and conserved
plasma membrane targeting motif.

Vangl proteins can also form homo- and hetero-oligomers and the process does
not require N- or C-terminus cytoplasmic regions (Belotti et al., 2012). Vangl1
and Vangl2 appear nearly identical in their sequence and functions. Although
alterations in Vangl2 result in more severe developmental defects (Song et al.,
2010; Torban et al., 2008), suggesting a more central role for this form in early
tissue morphogenesis, both proteins have been implicated in tumor progression.
Further, Vangl1/2 has also been implicated in apico-basal polarity. Scribble, a
part of the complex that defines the basolateral domain and prevents expansion
of the apical domain (reviewed in (Humbert et al., 2006)), interacts with Vangls
(Anastas et al., 2012; Kallay et al., 2006) and functions as PCP effector in
Drosophila (Courbard et al., 2009). Recently, in mouse models, Par-3 apical
protein was shown to rescue Vangl1 localization defect caused by partial
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knockdown of Scrib1, suggesting Scrib1 affecting Vangl1 localization indirectly
through Par-3 (Kharfallah et al., 2017). These studies suggest that an intricate
link between different polarity modules exists within and between cells that
regulate the spatial position and direction of a cell in the tissue and dysregulation
in any of the components or mutations would result in defects in cellular polarity
as often seen in developmental defects or cancer.
Role of Vangl1 in cancer
Vang1 has been shown to be implicated in various cancers including head and
neck squamous cell carcinoma (Lee et al., 2009), colon cancer (Lee et al., 2004),
breast cancer (Anastas et al., 2012; Luga et al., 2012) and glioblastoma (Wald
et al., 2017b). Anastas et al. showed that knockdown of Vang1 reduces migration
of breast cancer cells and Vangl1 is localized in the leading edge of lamellipodia
forming a complex containing scribble in wound healing assays. However, this
complex was not detected in tightly packed non-transformed mammary cells,
indicating altered localization of Vangl signaling contributes to breast cancer cell
motility (Anastas et al., 2012). Further it was shown that treatment with exosomecontaining conditioned media from mouse L-cell fibroblasts stimulated breast
cancer cell motility dependent on Vangl1 and other PCP proteins (Luga et al.,
2012). Downregulation of Vangl1 was shown to reduce proliferation (Yagyu et
al., 2002) and invasion in hepatocellular carcinoma (Cetin et al., 2015). In a
mouse squamous cell tumour model, Vanlg1 was shown to enhance invasion
and migration of mouse squamous cancer cells promoting pulmonary metastasis
(Lee et al., 2009). In addition, Vangl1 was shown to enhance cell proliferation,
migration and invasion of gastric cancer cells and enhance AP-1 dependent
transcriptional activity (Ryu et al., 2010). Further, in case of bladder cancer,
circular RNA of Vangl1 (circ-Vangl1) was shown to be highly expressed,
negatively regulating miR-605-3p, and contributing to Vangl1 expression leading
to cell proliferation, migration and invasion of bladder cancer cells (Zeng et al.,
2019).
All these studies suggest a strong association of Vangl1 in tumour initiation and
progression, however, a role in the case of cervical cancer has not been
established till date.
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Non-receptor protein tyrosine phosphatases - PTPN14 and PTPN21
Like many other PTMs, phosphorylation and de-phosphorylation of proteins is
one of the most studied modifications in proteins, responsible for regulation of
several cellular signaling. Proteins on tyrosine residues can be phosphorylated
by protein tyrosine kinases (PTKs) and can be dephosphorylated by protein
tyrosine phosphatases (PTPs). PTPs are known to regulate a variety of cellular
processes including cell growth, differentiation, mitotic cycle, cell adhesion and
oncogenic transformation (Tonks, 2006).
The first PTP to be identified was PTP1B in 1988 (Tonks et al., 1988), since then
125 PTPs have been identified in the human genome, which constitutes an
enzyme superfamily divided into – the classical PTPs, dual-specificity PTPs and
the low molecular weight PTPs (Alonso and Pulido, 2016a, b; Tonks, 2013).
Classical PTPs are further divided into receptor and non-receptor PTPs. The
PTPs have one or two catalytic domains with a conserved motif containing
catalytic cystine - [(I/V)HCXAGXXR(S/T)G] – essential for removal of a
phosphate group from a phospho-tyrosine residue (Tonks, 2013). PTPN14 (Pez
or PTP36 or PTPD2) and PTPN21 (PTPD1 or PTPRL10) are members of
classical, non-receptor PTPs family and contains N-terminal FERM (4.1 protein,
ezrin, radixin, and moesin) domain, similar to cytoskeletal-associated proteins,
which is a modular structure that mediates interactions with the plasma
membrane and C-terminal phosphatase domain (Figure 13) (Tonks, 2006).

Figure 13. Schemantic representation of domains in PTPN14 and PTPN21.
PTPN14 and PTPN21 contains N-terminal FERM (4.1 protein, ezrin, radixin, and moesin) domain
connected to C-terminal catalytic phosphatase (PTP) domain by an unstructured central linker
region.

PTPN14 has been implicated as a cancer gene and has been frequently found
mutated in colorectal cancer, pancreatic adenocarcinomas, basal cell
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carcinomas and relapsed neuroblastomas (Bonilla et al., 2016; Wang et al.,
2004). PTPN14 has been shown to inhibit oncogenic function of YAP (Yes
associated protein) and other members of Hippo signaling pathway (Liu et al.,
2013; Wang et al., 2012; Wilson et al., 2014). Furthermore, PTPN14 can
decrease cell motility via dephosphorylation of β-catenin at adherens junctions
(Wadham et al., 2003). Using a phospho-proteomic approach, PTPN14 was also
shown to dephosphorylate p130 Crk-associated substrate (p130Cas) at tyrosine
residue 128 in colorectal cancer cells, implicated in cell migration, anchorageindependent growth and increased activation of AKT (Zhang et al., 2013). In a
breast cancer model, PTPN14 was shown to negatively regulate proteins
involved in intracellular trafficking, such as RIN1 (Ras and Rab interactor 1) and
protein kinase C-δ (PKRCD), thereby preventing metastasis by reducing the
intracellular trafficking of both soluble and membrane-bound proteins (Belle et
al., 2015). Interestingly, PTPN14 was identified as a potential cellular target of
E7 proteins derived from multiple HPV types (Rozenblatt-Rosen et al., 2012;
White et al., 2012). Subsequently, two groups including ours demonstrated
independently that PTPN14 is a degradation target of high-risk E7 proteins
(Szalmas et al., 2017; White et al., 2016). More recently, PTPN14 degradation
was shown to perturb keratinocyte differentiation and potentially contributing to
high-risk HPV E7-mediated oncogenic activity (Hatterschide et al., 2019).
PTPN21
PTPN21 was first isolated from human skeletal muscle in 1994 as a substrate
and binding partner for the proto-oncogene SRC tyrosine kinase (Moller et al.,
1994). PTPN21 also has a splice variant consisting only the catalytic domain
lacking the SRC-binding region (Tokuchi et al., 1999). Kinesin-like protein KIFIC
was shown to interact with PTPN21 FERM domain, suggesting a potential role
of PTPN21 in the retrograde transport of Golgi-derived vesicles to the ER
membrane (Dorner et al., 1998). PTPN21 has also been shown to interact with
the cytoplasmic tyrosine protein kinase BMX, resulting in enhanced BMX kinase
activity and STAT3 signaling (Jui et al., 2000). Further, A-kinase anchor protein
AKAP121 was shown to bind and redistribute PTPN21 from the cytoplasm to
mitochondria and inhibit SRC dependent EGF signaling (Cardone et al., 2004).
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In addition, PTPN21 is able to bind to focal adhesion kinase (FAK), a scaffold
protein enriched at adhesion plaques, promoting cell migration. Catalytic
activities of PTPN21 and SRC were both required for EGF-induced FAK
autophosphorylation and downstream signaling, suggesting PTPN21 plays a role
in cell adhesion and migration (Carlucci et al., 2008).
PTPN21 has been implicated in bladder cancer, with levels of PTPN21 shown to
be positively correlated with the grading and invasive potential of these tumours
(Carlucci et al., 2010). Upon EGF stimulation, PTPN21 was shown to be
recruited to endosomal vesicles, mediated by interaction with endosomal kinesin,
KIF16B, which modulates receptor recycling at plasma membrane and
downregulation of PTPN21 was shown to inhibit EGFR-ERK signaling affecting
cell scattering and migration of bladder cancer cells (Carlucci et al., 2010). Using
a genome-wide expression analysis in normal and cisplatin-resistant HeLa cells,
it was demonstrated that PTPN21 was consistently upregulated in resistant cells
and knockdown of PTPN21 sensitized the resistant HeLa cells to reverse the
acquired chemoresistance, suggesting inhibition of PTPN21 as a potential target
in case of cisplatin chemoresistance and thereby enhance efficacy of
chemotherapy (Wu et al., 2010).
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Thesis Aims

Aim 1. To determine the role of E7 phosho-acceptor site in maintenance of cell
transformation
Despite, the role of CKII phosho-acceptor site in HPV lifecycle and
transformation assays has been well established, there is little information on its
role in maintenance of transformed phenotype. To address this question, I
decided to genome edit CKII phospho-acceptor site in E7 in cervical cancer
derived cells using CRISPR/Cas9 and HDR technology. Once a cellular model
is established, then, to study effects on transformed phenotype.

Aim 2. To identify novel targets of HPV-E7 phospho-acceptor site.
HPV E7 is a multi-functional protein. It interacts with many different host cellular
proteins to bring about range of different cellular functions towards viral life cycle
and transformation. As previously described, CKII phosphorylation of E7 and its
interaction dependent upon phosphorylation are important for these cellular
functions, however, there is limited information on interactors of E7 dependent in
CKII phosphorylation – thus to identity novel interactors of E7 dependent upon
CKII phosphorylation of E7 is next aim.

Aim 3. Characterization of role of novel E7 interacting partner PTPN21
Recently, PTPN21 was identified as a binding partner of HPV E7s using
proteomic screening approaches, suggesting a potential role of PTPN21 in HPV
biology and carcinogenesis, however, the role of this interaction and its functional
significance has not been characterized, therefore, I aimed to characterize the
role of PTPN21/E7 interaction.
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Results
Section I
The HPV-18 E7 CKII phospho acceptor site is required for maintaining the
transformed phenotype of cervical tumour-derived cells
Mutation of HPV-18 E7 wild type to S32A/S34A abolishes phosphorylation by
casein kinase II (CKII)
It was shown in the late 1980s that HPV-16 E7 was phosphorylated at residues
S31 and S32 by CKII, and the equivalent residues S32 and S34 in HPV-18 were
suggested to be likewise phosphorylated by CKII, based on protein sequence
alignments (Firzlaff et al., 1989). In order to confirm the phosphorylation sites in
HPV-18 E7, a series of in vitro phosphorylation assays were performed on
purified GST-18 E7, using commercially available purified CKII and

32P-γATP.

To identify the specific phospho-acceptor residues in HPV-18 E7, single and
double amino acid substitutions within the putative CKII phospho-acceptor site
were also generated. The results obtained are shown in Figure 14 and
demonstrate that both S32 and S34 are phosphorylated by CKII.

Figure 14. Mutation of HPV-18 E7 wild type to S32A/S34A abolishes phosphorylation by
casein kinase II (CKII).
(A) Schematic representation of HPV-18 E7 conserved regions (CR), the pRB binding site and
CKII phosphorylation site in the CR2 domain. (B) In vitro phosphorylation of GST HPV-18 E7
fusion proteins. Purified GST 18E7 wild type and mutants, as indicated, were incubated with CKII
and γP32 ATP. After extensive washing, bound proteins were subjected to SDS-PAGE and
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autoradiographic analysis. The upper panel represents the autoradiogram and the lower panel
represents the Coomassie Blue-stained gel.

Interestingly, the single S32A mutation appears to increase the overall level of
E7 phosphorylation, although the reasons for this are unclear. However, mutation
of both of these residues completely abolishes CKII phosphorylation of E7,
confirming that these are the only CKII phospho-acceptor sites in HPV-18 E7.
Taken together, these results demonstrate that both S32 and S34 are
phosphorylated by CKII.
C4-1 cells are dependent on continued expression of E6 and E7 for growth and
proliferation
The current genome editing techniques rely on an endogenous homologous DNA
recombination (HDR) repair event, which is a less likely event than a nonhomologous end-joining (NHEJ) repair event in mammalian cells (GuirouilhBarbat et al., 2004). Therefore, in order to reduce the need for several genome
editing steps to obtain a desired homozygous mutation in the HPV E7 gene in
cervical cancer cells, the C4-1 cell line, which has only a single copy of HPV-18
DNA integrated into the host genome (Schneider-Gadicke and Schwarz, 1986),
was chosen for this study.
Prior to performing genome editing it was first necessary to confirm that C4-1
cells were indeed still dependent upon the continued expression of E6 and E7
for maintenance of the transformed phenotype. To do this, the cells were
transfected with siRNAs targeting HPV-18 E6 and 18 E6/E7, and after 72hrs the
numbers of cells remaining were counted. The siRNA-transfected cells were also
analysed for the levels of p53 and pRB using Western blotting. The results,
together with the microscopic appearance of the cells, are shown in Figure 15,
where it can be seen that C4-1 cells are indeed still dependent upon continued
E6/E7 expression for maintenance of cell survival, in agreement with similar
studies done in other HPV-positive cervical tumour-derived cell lines (Butz et al.,
2003; Yamato et al., 2008; Yoshinouchi et al., 2003).
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Figure 15. C4-1 cells are dependent on continued expression of E6 and E7 for growth and
proliferation.
(A) Micrograph of the cells after 72h of siRNA treatment. C4-1 cells were transfected with siLuciferase (si-Luci), si-HPV18 E6, si-HPV18E6 and E6/7 together, using RNAimax transfection
reagent. (B) After 72h incubation, cells were counted to assess the remaining cell number and
the graph shows the quantification after the different siRNA transfections. An unpaired t-test was
used to compare mean cell number in siRNA transfections compared with siLuci, and p-values
of the test are indicated over the bar graph. (C) Western blots showing levels of pRB, p53, αtubulin, 18E7 and 18E6 after transfection with the indicated siRNAs.

Genome editing E7 wild type to S32A/S34A in C4-1 cells
To edit the E7 wild-type phospho-acceptor site in C4-1 cells to S32A/S34A, two
guide RNAs were designed, aimed at creating a double-strand DNA (dsDNA)
break close to the CKII phospho-acceptor site, plus a single stranded DNA
oligonucleotide (ssODN) donor with the desired mutation, flanked by a 100 basepair consensus to the HPV-18 genomic sequence, for the HDR repair event.
These are depicted in Figure 16A and 18A. The ssODN donor DNA was also
designed to insert a new HgaI restriction site in E7 to facilitate the screening of
clones.
The efficiency of the guide RNAs was first confirmed using the surveyor nuclease
assay in C4-1 cells, to analyze their ability to cut the target DNA sequence. As
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can be seen from Figure 16B, the guide RNAs efficiently targeted the relevant
region of the E7 gene. Further, for the editing experiment, even though the
efficiency of gRNA2 was slightly higher than gRNA1, the latter was chosen as it
has been suggested that dsDNA break for HDR editing efficiency decreases
dramatically when the cut site is further from the desired location of the edit (Yang
et al., 2013).

Figure 16. Design and efficiency analysis of gRNAs targeting CKII site in HPV-18 E7 in C41 cells.
(A) Design of gRNA targeting the CKII phosphorylation site in the HPV-18 E7 CR2 region. gRNAs
targeting the CKII phosphorylation site in HPV-18 E7 genomic region were designed using the
online gRNA design platform – CRISPR MultiTargeter (http://www.multicrispr.net/). gRNA oligos
were then annealed and cloned into the BbsI restriction site in pSpCas9(BB)-2A-GFP (PX458).
(B) Surveyor assay for assessing efficiency of gRNAs. C4-1 cells were transfected with
pSpCas9(BB)-2A-GFP or with the same construct plus gRNA1 or gRNA2. After 72h, cells were
FACS-sorted to collect GFP-positive cells. Genomic DNA was extracted to PCR-amplify the
specific region spanning E7 (414bp). Amplicons were denatured and reannealed to allow DNA
heteroduplex formation, then treated with Surveyor nuclease and Surveyor enhancer (IDT) and
analyzed on a 2% agarose gel. Lanes h are heteroduplex PCR products and lanes d are Surveyor
nuclease digestion products for respective Cas9 and gRNA treatment constructs.

C4-1 cells were then transfected with the guide RNA1 and the ssODN and after
72 hours of incubation, GFP-positive cells were FACS sorted and, following an
extended period of selection and single cell cloning (schematic protocol is shown

54

in Figure 17), the cells were analysed for the S32A/S34A double mutation in the
CKII phospho-acceptor site, by HgaI digestion of the 18E7 PCR amplicon (3 out
of 408 screened) and then by DNA sequencing, whereby two such clones were
ultimately identified (Figure 18B and 18C).

Figure 17. Schematic representation of strategic protocol for CRISPR/Cas9 genome
editing HPV-18 E7 S32A/S34A in C4-1 cells.
Day 1: Cloned gRNA construct, together with single stranded DNA oligonucleotide donor
(ssODN), was electroporated into C4-1 cells and incubated for 72 hours. Day 2/3: incubation
period. Day 4: FACS sorting for GFP-positive cells, the top 10% of cells were sorted and plated
in limited dilution in 10 cm dishes or 96 well plates for isolation of single cell colonies. Weeks 13: Screening of single cell colonies using PCR amplification, restriction digestion and Sanger
sequencing.
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Figure 18. Design of HDR repair template for genome editing CKII site in HPV-18 E7 and
screening and validation of edited C4-1 clones.
(A) Design of single-stranded DNA oligonucleotide (ssODN) as donor template for homologydirected repair (HDR). The ssODN was designed as a 100bp homology arm, flanking the
predicted double strand break site to change the serine 32 to alanine (agc to gcc) and the serine
34 to alanine (tca to gca). The mutagenesis was designed to insert a unique HgaI restriction site,
to allow screening of the edited clones by genomic DNA isolation, PCR amplification of the edited
region and restriction digestion. (B) Representative agarose gel electrophoresis of Hga I
digestion of 18E7 PCR amplicons from wild type and mutant clones. (C) Validation of the genome
editing with Sanger sequencing.

CKII site mutant cells are less proliferative in low nutrient conditions
In order to fully characterize the CKII mutant clones obtained, first the growth
rates of the cells were analysed in normal and low nutrient conditions. As can be
seen from Figure 19, both the mutant clones grow somewhat more slowly than
the wild type cells under normal culture conditions, and furthermore, the
saturation densities are also consistently lower with the mutant cell lines. This is
even more apparent when the cells are grown under conditions of low serum,
where in 0.2% serum there is a dramatic decrease in the growth rate in the two
mutant cell lines (Figure 19C and D). The growth curve in 0.2% serum (Figure
19C) reaches saturation density and drops after 4 days, possibly due to nutrient
deprivation and cell death. When the assay is repeated, but replacing the
medium after the third day (Figure 19D), it is clear that the wild type cells can
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continue to proliferate while the mutant cells have greatly reduced rates of cell
proliferation. These results suggest that mutation of the CKII phospho-acceptor
sites in HPV-18 E7 in C4-1 cells has a markedly deleterious effect upon the ability
of the cells to proliferate.

Figure 19. Growth of CKII site mutant cells is reduced in low nutrient conditions.
(A) C4-1 wild type and mutant lines were seeded at 3 x 105 cells per 60 mm petri dish, in DMEM
with 10% fetal bovine serum and counted over a 6-day period. For determination of growth in low
serum, the assay was repeated in DMEM with (B) 1% serum, (C) 0.2% serum and (D)0.2% serum
with medium replaced on the third day. The results show the mean of at least three independent
assays and the error bars show standard deviations.

Levels of pocket proteins in CKII mutant cells and CKII phospho-acceptor site
dependent interaction of E7 with pRB
Having shown that the mutant cells are less proliferative than the parental cells,
we then analysed the levels of pocket proteins (pRB and p130) in these cell lines
in comparison with the parental cell line. As can be seen from Figure 20, both
the double mutant cell lines have slightly higher levels of pRB and p130
compared with the wild type line. Since previous studies had indicated that an
intact CKII phospho-acceptor site can aid pocket protein recognition (Genovese
et al., 2008; Jones et al., 1997), we also performed co-immunoprecipitation
analyses between HPV-18 E7 and pRb in the wild type and mutant E7 cell lines.
The results obtained are shown in Figure 20C and 20D, where it can be seen
that there are lower levels of pRb complexed with E7 in the two mutant lines
when compared with the wild type C4-1 cells. We also analysed the total levels
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of expression of the E7 oncoprotein and, as can also be seen from Figures 20A
and 20C, mutation of the CKII phospho-acceptor site had no deleterious effects
upon the levels of E7 protein. In addition, the levels of p53 were also unchanged,
suggesting that the levels of E6 expression were similarly unaffected. These
results demonstrate that mutation of the E7 CKII phospho-acceptor site has a
modest effect upon overall levels of pocket protein expression, as would be
expected from previous structural studies (Chemes et al., 2010; Dick and Dyson,
2002; Genovese et al., 2008; Jones et al., 1997; Singh et al., 2005), however
whether such changes are sufficient to account for the defects in cell proliferation
remains to be determined.

Figure 20. Steady-state levels of HPV-18 E7 and pocket proteins in the C4-1 cell lines.
(A) Western blot analysis of total cell extracts obtained from the wild type and mutant C4-1 lines.
These were probed for p130, pRb, p53, HPV-18 E7, and α-tubulin was used as a loading control.
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(B) Quantification of levels of pRB normalized with respect to α-tubulin shown as bars with the
standard error of mean. Asterisks indicate the p-value of mean levels of pRB in mutant cells
comparted to wildtype cells. (C) Cells lysates from wildtype and CKII mutant C4-1 cells were
immunoprecipitated with anti-HPV-18 E7 antibody overnight and then incubated with protein A
beads for 90 minutes at 4˚C. Immunoprecipitated complexes were then washed with lysis buffer
and analysed by Western blotting for pRB. Mouse monoclonal anti GFP antibody was used as
control IgG. The upper panels show the protein inputs for the immunoprecipitations, with α-tubulin
serving as a loading control and the results of immunoprecipitation is shown in the lower two
panels. (D) Quantification of the levels of pRB immunoprecipitated with respect to levels of E7
shown as bars with the standard error of mean. Asterisks indicate the p-value of mean levels of
pRB immunoprecipitated in mutant cells compared with wildtype cells.

CKII mutant cells are less invasive in Matrigel invasion assay
We then proceeded to investigate the invasive capacity of the mutant clones
using a matrigel invasion chamber assay. The cells were plated on the upper
chamber in low serum and a chemo-attractant stimulus was provided in the lower
chamber in the form of 2% calf serum. After 22hrs the lower chamber was fixed
and stained and the number of migrating cells were counted. As can be seen
from Figure 21, wild type C4-1 cells are very invasive, and migrate readily
through the collagen matrix. In contrast, both mutant lines show defects in their
invasive potential. Thus, the mutation within the HPV-18 E7 CKII phosphoacceptor site greatly decreases the ability of the cells to invade through a
collagen matrix.
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Figure 21. CKII site mutant C4-1 cells show defects in matrigel invasion.
Equal numbers of wild type and mutant C4-1 cell lines were seeded in the upper part of Matrigel
invasion chambers, in DMEM without serum. DMEM with 2% of serum was used as a
chemoattractant in the lower chamber. After 22h, cells that had invaded the lower chamber were
fixed and stained with 0.5% Crystal Violet in 5% glutaraldehyde for 10 mins. (A) Representative
micrographs showing invasive cells from each cell line as indicated. (B) Quantification of the
mean number invasive cells shown as bars with the standard error of mean. Asterisks indicate
the p-value of mean numbers of invasive cells, compared with the wild type cells.

Furthermore, when the CKII mutant cells were analysed for migratory abilities in
a scratch wound healing assay in a 2D setting, it was rather surprising that they
show no apparent differences in this assay (Figure 22), suggesting the defect of
CKII mutant cells is particularly in ability to migrate in a 3D matrix, suggesting
possible defects in the ability to invade through an extracellular matrix (ECM).
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Figure 22. Scratch wound healing assay for migratory abilities of C4-1 cells.
(A) Confluent wild type and CKII mutant C4-1 cells were scratched with a sterile Artline p2 pipette
tip. The cells were washed twice with PBS and photographed immediately and after 24 hours.
(B) The decrease in area of the scratch was analysed and quantified using the Image J and Prism
programs, is shown as bars with standard error of mean.

Defective invasive ability of CKII mutant cells links to downregulation of MMPs
To investigate whether the mutant cells’ defective invasion potential was related
to any change in their ability to hydrolyse the extracellular matrix, we
concentrated conditioned media from the mutant cells and analysed their activity
by Gelatin Zymography. As can be seen in Figure 23A, conditioned media from
the mutant lines are unable to hydrolyse the gelatin gel, whereas that from the
wildtype cells shows significant bands of gelatin hydrolysis. We then performed
a series of western blot analyses on the conditioned medium to try and determine
which matrix metalloproteases might be involved. As can be seen from Figure
23B and 24A an 24B, both MMP1 and MMP13 are significantly downregulated
in the two mutant clones when compared with the wild type C4-1 cells. This
appears to be highly specific, since there is no change in the levels of expression
of MMP8 (Figure 24C).
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Figure 23. Defect in ability to hydrolyse gelatin linked to downregulation of MMP13 in CKII
site mutant C4-1 cell lines.
(A) Confluent wild type and CKII site mutant C4-1 cell lines were incubated in a serum-free
medium for 48 hours. The conditioned media from the cell lines were concentrated and equal
amounts of protein run on non-reducing 10% SDS-PAGE containing 0.1% gelatin. The gel was
then renatured and incubated overnight at 37˚C for gelatin hydrolysis. After incubation, the gel
was stained with Coomassie Blue to visualize the bands of hydrolyzed substrate. (B) Equal
amounts of concentrated conditioned media from the indicated cell lines were analysed by
western blotting for MMP13 (upper panel). The lower panel shows the Ponceau stain of the
nitrocellulose to confirm equal protein loading.

To determine whether the defect in MMP secretion was a reflection of a slower
growth rate in the clones, we repeated the assay but induced growth arrest in the
wild type C4-1 cells with mitomycin C treatment for 48hrs. Secreted MMP levels
were then analysed by western blotting and, as can be seen from Figure 25,
there is no apparent difference in MMP levels in the growth arrested cells. These
results indicate that the differences in MMP levels between the wild type and
mutant C4-1 cells, are not due to differences in proliferation.

Figure 24. Matrix metalloproteases MMP 1 and MMP 13 are downregulated in CKII site
mutant C4-1 cell lines.
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Confluent wild type and CKII site mutant C4-1 cell lines were incubated in a serum-free medium
for 48 hours. Additionally, a different set of wild type cells were treated with 2.5 µM of CX-4945,
as indicated, to specifically inhibit CKII activity. The conditioned media from the cell lines were
concentrated and equal amounts of concentrated conditioned media from the indicated cell lines
were analysed by western blotting for (A) MMP1, (B) MMP13 (C) MMP8 (upper panels). The
lower panel shows the Ponceau stain of the nitrocellulose to confirm equal protein loading.

Figure 25. Higher levels of MMP1 and MMP13 in condition medium of C4-1 wild type are
independent of cell proliferation.
Confluent cells, as indicated, were changed to serum free medium and incubated for 48 hours.
Ten μg/mL of mitomycin C was added to one of the wild-type C4-1 cells to inhibit cell proliferation.
After 48 hours conditioned media from the cells were harvested, concentrated and analyzed by
SDS PAGE and Western blotting to detect levels of indicated MMPs.

In order to determine whether the high levels of MMP1 and MMP13 expression
are dependent upon CKII activity, we treated the wild type C4-1 cells with the
highly specific CKII inhibitor CX-4945 and analysed the effects upon the protein
levels of MMP1 and MMP13. As can be seen from Figure 24A and B, CX-4945
treatment of the wild type cells reduces the levels of MMP1 and MMP13
expression to levels similar to those seen in the two mutant lines. This suggests
that active CKII phosphorylation of HPV-18 E7 is required for maintaining high
levels of MMP protein expression in C4-1 cells.
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All the above analyses were done on the C4-1 cells, but we wished to determine
whether high levels of MMP secretion was specific to active CKII in HPV-positive
cells. To do this we analysed the levels of secreted MMPs in HPV-16 positive
CaSki cells and HPV-negative C33a cells in the presence and absence of CKII
inhibitor. The results obtained are shown in Figure 26A and B and demonstrate
that high levels of secreted MMP1 and MMP13 in CaSki cells are also dependent
upon active CKII, whilst in C33a cells inhibition of CKII has no effect upon the
levels of secreted MMPs.

Figure 26. Matrix metalloproteases MMP 1 and MMP 13 are downregulated in CaSki but
not in C33a cells after CKII inhibition.
Confluent HPV-16 positive, CaSki and HPV negative, C33a cells, were incubated in a serumfree medium for 48 hours either in presence or absence of 2.5 µM of CX-4945, as indicated.
Then conditioned media from the cell lines were concentrated and equal amounts proteins were
processed as before and analysed by western blotting for MMP13, MMP1 and MMP8 (upper
panels), with the lower panels in each case showing the Ponceau stain of the nitrocellulose
membranes.

Downregulation of MMP1/13 can be rescued in CKII mutant cells by exogenous
expression of wild type HPV-18 E7
These results indicate a specific role for active CKII in regulating MMP levels in
HPV positive cells. To verify this, we performed a rescue experiment where we
overexpressed FLAG-tagged wild type HPV-18 E7 in the two mutant lines and
examined the effects on MMP levels secreted by the cells. Figure 27A shows the
levels of endogenous and overexpressed HPV-18 E7. As can be seen from
Figure 27B, in cells expressing high levels of wildtype FLAG-tagged HPV-18 E7
the amounts of secreted MMP1 and MMP13 were increased, while no effect was
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seen on the levels of MMP8 (Figure 27B). In order to determine whether E7
affected the total levels of MMP1 expression we also performed western blot
analysis on total cell extracts derived from the wild type, mutant and E7
overexpressing cells. As can be seen from Figure 27C the intracellular levels of
MMP1 are unaffected by mutation of the E7 CKII phospho-acceptor site and
remain unchanged following overexpression of wild type E7.

Figure 27. Exogenous expression of wild type HPV-18 E7 can rescue the downregulation
of MMP 1 and MMP 13 in CKII site mutant cell lines.
Wild type C4-1 cells were transfected transiently with empty pCMV vector and mutant cell lines
with pCMV vector expressing FLAG-tagged wild type HPV-18 E7. (A) The cells were then
harvested directly in 2X sample buffer and analysed by SDS-PAGE and Western blotting for
levels of 18E7 and α-tubulin. The positions of endogenous wild type E7 (§), the S32A/S34A
mutant (*) and the wild type FLAG-tagged E7 (#) are also shown. (B) Concentrated conditioned
medium from the cells was analysed by western blotting for MMP1, MMP13 and MMP8 (upper
panels). The lower panels show the Ponceau stain of the nitrocellulose membranes to confirm
equal levels of protein input. (C) Western blot analysis of total cell extracts for MMP1, MMP13
and MMP8 with α-tubulin used as the loading control.
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Figure 28. Stable expression of wild type HPV-18 E7 can rescue the downregulation of
MMP 1 and is dependent on an intact phospho-acceptor site in E7.
(A) C4-1 cells were transfected with pEGFP 18E7 wildtype plasmid or empty vector as indicated
and selected by FACS sorting and G418 selection to obtain cells stably expressing GFP-E7. The
cells were analysed for MMP1 and MMP8 levels in the conditioned medium, and the expression
of GFP-18E7 was ascertained in the cell lysate by western blotting. (B) C4-1 B8 CKII mutant cells
were transfected with pCMV empty or pCMV:18E7 wildtype or pCMV:18E7 S32A/S34A mutant
expressing plasmids, as indicated, and selected with G418 to obtain stable cell lines. The cells
were then analysed for MMP secretion in the conditioned medium and the cell lysate by western
blotting.

Since the rescue of the levels of secreted MMPs was only partial, which was
most likely due to a low level of (approx. 20%) transfection efficiency, we
proceeded to generate cells stably expressing wild type HPV-18 E7. To do this,
the CKII mutant cells were transfected with plasmid expressing GFP-18E7 and
selected by FACS sorting and subsequent G418 selection. The pooled cells were
then analysed for the levels of secreted MMPs. As can be seen from Figure 28A,
both of the CKII mutant polyclonal cell lines stably express GFP-18E7.
Furthermore, in these rescued cells the conditioned medium has very similar
levels of secreted MMP1 to that seen in the wild type C4-1 cells. To further verify
that this rescue is due to phosphorylation of stably expressed wild type HPV-18
E7, cells stably expressing a C-terminal FLAG tagged wild type HPV-18 E7 and
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the HPV-18 E7 S32A/S34A mutant were also obtained and analysed for MMP
secretion. As can be seen from Figure 28B, despite similar levels of wild type
and mutant HPV-18 E7 S32A/S34A expression, wild type levels of MMP1
secretion were only observed in the cells expressing the wild type HPV-18 E7
protein. These results demonstrate that an intact E7 CKII phospho-acceptor site
plays an essential role in ensuring high levels of MMP secretion in a HPV-18positive cervical tumour-derived cell line.
Downregulation of MMP1 and MMP13 in C4-1 and CaSki cells downregulates
invasive ability
Having identified MMP1 and MMP13 as being upregulated in a CKII dependent
manner in HPV-positive cells, we then asked if knockdown of MMP1 and MMP13
would have any deleterious affect upon the invasive ability of the wild type cells.
To do this, we transfected siRNA against luciferase as control, or MMP1, or
MMP13, or a combination of the two into wild type C4-1 cells, and after 48 hours
pooled equal numbers of cells and performed a Matrigel invasion assay. As can
be seen from Figure 29A-C, there is marked decrease in invasion upon
knockdown of MMP13, little effect with MMP1 knockdown alone, but a marked
synergistic affect when both MMP1 and MMP13 were removed. Similar results
were obtained when the assay was performed in HPV-16 positive CaSki cells
(Figure 29D-E).
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Figure 29. Knockdown of MMP1/13 abrogates invasion of C4-1 and CaSki cells.
C4-1 and CaSki cells were transfected with indicated siRNAs. After 48 hours, equal numbers of
cells were seeded in the upper part of Matrigel invasion chambers, in DMEM without serum.
DMEM with 10% serum was used as a chemoattractant in the lower chamber. After 22h, cells
that had invaded the lower chamber were fixed and stained with 0.5% Crystal Violet in 5%
glutaraldehyde for 10 mins. (A and D) Representative micrographs showing invasive cells from
each siRNA treatment as indicated. (B and E) Quantification of the mean number of invasive
cells per field shown as bars with the standard error of mean obtained from at least 4 separate
fields. Asterisks indicate the p-value of mean numbers of invasive cells, compared with the wild
type cells. (C and F) Western blot analysis of concentrated conditioned medium from indicated
siRNA treatments for MMP1 and MMP13.

Taken together, these results demonstrate that the loss of CKII phosphorylation
of HPV-18 E7 in cells derived from a cervical cancer, has diverse inhibitory
effects upon the ability of the cells to proliferate and to invade a collagen matrix,
and the defect in the ability to invade is at least in part due to downregulation of
MMP1/13.

68

CKII phospho-acceptor site in high-risk E7 is important for sustained activation
of AKT and expression of extracellular MMP1/13
We were next interested in understanding the molecular basis for this defect.
Previous studies had implicated the ability of E7 to activate AKT signaling as
being in part responsible for promoting invasive behavior (Srivastava et al.,
2017).

However, no studies have been done to investigate whether CKII

phosphorylation of E7 can lead to activation of AKT, and whether this in turn
might be responsible for the increased levels of MMP secretion. To investigate
these possibilities we first analysed the ability of wild type and CKII site mutants
of HPV-16 and HPV-18 E7 to activate AKT in a transient assay in HEK293 cells.
In order to first verify the levels of E7 phosphorylation in these assays, we
generated a phospho-specific antibody (refer Appendix I and Material Methods
section for details) directed against the HPV-16 E7 CKII phospho-acceptor site.
The characterization of this antibody is shown in Figure 30, where it can be seen
that it only reacts against the phosphorylated form of HPV-16 E7. After 24 hours,
the transfected 293 cells were serum-starved for 16 hours and then harvested
and analysed by western blotting. As can be seen from Figure 31A, only the wild
type E7 is capable of inducing AKT phosphorylation. Interestingly, the phosphospecific antibody detects the wild type E7 but fails to react against the CKII
phospho-site mutant. These results confirm that the wild type E7 protein is
phosphorylated to a significant degree, but that there is no phosphorylation of
the double CKII phospho-site mutant of E7.

Figure 30. Validation of HPV-16 E7 phospho-specific antibody.
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(A) In vitro phosphorylation of GST HPV-16 E7 fusion protein for cross-validation of phosphospecific antibody. Purified GST fusion proteins, as indicated, were incubated with CKII and γ[P32]
ATP. After extensive washing, bound proteins were subjected to SDS-PAGE and
autoradiographic analysis. The upper panel represents the autoradiogram and the lower panel
represents the Coomassie Blue-stained gel. (B) Purified GST fusion proteins, as indicated, were
incubated either with or without CKII enzyme (NEB) in kinase buffer in the presence of ATP for
15 min at 30˚C. After extensive washing with kinase wash buffer, GST fusion proteins were
analysed by Western blotting for HPV-16 E7 phospho-specific antibody. Levels of GST fusion
proteins are shown by Ponceau staining of the nitrocellulose membrane.

Figure 31. Activation of AKT is perturbed in the absence of CKII phosphorylation of E7.
(A) HEK 293 cells were transfected with HA-AKT together with HPV-16 E7 FLAG-HA, wildtype
or HPV-16 E7 S31A/S32A, HPV-18 E7 FLAG, wildtype or HPV-18 E7 S32A/S34A or empty
vector. After 24 hours, the cells were serum starved for 16 hours and harvested directly with SDS
PAGE sample buffer and analysed by Western blotting for phospho-AKT, total AKT (HA),
phoshpo-16E7 and total E7 (FLAG), as indicated. (B) Confluent C4-1 wildtype and CKII mutant
cells were serum starved for 48 hours and total levels of AKT, p-AKT, and α-actinin was analysed
by Western blotting.

Having found that an intact CKII phospho-acceptor site was required for the
ability of E7 to increase AKT phosphorylation we then analysed the levels of AKT
phosphorylation in the wild type and CKII phospho-site mutant C4-1 cells
following serum starvation for 48 hours. The results in Figure 31B also confirm
the requirement for an intact CKII phospho-acceptor site to obtain high levels of
AKT phosphorylation.
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Figure 32. Inhibition of PI3/AKT pathway downregulates MMP1/13 in HPV-positive, C4-1
and CaSki cells but not in HPV-negative C33a cells.
Confluent C4-1 (A), CaSki (B) and C33a (C) cells were either treated with AKT inhibitor or PI3K
inhibitor in serum-free medium for 48 hours. Conditioned medium from the treatments were
analysed by Western blotting for MMP1, MMP13 and MMP8. In each case the lower panels show
the Ponceau stain of the nitrocellulose membranes.

These results implicate AKT signaling in HPV-positive cells as being responsible
for the high levels of MMP secretion. To investigate this further we analysed the
levels of MMP1 and MMP13 secretion in HPV-18-positive C4-1 cells, HPV-16positive CaSki cells and HPV-negative C33a cells following inhibition of AKT and
PI3K using the specific AKT inhibitor (124005-Calbiochem) and PI3K inhibitor
(LY294002). After 48 hours the supernatants were harvested and analysed by
western blotting. As can be seen from Figure 32A-C, blocking AKT signaling in
HPV-positive cells results in a marked decrease in the levels of secreted MMP1
and MMP13, whilst this has no effect in the HPV-negative cells. In agreement
with results in Figures 24 and 26, which showed that CKII phosphorylation of E7
had no effect on MMP8, likewise blocking AKT signaling also had no effect on
MMP8 secretion in HPV-positive cells. Taken together these results demonstrate
that CKII phosphorylation of E7 promotes AKT activation, which in turn is
responsible for increased MMP secretion and subsequent enhancement of
invasive potential in HPV-positive cervical tumour-derived cells.
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Section II
Planar cell polarity protein Vangl1 is targeted by Human Papillomavirus E7
oncoprotein
Proteomic analysis identifies Vangl1 as novel interactor of HPV-16 phospho-E7
In the previous section, we showed that CKII phosphorylation of E7 was
important for maintenance of the transformed phenotype of cervical cancer
derived cell lines. By using genome editing techniques, we showed that CKII
phosphorylation of E7 was required for both cell proliferation and for optimum
levels of MMP secretion thus contributing to cellular invasive abilities. These
intriguing results from genome editing of the E7 CKII phospho-acceptor site, led
us to look further for potential mechanistic explanations for these effects. We
reasoned that most proteomic analyses that had been done previously had used
E7 in asynchronously growing cells, where there was likely to be both
phosphorylated and non-phosphorylated forms of E7. However, since
phosphorylation has been shown to be so important for E7 function, we wished
to try and identify phospho-specific interacting partners of E7. To do this, a
proteomic approach was chosen. We synthesised short peptides corresponding
to the CKII site in CR2 region of E7, either phosphorylated or nonphosphorylated, to act as bait in a pull-down assay to identify phosphorylationdependent interactors. Also included were peptides corresponding to the CR2
region of the HPV-16 E7 N29S variant, which has an additional phosphoacceptor serine at position 29, and which was recently shown to have higher
transforming abilities than the wild-type (Zine El Abidine et al., 2017). The
biotinylated peptides used in this study are shown in Figure 33.

Figure 33. Biotinylated peptide sequences used for pulldown assay and downstream
proteomic analysis.
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All peptides were synthesized in-house by the ICGEB Biotechnology Development facility. The
scrambled peptide sequence is a stretch of 10 random amino acids, while non-phospho-peptide
is CR2 region of HPV-16 E7 N29S variant from residues 15-39 and phospho-peptide is the with
phosphorylated serine residues at position, S29, S31 and S32.

The peptides were conjugated to Streptavidin-coated magnetic sepharose beads
and used in a pulldown assay with HaCaT cell extract. Mass spectroscopy
analysis of the proteins pulled down by phospho- and nonphospho-peptides of
HPV-16 E7 CR2 region revealed several different proteins, and the top 10 major
proteins identified in a single experiment are shown in Table 1. As can be seen,
pRB is identified in both cases, with the higher total number of pRb peptides
being pulled down by the phosphorylated E7 peptide compared with the nonphosphorylated E7 peptide, supporting previous studies showing that negative
charges or phosphorylation of the E7 CKII phospho-acceptor site enhances its
binding to pRB and related pocket proteins (Chemes et al., 2010; Dick and
Dyson, 2002; Singh et al., 2005). It is technically possible that the peptide could
be phosphorylated by the HaCaT cell extract during the pull-down assays.
However, if this was to occur it would result in no difference between the
phospho-peptide and non-phospho-peptide in the pull-down assays. Since, we
did observe such differences as it seems that there is still a significant degree of
phosphorylation between the two peptides. Among several other precipitated
proteins, including ribosomal proteins, keratins, splicing factors and others,
Vangl1 was intriguing to note, as it was specifically precipitated by phosphopeptide of E7.
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Table 1. Identification of phospho-specific interactors of HPV-16 E7.
Biotinylated peptides were conjugated with magnetic streptavidin beads and incubated with
HaCaT cell extract. After 3X washing with the lysis buffer the beads were washed with detergent
free lysis buffer. Buffer-free beads were then analysed for identification of bound proteins using
the ICGEB MS facility. The top 10 hits of the proteomic analysis are shown (refer to Appendix II
for complete list of identified proteins).

A. HPV-16E7 N29S phospho-peptide
Unique
Rank

Total

peptides peptides Description

1

6

28

RPL3, ribosomal protein L3

2

7

14

MEMO1, mediator of cell motility 1

3

5

13

RB1, retinoblastoma 1

4

4

6

VANGL1, VANGL planar cell polarity protein 1

5

3

10

RPS8, ribosomal protein S8

6

3

11

TUBB4A, tubulin, beta 4A class IVa

7

1

1

TUBB4B, tubulin, beta 4B class IVb

8

3

15

RPL10, ribosomal protein L10

9

3

13

RPL19, ribosomal protein L19

10

3

10

KRT5, keratin 5, type II
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B. HPV-16E7 N29S non-phospho-peptide
Unique
Rank

Total

peptides peptides Description

1

7

34

MEMO1, mediator of cell motility 1

2

5

10

RB1, retinoblastoma 1

3

4

12

KRT14, keratin 14, type I

4

3

6

LUC7L2, C7orf55-LUC7L2 readthrough

5

4

8

KRT19, keratin 19, type I

6

3

5

RBM39, RNA binding motif protein 39

7

3

9

KRT5, keratin 5, type II

8

3

4

TUBA1B, tubulin, alpha 1b

9

2

4

RPL21, ribosomal protein L21

10

2

7

SRSF3, serine/arginine-rich splicing factor 3

To verify the proteomic analysis that suggested a potential interaction of E7
phospho-peptide with Vangl1, the peptide pulldown was analysed by western
blot and probed for Vangl1. As can be seen from Figure 34A, Vangl1 was
specifically detected bound to the phospho-peptide, while it was undetectable
with the non-phosphorylated peptide. Again, the E7 CR2 phospho-peptide bound
a higher amount of pRB than the non-phosphorylated E7 CR2 peptide, as
expected. To determine whether this interaction could be mimicked by
introducing a negative charge the phospho-serines were replaced with the acidic
residue aspartic acid in order to act as a potential phospho-mimic. Surprisingly
the interaction between the mutant E7 peptide and Vangl1 was almost
undetectable, indicating that simple replacement of serine with aspartic acid is
not sufficient to confer interaction with Vangl1 and that a true phosphorylation
event is required (Figure 34B).
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Figure 34. Validation of Vangl1 as a phospho-specific interactor of HPV-16 E7 phosphopeptide.
Biotinylated peptides, as indicated, were conjugated with magnetic streptavidin beads and
incubated with HaCaT cell extracts for an hour at 4˚C. After extensive washing with lysis buffer,
the beads were mixed with 2X sample buffer and analysed with SDS PAGE and Western blotting
for pRB and Vangl1.

To examine this interaction further, the next question was, does this interaction
remain valid in terms of full-length E7 in transient overexpression assays? To do
this, HEK 293 cells were transfected with FLAG-Vangl1 and C-terminally FLAGHA tagged CMV 16E7 wild-type or S31A/S32A or N29S constructs. After 24
hours, cells were harvested in RIPA buffer and incubated with anti-HA
conjugated agarose beads. After extensive washing, the immune-complexes
were analysed by SDS-PAGE and Western blot, probed for Vangl1 with antiFLAG antibody, for E7 with anti-HA antibody and for phosphorylated HPV-16 E7
with the phospho-specific antibody described in section I, Figure 30. As can be
seen from Figure 35, the wild-type and N29S variant of E7 are phosphorylated,
as detected by the phospho-specific antibody, and they specifically bind Vangl1,
while 16E7 S31A/S32A is defective in pulling down similar amounts of Vangl1,
suggesting that the interaction of Vangl1 and E7 is dependent on
phosphorylation of E7 at the CKII site.
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Figure 35. HPV-16 E7 interacts with Vangl1 in vivo and is dependent on phosphorylation
of E7.
HEK 293 cells were transfected with FLAG-Vangl1, together with HPV-16 E7 FLAG-HA, wildtype
or N29S or S31A/S32A or empty vector. β-galactosidase vector was used as transfection control.
After 24 hours, the cells were lysed using RIPA buffer and incubated with anti-HA agarose beads
for 90 minutes at 4˚C. After incubation, cells were washed with E1a buffer and analysed by SDS
PAGE and Western blotting for β-galactosidase, Vangl1 (anti-FLAG), 16 E7 (anti-HA) and
phospho-16 E7 (anti-16E7pS31/S32) as indicated.

Further, we repeated the immunoprecipitation assay using CX4945, where
addition of this specific CKII inhibitor strongly decreased the phosphorylation of
E7 wildtype and N29S variant, and at the same time also greatly reduced the
amount of Vangl1 co-immunoprecipitated with E7 (Figure 36). This again
supports the notion that interaction between E7 and Vangl1 requires
phosphorylation of E7 by CKII.
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Figure 36. Vangl1 interaction with HPV-16 E7 is perturbed in presence of a specific CKII
inhibitor.
HEK 293 cells were transfected with FLAG-Vangl1 together with HPV-16 E7 FLAG-HA, wildtype
or N29S or S31A/S32A or empty vector as indicated in duplicate. β-galactosidase vector was
used as transfection control. After 24 hours, duplicate transfections were treated, or not, with
50µM of CX-4945 for 5 hours. Cell were then lysed using RIPA buffer and incubated with antiHA agarose beads for 90 minutes at 4˚C. After incubation, cells were washed with E1a buffer
and analysed by SDS PAGE and Western blotting for β-galactosidase, Vangl1 (anti-FLAG), 16
E7 (anti-HA) and phospho-16 E7 (anti-16E7pS31/S32) as indicated.

Interaction of Vangl1 with phospho-E7 is conserved between high-risk and lowrisk types
Since previous studies have shown that, high-risk and low-risk E7 could be
phosphorylated at equivalent residues in the CR2 region (Barbosa et al., 1990;
Firzlaff et al., 1989), we asked if the interaction with Vangl1 was conserved
between these HPV types. To do this, HEK 293 cells were transfected with
FLAG-Vangl1 in combination with C-terminally FLAG-HA tagged, high-risk E7s
(HPV-16 E7 or HPV-18 E7 or HPV-31 E7) or low-risk HPV-11 E7.
Immunoprecipitation was carried out, as before, and analysed by Western
blotting. The results shown in Figure 37 indicate that this interaction is conserved
between both high-risk and low-risk HPV types and is dependent upon active
CKII.
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Figure 37. Vangl1 interaction with high- and low-risk E7s in a CKII phosphorylation
dependent manner.
HEK 293 cells were transfected in duplicate with FLAG-Vangl1 together with C-terminally FLAGHA tagged HPV-16, HPV-18, HPV-31 or HPV-11 E7s or empty vector, as indicated. βgalactosidase vector was used as transfection control. After 24 hours, one set of transfections
was treated with 50µM of CX-4945 for 5 hours. Cell were then lysed using RIPA buffer and
incubated with anti-HA agarose beads for 90 minutes at 4˚C. After incubation, cells were washed
with E1a buffer and analysed by SDS PAGE and Western blotting for β-galactosidase, Vangl1
(anti-FLAG), E7s (anti-HA) and phospho-16 E7 (anti-16E7pS31/S32) as indicated.

Vangl1-phospho E7 interaction is perturbed in genome edited C4-1 cells
Having shown that the Vangl1 interaction with phosphorylated E7 was highly
conserved, it was interesting to know if this interaction might be perturbed in the
genome edited HPV-18 E7-positive C4-1 cells described in section I, Figure 18C.
To examine this, the wildtype and CKII mutant C4-1 cells were lysed using lysis
buffer, the supernatant was collected by centrifugation and incubated with 2µg
of anti-HPV-18 E7 antibody at 4˚C overnight. The immune complexes were then
incubated with protein-A agarose beads for 90 minutes and immunoprecipitated
complexes were analysed by Western blotting. The results are shown in Figure
38, where we can see that, both the CKII mutant E7s in the genome edited cell
lines bind less Vangl1 than the wild type E7 in the parental C4-1 cell line.
Additionally, although pRb protein levels are higher in the CKII mutant cell
lysates, less of it is immunoprecipitated than in wild type cell lysates.
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Furthermore, the steady-state levels of Vangl1 are downregulated in genome
edited cells compared with mutant cells, indicating that the wildtype E7 in the
parental C4-1 cell might be playing a role in maintaining higher steady-state
levels of Vangl1. Vangl1 has been implicated in several cancers, often mutated
or amplified perturbing its function (Hatakeyama et al., 2014). In case of cervical
cancer, mutations are not so common (refer Appendix III, cBioPortal: expression
and mutation profile of Vangl1 and p53 in cervical cancer) suggesting E7 (CKII
phosphorylation of E7) might be upregulating its expression as seen in wild type
C4-1 cells comparted to CRISPR edited CKII mutant cells. However, this
potential modulation of Vangl1 upon E7 phosphorylation needs further
investigation.

Figure 38. Vangl1-phospho E7 interaction is perturbed in genome edited C4-1 cells.
Cells lysates from wildtype and CKII mutant C4-1 cells were immunoprecipitated with anti-HPV18 E7 antibody overnight and then incubated with protein A beads for 90 minutes at 4˚C.
Immunoprecipitated complexes were then washed with lysis buffer and analysed by SDS PAGE
and Western blotting for pRB, Vangl1 and α-tubulin.

Vangl1 co-operates with HPV-16 E7 in cell transformation
Having found that the interaction of Vangl1 is conserved across several HPV
E7s, and considering previous reports on the role of Vangl1 in development,
cellular migration and invasion, we were interested in whether Vangl1 has any
direct effects upon the transforming activity of HPV E7. To examine this, primary
BRK cells were transfected with EJ-ras, with pJ4Ω:HPV-16 E7 or Vangl1 or with
pJ4Ω:HPV-16 E7 and Vangl1. After 2 weeks of selection, the cells were fixed
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and stained, and the number of colonies were counted. The results are shown in
Figure 39, where it can be seen that both HPV-16 E7 and Vangl1 can transform
primary BRK cells in cooperation with ras. Furthermore, the combination of
Vangl1 and HPV-16 E7, in cooperation with ras, acts synergistically to
dramatically increase the level of transformation of primary BRK cells, suggesting
that the interaction with Vangl1 is potentially important in HPV-E7-mediated
cellular transformation. The current assay shows that Vangl1 co-operates with
E7 in transforming BRK cells, however, future studies will have to be
supplemented with c-myc, Vangl1 and the E7 CKII mutant or CKII inhibitors for
delineating the role of phosphorylation of E7 in the transforming ability in cooperation of Vangl1.

Figure 39. Vangl1 enhances BRK cell transformation ability of E7 in HPV-16 E7/EJ-ras
transformation experiments.
Primary BRK cells were transfected with the indicated expression plasmids and subjected to
selection with G418. After 2 to 3 weeks, the cells were fixed and stained with Giemsa stain and
the numbers of colonies were counted. The results show the mean number of colonies with
standard deviations as error bars.

Preliminary data
Previous studies have shown that Vangl1 is implicated in the invasive ability of
various cancers, including breast cancer (Anastas et al., 2012), head and neck
cancer (Lee et al., 2009) and hepatocellular carcinoma (Cetin et al., 2015; Yagyu
et al., 2002). Vangl2, a paralogue of Vangl1 has been implicated in regulation of
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MMP14, by decreasing its availability at the plasma membrane (Williams et al.,
2012). To determine if there is any change in steady-levels of MMP14, a Western
blot analysis was done with the wildtype and mutant C4-1 cells. The results in
Figure 40 show that MMP14 levels are lower in CKII mutant cells, suggesting
that the phospho-dependent interaction of Vangl1 might be involved in regulation
of MMP14 and invasion. Indeed, downregulation of Vangl1 phenocopies defects
in the invasive ability of CKII mutant cells, suggesting a link between this function
of phosphorylation of E7. Downregulation of Vangl1 has been suggested to result
in decrease in invasive ability of hepatocellular carcinoma cells (Cetin et al.,
2015), whether the observed downregulation of Vangl1 in genome edited cells,
is involved in decreasing invasive ability remains to be determined. Further
details of the localization and distribution of Vangls, contributing PCP
components, and MMPs (eg. MMP14) in relation to E7 phosphorylation would
uncover the role of Vangl1 in modulating polarity and transformed phenotype in
cervical cancer derived cells.

Figure 40. Steady-state levels of MMP14 in C4-1 cell lines.

Steady-state levels of MMP14 in C4-1 wild-type and mutant cells was analysed by harvesting
indicated cells directly into 2X sample buffer and analysed by SDS PAGE and Western blotting
for MMP14, Vangl1, pRB and α-tubulin.
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Section III
PTPN21 is a degradation target of high-risk HPV E7
Previous studies using proteomic approaches identified PTPN14 and PTPN21
as potential cellular targets of E7 proteins derived from multiple HPV types
(Rozenblatt-Rosen et al., 2012; White et al., 2012). Subsequently, two groups,
including ours, demonstrated independently that PTPN14 is a degradation target
of high-risk E7 proteins (Szalmas et al., 2017; White et al., 2016). While PTPN21,
was identified in the same proteomic study as binding partner of HPV E7s neither
of the groups discussed the role of this potential interaction. Here, we have
begun to study the PTPN21 as a binding partner of HPV E7s and consequences
of the binding in modulation of PTPN21 by HPV E7.
PTPN21 interacts with HPV E7s
To verify the interaction of PTPN21 with HPV E7 proteins that was indicated by
proteomic approaches (Rozenblatt-Rosen et al., 2012; White et al., 2012), a GST
pull-down assay using high-risk HPV-16 and HPV-18, and low-risk HPV-11 E7
with in vitro translated PTPN21 was carried out and analyzed by SDS-PAGE and
autoradiography. As can be seen from Figure 41A, both high-risk and low-risk
E7 interact with PTPN21, although to our surprise HPV-18 E7 interacts only
weakly, whilst HPV-11 is as strong as HPV-16 E7. Further, to identify regions in
E7 responsible for interaction, another set of GST pull-down assay was carried
out with C-terminal and N-terminal halves of HPV-16 E7 and the results are
shown in Figure 41B, where we can see that PTPN21 also binds to the E7
carboxy-terminal region.

Figure 41. PTPN21 interacts with high-risk and low-risk HPV-E7s.
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(A) In vitro translated, radiolabeled PTPN21 was incubated with GST, GST-16 E7, GST-18 E7
or GST-11 E7 fusion proteins bound to glutathione agarose beads, as indicated, at room
temperature for 1 hour. After washing the beads, bound proteins were assessed by
autoradiography (upper panel) and GST fusion proteins were visualized by Coomassie staining
(lower panel). (B) In vitro translated, radiolabeled PTPN21 was incubated with GST, GST-16 E7,
N-terminus GST-16 E7 or C-terminus GST-16 E7 fusion proteins bound to glutathione agarose
beads as indicated at room temperature for 1 hour. After washing the beads, bound proteins
were assessed by autoradiography (upper panel) and GST fusion proteins were visualized by
Coomassie staining (lower panel).

Previous studies have shown that multiple residues within the C-terminus of E7
are important for potential protein-protein interactions and for their ability to
contribute toward cell transformation, based on their surface exposure
(Todorovic et al., 2011). Further, PTPN14, a paralogue of PTPN21, interacts with
residues in the C-terminus of HPV-16 E7 and particularly residues E80/D81, M84
(Szalmas et al., 2017) and L82, L83 (White et al., 2016) were shown to be
important. In order to map the PTPN21 interaction site in the HPV-16 E7 CR3
region, a series of GST pull-down assays was carried out in vitro using a panel
of HPV-16 E7 mutants to pull-down overexpressed HA-PTPN21 from HEK 293
cells extracts. Figure 42 shows that most of the point mutants assayed are
defective in binding when compared with wild type HPV-16 E7, except for the
R77A mutant, which seems to bind almost as effectively as GST 16E7 wild type.
Residues at T64 and E80/D80 were absolutely required for the interaction, while
residues C59, T72 and M84 are also important for the interaction, suggesting
that multiple residues in the CR3 region of E7 are important for interaction with
PTPN21. These results indicate the interaction between PTPN21 and PTPN14
is not identical, and whilst the carboxy terminal of E7 is required the specific
residues involved are different.
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Figure 42. Identification of residues in CR3 region of E7 responsible for binding with
PTPN21.
(A). GST 16E7 wild type and CR3 region mutants, as indicated, were incubated at 4˚C for 90
minutes with cell extracts from HEK 293 cells overexpressing HA-PTPN21. After extensive
washing, bound proteins were analyzed by SDS PAGE and Western blotting. The blot was
probed for PTPN21 (upper panel) with anti-HA antibody and levels of GST fusion proteins was
ascertained by Ponceau staining of the blot (bottom panel). B. Figure 1D from Szalmas et al.,
2017, co-immunoprecipitation of V5-PTPN14 with C-terminal HA tagged HPV-16 E7 wildtype and
mutants as indicated. Constructs expressing HPV-16 E7 and PTPN14 as indicated were
transfected in HEK293 cells, after 24 hours cells were treated with CBZ for 3 hours and harvested
in lysis buffer and immunoprecipitated with anti-HA antibody. Bound V5-PTPN14 was then
detected by Western blotting and E7 was detected using anti-HA antibody.

PTPN21 is a degradation target of high-risk E7
Having shown that PTPN21 is a strong interacting partner of HPV E7, we asked
if it has a role in HPV E7-induced malignancy. To examine this, a Western blot
analysis was done to analyze the steady state levels of PTPN21 in HPVnegative, HEK 293, C33a and HaCaT cells, in HPV-16 positive, CaSki and SiHa
cells and in HPV-18 positive HeLa and C4-1 cells. The results are shown in
Figure 43A, which shows that the steady-state levels of PTPN21 are lower in
HPV-positive cell lines than in HPV-negative cell lines, suggesting that PTPN21
might be downregulated in these cells in the presence of HPV oncoproteins. To
determine whether these low levels of PTPN21 in HPV-positive cells are due to
proteasome-mediated degradation, HPV-positive HeLa, CaSki and SiHa cells,
and HPV-negative C33a cells were treated with proteasome inhibitor Z-Leu-LeuLeu-al (CBZ, 20µM) for 8 hours. Cells were then harvested and the levels of
PTPN21 were then analyzed by SDS-PAGE and Western blotting. The results
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shown in Figure 43B indicate that inhibition of the proteasome has no effect on
the levels of PTPN21 in HPV-negative C33a cells, while there is an increase in
levels of PTPN21 protein in HPV-positive cells after proteasome inhibition. These
results suggest that PTPN21 is destabilized in HPV-positive cervical cancer cells
via proteasome-mediated degradation.

Figure 43. Lower levels of PTPN21 protein in HPV-positive cells are due to its
destabilization via proteasome-mediated degradation.
(A). Cell lines, as indicated, were harvested directly in sample buffer and analyzed by SDS-PAGE
and Western blot probed for PTPN21, pRB, p53 and α-tubulin. (B). Cell lines, as indicated, were
treated with either DMSO or CBZ for 8 hours and then harvested in sample buffer and analysed
as before by Western blot probed for PTPN21, pRB, p53 and α-tubulin antibody.

To investigate whether low levels of PTPN21 in HPV-positive cell lines are due
to HPV oncoproteins, we transfected HeLa cells with a small interfering RNA
(siRNA) against HPV-18 E6/7 or against luciferase as control, siRNA against
PTPN21 was used as controls for correct identification of PTPN21. After 72 h
cells were harvested and levels of protein expression were assessed by Western
blotting. As can be seen from Figure 44A, ablation of E6/E7 expression results
in a marked increase in levels of PTPN21. In addition similar results were also
obtained in HPV-16 positive SiHa cells (Figure 44B).
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Figure 44. Downregulation of E7 in HPV positive cell lines rescues levels of PTPN21.
Hela (A) and SiHa (B) cells were transfected with the indicated siRNA against luciferase (control),
siRNA against E6 or E6/E7, siRNA against PTPN14 or siRNA against PTPN21. After 72 hours,
cells were harvested directly in 2X sample buffer and analysed by SDS PAGE and Western
blotting for PTPN21, pRB, p53 and α-tubulin.

Since PTPN21 is a potential interacting partner of HPV E7 we further proceeded
to investigate whether HPV-16 E7 could target PTPN21 for degradation in a
transient-transfection assay. To do this, HEK 293 cells were transfected in
duplicate with either HA-tagged PTPN21 alone or in combination with Cterminally FLAG-HA-tagged HPV-16 E7. After 24 hours, one set of the
experiment was treated with CBZ for 8 hours and the cells were then harvested
and analysed by Western blotting. The results are shown in Figure 45A, where
we can see that PTPN21 is targeted for degradation in the presence of E7; and
when the proteasome is inhibited using CBZ, the levels of PTPN21 are regained
to the levels similar to transient transfection of PTPN21 alone.
Furthermore, as PTPN21 can interact with both high-risk and low-risk E7s, we
asked if low-risk E7 is also able to destabilize PTPN21 in transient transfection
assay. To do this, we transfected, PTPN21 alone or in combination with Cterminally FLAG-tagged HPV-11 E7, HPV-18 E7 or HPV-16 E7. HPV-16 E7
E80K/D81K was also used in this assay, as it had been shown to have reduced
binding with PTPN21 (Figure 42). The cells were then harvested as before and
analysed by Western blotting. As can be seen from Figure 45B, both high-risk
HPV-16 and HPV-18 E7 are able to degrade PTPN21, although HPV-18 E7 is
significantly weaker in this respect and this might correlate with the weaker level
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of interaction observed in Figure 41, although more detailed quantification would
help clarify this. Similarly, the ability of HPV-16 E7 E80K/D81K to degrade
PTPN21 is decreased, suggesting the decrease in ability to bind to PTPN21
might be linked to this activity. In contrast, the low-risk HPV-11 E7 was unable to
destabilize PTPN21 despite an apparent strong interaction.

Figure 45. PTPN21 is a degradation target of high-risk HPV E7s.
(A). Plasmid expressing HA-PTPN21 was transfected into 293 cells alone or with increasing
amounts of CT-FLAG-HA tagged HPV-16 E7, as indicated, in duplicate. After 24 hours, one set
of transfected cells were treated with 20µM of CBZ for 8 hours and cells were harvested directly
with 2X sample buffer and analysed by SDS-PAGE and Western blotting for levels of PTPN21
and HPV-16 E7 with anti-HA antibodies.

β-galactosidase was included as a control for

transfection efficiency. (B). HEK 293 cells were transfected with HA-PTPN21 plus either empty
vector or CT FLAG-HA tagged HPV-16 E7 or HPV-16 E7 E80K/D81K or HPV-18E7 or HPV11E7. β-galactosidase was included as a control for transfection efficiency. After 24 hours cells
were harvested directly in 2X sample buffer and analysed with SDS-PAGE and Western blotting
for levels of PTPN21 and E7s.

Taken together, these results show that PTPN21 is a binding partner of high-risk
and low-risk E7 oncoproteins. The C-terminal CR3 region of E7 is important for
binding with PTPN21 and this interaction leads to destabilization of PTPN21 in
high-risk HPV E7-expressing cells through proteasome-mediated degradation.
Further, the lower levels of PTPN21 found in HPV-positive cells and the
subsequent increase in levels of PTPN21 after downregulation of HPV E7
suggests that expression of HPV E7 oncoproteins directly contributes to
degradation of PTPN21.
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Discussion
Section I
The HPV-18 E7 CKII phospho acceptor site is required for maintaining the
transformed phenotype of cervical tumour-derived cells
Despite extensive characterization of the different biochemical functions of the
HPV E6 and E7 oncoproteins, and their respective contributions towards the
development of cell transformation and malignancy, there is still very little
information on the continued requirement for specific activities of E6 and E7 in
cells derived from a cervical cancer. This is important, since we know there is an
absolute requirement for both oncoproteins for maintaining the transformed
phenotype (Butz et al., 2003; Yamato et al., 2008; Yoshinouchi et al., 2003), but
which specific biochemical functions of E6 and E7 contribute towards this
remains obscure. In this study we have begun to address this question by
performing genome editing of the HPV-18 E7 CKII phospho-acceptor site in
cervical cancer-derived C4-1 cells. We find that an intact CKII phospho-acceptor
site in E7 remains important both for optimal levels of cell proliferation and for
maintaining high levels of invasive potential.
Previous studies have shown that the CKII phospho-acceptor site in HPV-16 E7
plays an important role in the HPV life cycle, and in the ability of E7 to bring about
cell transformation in a variety of different experimental settings (Chien et al.,
2000; Firzlaff et al., 1991). Furthermore, recent studies showed that a variant
HPV-16 E7, in which an extra CKII phospho-site was present at N29S, exhibited
a marked increase in transforming potential (Zine El Abidine et al., 2017). Many
of these activities have been linked to the effects of phosphorylation on the ability
of E7 to interact with some of its cellular substrates. Indeed the acidic pocket
provided by the CKII consensus motif, and the subsequent increase in negative
charge following phosphorylation, have been shown to increase interaction with
pocket protein family members (Chemes et al., 2010; Dick and Dyson, 2002;
Singh et al., 2005). One consequence of which is the enhancement of HPV-16
E7’s ability to overcome pRb-associated cell senescence (Psyrri et al., 2004).
Phosphorylation of HPV-16 E7 has also been shown to increase interaction with
TBP (Massimi et al., 1996). HPV-18 E7 is also widely assumed to be similarly
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phosphorylated, however the specific phospho-acceptor site had never been
formally verified (Firzlaff et al., 1989). CKII substrate specificity is known to be
determined by multiple acidic residues located between -2 and +5 positions
relative to the S/T phospho-acceptor site (Marin et al., 1994; Sarno et al., 1996).
Based on our mutational analysis we confirmed that S32/S34 are the only CKII
phospho-acceptor sites in HPV-18 E7. However, S34 seems to be a more
preferred CKII recognition site, although the S32A mutation appears to further
enhance phosphorylation of E7 by CKII at S34. The molecular basis for this
activity however remains to be determined.
To perform the genome editing of the CKII phospho-acceptor site, we chose C41 cells as these cells have only a single integrated copy of HPV-18 DNA
(Schneider-Gadicke and Schwarz, 1986). We first confirmed previous studies
demonstrating a continued requirement for E6/E7 expression for maintenance of
the transformed phenotype in cells derived from a cervical cancer (Butz et al.,
2003; Yamato et al., 2008; Yoshinouchi et al., 2003), although this had not
formally been demonstrated in C4-1 cells. Following the design of gRNAs for
targeting the two serine residues in E7 and subsequent transfection and
selection, two mutant cell lines were eventually obtained.
The efficiency of genome editing was low and there are number of possible
explanations - the HDR efficiency with which we obtained the number of clones
(3 out of 408 screened) lies in the fact that CRISPR/Cas9 HDR genome editing
in a given cell line is affected by transfection efficiency as well as cell type and
state, the genomic locus and repair template (Saleh-Gohari and Helleday, 2004).
For instance, CRISPR/Cas9 and HDR using ssODN, efficiency targeting a given
locus in HEK293 cells varies between 20 to 27% while it was 2.2-6% in HUES9
cells (Ran et al., 2013). Further, to target a gene (HPV E6/7 in cervical cancer
cells) to which the cells are addicted is yet another challenge, where most of the
DSBs caused by gRNAs would lead to these cells entering apoptosis or
senescence in absence of a repair compatible to continue cell proliferation. Thus,
to enhance the efficiency of editing a HPV oncoprotein sequence in the cervical
cancer cells, several techniques including chemical enhancers (e.g. SCR7,
inhibitor of DNA ligase IV) (Maruyama et al., 2015), or cell synchronization
techniques (Lin et al., 2014), can be used in obtaining a desired genome edit in
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future experiments. In addition, off targets of CRISPR/Cas9 is another possibility
and various methods for detecting off-targets has been described including deep
sequencing (off-target frequency measured range 0.01 to 0.1%) (Cho et al.,
2014), web-based prediction tools (Bae et al., 2014), and ChIP-seq (Singh et al.,
2015).

We

used

web-based

prediction

tool,

Cas-off

finder

(http://www.rgenome.net/cas-offinder/, (Bae et al., 2014)), which did not show
any off-targets of the gRNAs used in this study based on very stringent off-target
prediction tool. Finally, to inhibit repeated targeting of the HPV E7 CKII DNA
sequence by the gRNAs used, first a transient transfection method with no
selection pressure for retaining the constructs was used and second, the HDR
DNA sequence at the putative PAM site was mutated from ‘agg’ to ‘aag’ (Figure
18 A) to largely inhibit the potential mutation caused by repeated DSB targeted
by gRNA after a successful HDR event (Kwart et al., 2017; Paquet et al., 2016).
Successfully obtaining genome edited clones, demonstrates that mutation of the
CKII site per se is not incompatible with continued cell growth and survival.
However, upon more detailed analysis, it is clear that mutation of the CKII
phospho-acceptor site results in quite marked effects upon the degree of cell
transformation. Thus cells with a mutant CKII site in E7 grow more slowly and
attain lower saturation densities than wild type E7 cells. This is even more
marked when cell growth is assayed in low concentrations of calf serum, where
there is a dramatic reduction in the rates of cell proliferation. None of these
defects appear related to significant changes in the level of E7 protein
expression, as this was unchanged in the mutant lines. It was also unrelated to
altered levels of E6 expression, as gauged by the levels of p53. One possible
explanation for these slower growth rates under nutrient deprivation could be
related to the lower levels of mutant E7 interaction with pocket protein family
members, an effect that confirms previous studies showing a role for the acidic
patch of the CKII phospho-acceptor site in pocket protein recognition (Genovese
et al., 2008; Jones et al., 1997). Indeed, these studies in C4-1 cells are the first
to demonstrate unequivocally that an intact CKII phospho-acceptor site in
endogenously expressed E7 does influence interaction with pocket proteins.
However, whilst this may influence the rates of proliferation, it seems unlikely to
be the major cause as changes in pocket protein levels are quite small. It is
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tempting to suggest that it is the defect in AKT activation (see below) in the E7
CKII phospho-site mutant lines, especially under low nutrient conditions, which
is primarily responsible for the slower growth rates (Pim et al., 2005).
Further analysis of the effects of the CKII mutation upon the transformed
properties of the cells revealed marked alterations in the invasive potential of the
mutant cell lines. Using matrigel invasion assays, we found that the mutant cells
were much less invasive than the parental cells, suggesting that mutation of the
E7 CKII phospho-acceptor site reduces the capacity of the cells to invade
through a collagen-containing 3D matrix. This defect was not due to a
generalized defect in migratory capacity, since the wild type and mutant cells
showed no differences in their respective abilities to migrate in a scratch wound
healing assay. Instead, this points to a specific defect in migration through a
collagen matrix. This therefore led us to examine any potential effects upon
MMPs. Using conditioned medium from the different cell lines, we first analysed
potential differences in a collagen zymograph assay. To our surprise, we found
marked differences between the wild type and mutant cell lines, with the cells
harbouring the CKII site mutation exhibiting much lower levels of collagenase
activity. This focused our attention on a subset of MMPs, which might be
responsible for this defect, and we found that two MMPs, MMP1 and MMP13,
were particularly highly secreted by the wild type C4-1 cells, but were largely
absent from the conditioned medium of the mutant cell lines. This defect appears
to be related to CKII activity, since treatment of the wild type cells with a CKII
inhibitor also resulted in a decrease in the amount of secreted MMP1 and
MMP13. Similar results were also obtained in HPV-16-positive CaSki cells,
where again high levels of MMP1 and MMP13 secretion were dependent upon
active CKII, whilst in HPV-negative C33a cells inhibition of CKII had no effect
upon MMP secretion. Obviously, confirming the link between E7 phosphorylation
and MMP secretion through further genome editing in other HPV-positive cells
would be a valuable confirmation, but the technical difficulties in achieving this in
cells with multiple HPV copies could render such approaches inconclusive.
Finally, overexpression of wild type HPV-18 E7 in the two mutant lines effectively
restored the levels of secreted MMP1 to levels similar to those seen in the wild
type C4-1 cells, although restoration of MMP13 was much lower. Furthermore,
92

this rescue of MMP1 secretion was dependent upon an intact CKII phosphoacceptor site in E7, since stable expression of the S32A/S34A double mutant
failed to restore the levels of MMP1 secretion. It should be emphasized that
when total cell extracts were analysed for the different MMPs, there was very
little difference between the different cells, suggesting that the defect was not in
expression, but rather in secretion. We also confirmed that MMP13, in particular,
also played an essential role in promoting invasion in the matrigel invasion assay,
where ablation of expression resulted in a marked decrease in invasive potential,
and, where interestingly, the double knockdown of both MMP1 and MMP13 gave
the most severe defect in invasive capacity.
A major question at this point was the underlying mechanism. Previous studies
have shown that E7 can induce upregulation of diverse MMPs at the
transcriptional level (Kaewprag et al., 2013; Srivastava et al., 2017; Wang et al.,
2014; Zhai et al., 2005; Zhu et al., 2015), although that did not seem to be the
case in the case of the mutant C4-1 cells, where total levels of MMP expression
were similar to those seen in the wild type cells. Other studies had shown that
E7 could also upregulate AKT activity, which in turn could affect invasive
potential (Menges et al., 2006; Srivastava et al., 2017), although the potential
role of the CKII phospho-acceptor site of E7 was not investigated in any of these
or earlier analyses (Pim et al., 2005). We therefore proceeded to determine
whether CKII phosphorylation of E7 might impact upon the levels of AKT
activation, and whether this, in turn, might be responsible for the high levels of
MMP secretion. Using both transient overexpression systems and the mutant
C4-1 cells, it is quite clear that an intact CKII phospho-acceptor site on both HPV16 and HPV-18 E7 plays an important role in the activation of AKT. Most
importantly, however, this activation of the AKT pathway in HPV-positive cells
appears to be directly involved in the increase of MMP1 and MMP13 secretion,
but not of MMP8 secretion, which is unaffected by either mutation of the E7 CKII
phospho-acceptor site or either CKII or AKT inhibition. In contrast, in HPVnegative C33a cells, inhibition of AKT signaling has no effect upon the levels of
secreted MMP1 and MMP13. These studies demonstrate that phosphorylation
of E7 enhances AKT signaling, which in turn can increase levels of MMP
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secretion and invasiveness, and which might also contribute towards increased
rates of cell proliferation in low nutrient conditions.
It is intriguing that these studies show a clear difference in MMP1 and MMP13
upregulation, but no change in MMP8. Whilst the molecular basis for this requires
further experimentation it is interesting that MMP1 and MMP13 have been found
to be upregulated in a variety of different tumours, including cervical, whilst
MMP8, on the other hand, has been associated with an anti-invasive effect in
certain settings (Akgul et al., 2006; Balbin et al., 2003; Haukioja et al., 2017;
Johansson et al., 1999; Korpi et al., 2008; Tian et al., 2018).
It has been demonstrated that AKT pathway is activated in cervical cancer
(Menges et al., 2006; Pim et al., 2005) and is one of the main components of
epithelial invasion by induction of MMP1 via ETS2-dependent mechanism
(Pickard et al., 2012). Activation of AKT pathway leading to MMP secretion and
invasion has been described in several models of carcinogenesis (reviewed in
(Chin and Toker, 2009)). While it has been demonstrated that HPV E7 activates
AKT in earlier studies (Menges et al., 2006; Pim et al., 2005), it was not yet shown
that for sustained activation of AKT, phosphorylation of E7 by CKII was required.
Then, one of the open questions not yet quite clear is how E7 and/or
phosphorylation of E7 contributes to activation of AKT, although it was shown
previously that knocking down pRB in keratinocytes was sufficient to increase
phosphorylated AKT in raft cultures (Menges et al., 2006), in agreement with
regulation of AKT activity through E2F transcription factors during cell cycle
through regulation of Gab2 (Chaussepied and Ginsberg, 2004). Gab2 is a
scaffold protein that binds to PI3K (phosphatidylinositol 3-kinase) and regulates
its activity as well as downstream effectors such as AKT. It is quite tempting to
speculate that the increase in levels of pRB in CKII mutant cells might be a
response of decreased E2F dependent transcription and decrease in AKT and
MMP activation and evaluation of this pathway is of future interest. While this
possibility roots from the ability to efficiently engage pRB for interaction and
destabilization by HPV E7 upon phosphorylation and E2F dependent
transcription, it is also possible that upon phosphorylation HPV E7 might
modulate other pathways (for instance, PCP signaling – Vangl1, Discussion
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section II) contributing to cancers phenotypes including proliferation, invasion
and migration.

In summary, these studies demonstrate that the activity of the E7 CKII phosphoacceptor site remains functional and relevant in cells derived from cervical
cancers, and indicate that the CKII phospho-acceptor site remains a very
attractive candidate target for therapeutic intervention in HPV-induced
malignancy.
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Section II
Planar cell polarity protein Vangl1 is targeted by Human Papillomavirus
E7 oncoprotein
Previous studies have shown that phospho-specific interactions of HPV E7 with
cellular proteins in cervical cancer derived cells have diverse implications
including cellular transformation (Barbosa et al., 1990; Firzlaff et al., 1991; Heck
et al., 1992), cellular growth and differentiation (Muller et al., 1999; Psyrri et al.,
2004), cell cycle regulation (Chien et al., 2000), and actin polymerization (Rey et
al., 2000). Intriguing results from genome editing of the phospho-acceptor site in
HPV-18 E7 positive C4-1 cells led us to design a proteomic screen specifically
aimed at identifying novel targets of HPV-E7 that are dependent on its CKII
phosphorylation. First, we used phosphorylated- and non-phosphorylated E7
peptides as bait in a pulldown assay from HaCaT cells, and by mass
spectroscopic analysis we identified Vangl1 as a phospho-specific interactor of
HPV-16 E7. Second, we verified this interaction in vivo in cells using
immunoprecipitation assays. Third, we showed that Vangl1 co-operates with
HPV-16 E7 in cell transformation, suggesting that CKII phosphorylation of HPV
E7 and interaction with Vangl1 could be an important therapeutic target in HPVinduced cancers.
By using a proteomic analysis of the cellular proteins binding to a phosphorylated
peptide corresponding to the CR2 region of E7, we identified Vangl1, a planar
cell polarity protein, as a phospho-specific interactor of E7. For this analysis we
used a variant peptide with additional phospho-acceptor site at N29S, previously
described to have enhanced transforming properties due to acquisition of this
phospho-acceptor site (Zine El Abidine et al., 2017). Further, we verified this
target using western blot from the peptide pull-down and could show that this
interaction is specific to phosphorylated peptide of E7, but is undetectable in nonphosphorylated or phosphomimic peptide of E7, suggesting that only
phosphorylation at the CKII site of E7 is highly important for this interaction, and
an amino acid phosphomimic does not function in this context. We could also
pull-down higher levels of pRB with phosphorylated E7 peptide than with nonphosphorylated peptide, in line with previous studies showing that the negative
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charge acquired by phosphorylation increases E7 interaction with pocket protein
family members (Chemes et al., 2010; Dick and Dyson, 2002; Singh et al., 2005).
Further, we verified the interaction in vivo in cells using HEK 293 cells by
overexpressing FLAG-Vangl1 and C-terminus HA-FLAG-tagged HPV-16 E7
wildtype, N29S and S31A/S32A mutants. Using co-immunoprecipitation, we
could show that both the full-length HPV-16 E7 and the N29S variant can interact
with Vangl1, consistent with results from the peptide pulldown, while the
S31A/S32A mutant shows only a weak interaction. Further, inhibition of
phosphorylation of E7 using a specific CKII inhibitor CX4945 showed that this
interaction requires CKII activity, which further supports a role for CKII
phosphorylation of E7 being required for the interaction and that the defect in
interactions is not simply a reflection of introducing mutations at the two serine
residues. The CKII phospho-acceptor site is conserved between high-and low
risk E7s. Indeed, earlier studies on E7 phosphorylation has shown that high-risk
and low-risk E7 could be phosphorylated on equivalent residues in the CR2
region albeit phosphorylation of low-risk E7 is weaker in kinetics compared to
high-risk E7s (Barbosa et al., 1990; Firzlaff et al., 1989). Using coimmunoprecipitations assays together with CKII inhibition in overexpression
assays, we showed that this interaction is conserved across high-risk HPV-16,
HPV-18, and HPV-31 and also with the low-risk HPV-11 E7s, although
interaction with HPV-18 E7 appeared much weaker and probably reflects a
weaker level of association with Vangl1. Nonetheless, co-immunoprecipitation
assays with HPV-18 E7 in C4-1 wildtype and CKII genome edited mutant cells
showed that interaction of Vangl1 with endogenous HPV-18 E7 was much higher
in wildtype cells. It was interesting to note that levels of Vangl1 were lower in the
CKII mutant cells compared with wildtype cells, correlating with the invasive
ability of these cells. Studies in different cancers, including breast (Anastas et
al., 2012; Luga et al., 2012), colon (Lee et al., 2004), head and neck (Lee et al.,
2009), glioblastoma (Wald et al., 2017), and hepatocellular carcinoma (Cetin et
al., 2015; Yagyu et al., 2002) have shown that high levels of Vangl1 is positively
correlated with migratory and invasive abilities. In agreement with this, using a
BRK cell transformation assay, we could show that Vangl1 enhances cellular
transformation and can cooperate with E7 in these assays, supporting previous
studies of its implication in various cancers.
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Future studies will be focused towards further characterizing the role of the
Vangl1 and E7 interaction, and its modulation in planar cell polarity. HPV E6 and
E7 have been shown to perturb several members of cell polarity including, Dlg
(Gardiol et al., 1999), Scribble (Nakagawa and Huibregtse, 2000), Magi
(Glaunsinger et al., 2000), and Par3 (Rh E7) (Tomaic et al., 2009), either by
proteasomal degradation leading to disruption of the stoichiometric equilibrium
of these complexes or by re-localization of the protein. Thus our studies are
particularly intriguing, in that this now also links E7 with the regulation of cell
polarity, and indicates that high risk HPVs have mechanisms for modulating cell
polarity in a wide variety of pathways. While the distribution and cellular
localization of Vang1, as a core component of PCP, plays a major role in
epithelial cell polarity how E7 is affecting this still remain to be determined.
However, our preliminary studies indicate that E7 may be contributing towards
the increased levels of expression of Vangl1 which would be consistent with an
increase in MMP expression and increased invasive potential. Whether Vangl is
directly affecting MMP secretion, or whether it is modulating AKT which in turn
modulates MMPs are all still major open questions.
One clue to Vangl1 being involved in activation of AKT comes from Vangl1
associated another PCP component, Prickle1, which was recently shown to
interact with RICTOR, a member of the mTOR2 complex (Daulat et al., 2016). In
this study, the integrity of Prickle1-MINK1-RICTOR complex was shown to be
required for activation of AKT, regulation of focal adhesions, and breast cancer
cell migration. Further, upregulation of Prickle1 in basal breast cancers was
characterized by high metastatic potential and associated with poor metastasisfree survival (Daulat et al., 2016; Daulat and Borg, 2016). It may well be that
Vangl1 associated Prickle1 is involved in activation of AKT via mTOR2 and
phosphorylation of E7 and Vangl1 interaction might be potentiating activation of
AKT via Prickle1-mTOR2 complex, which needs further investigation. However,
the fact that Vangl appears to cooperate with E7 in a cell transformation assay,
and also interacts with multiple HPV E7 oncoproteins in a CKII dependent
manner provide strong justification for an important role for Vangl both in HPV
induced malignancy and in the HPV life cycle.
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Section III
PTPN21 is a degradation target of high-risk HPV E7
Previous studies have indicated that both PTPN14 and PTPN21 are potential
binding partners of HPV E7s (Rozenblatt-Rosen et al., 2012; White et al., 2012),
however, the PTPN21 and E7 interaction has not been fully characterised. In this
work, we have begun to address the potential role of this interaction. First, we
verified the interaction between PTPN21 and HPV-16, HPV-18 and HPV-11 E7s.
The interaction of PTPN21 is mediated by the C-terminal region of E7, similar to
the PTPN14 interaction region in HPV-16 E7, although the specific amino acid
residues involved are different, possibly due to specific changes in interaction
residues in PTPN14 and PTPN21 although, these phosphatase share high
sequence similarity. The E80/D81 and T64 amino-acid residues in HPV-16 E7
were particularly found to be responsible for interaction with PTPN21. Then,
using HPV-positive and HPV-negative cell lines we could show that steady state
levels of PTPN21 are lower in HPV-positive CaSki, HeLa, SiHa and C4-1 lines,
indicative of destabilization of PTPN21 by proteasomal degradation. Further,
using proteasome inhibition, the levels of PTPN21 in HeLa, SiHa and CaSki cells
could be rescued, however, the levels of PTPN21 were unaffected in HPVnegative C33a cells. Finally, we could show that downregulation of E6/E7
expression using siRNA in HeLa and CaSki cells, could rescue levels of PTPN21,
suggesting that PTPN21 interaction with E7 leads to its degradation. We
corroborated these results with overexpression studies, where we could show
that PTPN21 destabilization by HPV-16 E7 is mediated by the proteasome, while
low-risk HPV-11 E7 and the PTPN21-binding-defective mutant of HPV-16 E7,
E80K/D81K, was unable to destabilize PTPN21 to the similar levels as wildtype
high-risk E7s. These studies indicate that, as with PTPN14, PTPN21 also
interacts via the C-terminus of HPV E7, and high-risk E7s destabilize it via the
proteasome.
Previous studies identified that the PTP domain of PTPN14 was responsible for
the interaction with HPV-16 E7 (White et al., 2016). Recent structural studies
(Yun et al., 2019) have identified the key residues in the PTPN14 PTP domain
and in HPV-18 E7 that are responsible for this interaction. The intermolecular
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hydrophobic interactions between these two proteins are mediated by the F90
and L91 (consensus L83 and M84 in 16 E7), and M61 and L62 (consensus I54
and V55 in 16 E7) residues in HPV-18 E7 and the K1043, F1044, G1055, W1070
and L1026 residues of the PTPN14 PTP domain. Additionally, the HPV-18 E7
R84 residue (conserved R77 in HPV-16 E7) was shown to bind with electrostatic
interactions to the E1095 of the PTPN14 PTP domain. These finding are in broad
agreement with consensus residues of interaction in HPV-16 E7 identified by
recent studies, particularly the residues L83 and M84 (Szalmas et al., 2017;
White et al., 2016). Further, the PTP domains of PTPN14 and PTPN21 are highly
conserved, particularly residues in the hydrophobic regions of the phosphatase
domain in PTPN14 (L1026, F1044, G1055 and W1070) were identical in
PTPN21, suggesting a similar potential interaction; and indeed this was found to
be the case, where it was shown that the HPV-18 E7 C-terminus interacts with
PTPN21 with a dissociation constant of 5.81 nM using isothermal titration
calorimetry (Yun et al., 2019), in good agreement with the interaction we
observed between C-terminus of HPV-16 E7 and PTPN21, although the specific
residues are not the same, most possibly due to obvious difference between
specific residues in CR3 regions of HPV-16 and -18 E7s contributing to changes
in steric interaction clouds.
As with PTPN14, we show that both high-risk and low-risk E7s bind to PTPN21,
however, only high-risk E7s are able to destabilize PTPN21, suggesting a
function of this interaction conserved across several HPV types independently of
the ability to degrade it via proteasome. A recent study has shown that high-risk
E7 potentially destabilize PTPN14 to limit keratinocyte differentiation contributing
to carcinogenesis (Hatterschide et al., 2019). Further HPV-16 E7 E10K mutant
and the low-risk HPV-6 E7, unable to destabilize but effectively bind PTPN14
was shown to inhibit keratinocyte differentiation to similar levels as high-risk E7s,
however, how the interaction with PTPN14 could impact keratinocyte
differentiation was not shown (Hatterschide et al., 2019). Thus, it is very
appealing to speculate in terms of both PTPN14 and PTPN21 interaction with
HPV E7s has a conserved function in HPV life cycle, yet to be uncovered.
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Further we observed a weaker interaction of HPV-18 E7 compared to -16 E7
with PTPN21, however, transient overexpression assay suggests, both are
efficient in destabilizing the levels of PTPN21 and is further supported by
increase in levels of PTPN21 upon downregulation of E6/E7 in HeLa and SiHa
cells. Furthermore, the p600/UBR4 ubiquitin ligase has been shown to be
responsible for proteasome-mediated destabilization of PTPN14 (Szalmas et al.,
2017; White et al., 2016). The ligase involved in degradation of PTPN21 is
currently under investigation and it is likely that the UBR4/p600 might be involved
in destabilization of PTPN21, while additional ligases; mainly Cul1 (Oh et al.,
2004), Cul2 (Huh et al., 2007; Kamio et al., 2004; White et al., 2012) and Cul3
(White et al., 2012) that are known to associate with HPV E7, also needs be
screened. More recently it was shown in case of hematopoietic stem cells
(HSCs) that depletion of PTPN21 enhances cell stiffness and increases mobility
in HSCs in part by phosphorylation of cytoskeletal protein, Septin1 at Tyr246, a
substrate of PTPN21 (Ni et al., 2019). Whether destabilization of PTPN21 by
high-risk E7 affect Septin1 modulating cytoskeletal architecture needs further
investigation.
Our previous studies using BRK transformation assays suggested that for
efficient abrogation of HPV-16 E7’s transforming activity both PTPN14’s
substrate recognition function and enzymatic activity was required (Szalmas et
al., 2017), suggesting modulation of substrates and enzymatic activity of
PTPN14. Until now, several substrates including beta-catenin (Wadham et al.,
2003), YAP (Liu et al., 2013), p130Cas (Zhang et al., 2013), RIN1 (Ras and Rab
interactor 1) and PRKCD (protein kinase C-d) (Belle et al., 2015) have been
described for PTPN14, however, how these substrates are modulated upon E7
interaction with PTPN14 is yet to be determined. While both PTPN14 and
PTPN21 have been demonstrated to bind with YAP and negatively regulate its
oncogenic activity (Li et al., 2016; Liu et al., 2013), it is possible that both of these
phosphatases might function to compensate each other’s function in the Hippo
pathway. However, whether E7 mediated downregulation of PTPN14/21 plays a
role in activation of Hippo pathway is not clear and is of future interest.
Furthermore, PTPN21 has been implicated in several signaling pathways:
modulating STAT3 signaling (Jui et al., 2000), vesicle trafficking (Dorner et al.,
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1998; Siddiqui et al., 2019), SRC dependent EGF signaling (Cardone et al.,
2004), cellular migration and adhesion (Carlucci et al., 2008). Future studies will
be aimed at determining which of these, or other, pathways are modulated as a
result of targeting PTPN21 by HPV E7s.
In summary in this thesis I have shown intimate interactions between HPV E7
oncoproteins and post translational modification machinery. This includes
association with tyrosine phosphatases as one means by which E7 can modulate
the post translational modification of some of its potential target proteins. But
more importantly, also a very strict regulation of E7 function through post
translational modification, and in particular through the CKII phosphor-acceptor
site. This has a profound effect on the ability of cervical cancer derived cell lines
to proliferate, reach high saturation density and invade, all of which indicates that
targeting E7 phosphorylation might offer important therapeutic potential. In
addition, molecularly this CKII phospho modification links E7 phosphorylation to
increased levels of AKT activation, interaction and stabilisation of Vangl1 and
stimulation of MMP secretion and an acquisition of an invasive phenotype.
Whether these particular activities of E7 are linked, or represent separate
biological and biochemical activities remains to be fully resolved.
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Materials and Methods
Cells
HEK 293, C33a, HaCaT, CaSki, SiHa, HeLa and C4-1 cell lines were obtained
from the American Type Culture Collection (ATCC) and maintained in Dulbecco’s
modiﬁed Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum,
glutamine (300 µg/ml), and penicillin-streptomycin (100 U/ml). All cell lines were
cultured in an incubator at 37˚C with 10% CO2.
Inhibitors and chemical reagents
The inhibitors and chemicals used for the experiments are as follows: 2.5 µM (for
C4-1 cells) or 50 µM (for HEK 293 cells in overexpression experiments)
Silmitasertib (CX-4945), 5µM AKT inhibitor (124005-Calbiochem), 15µg/mL PI3K
inhibitor (LY294002) and 10µg/mL Mitomycin C, 20 µM MG132 or CBZ (Z-L-LeuD-Leu-L-Leu-al), 2.5mM thymidine (Sigma Aldrich).
Plasmid constructs
The GST 18 E7 S32A/S34A was synthesized by the Gene Art Gene Synthesis
protocol (Invitrogen) and cloned into the BamHI/EcoRI sites of the pGEX2T for
GST fusion protein expression. The wildtype pGEX:18E7 plasmid was a kind gift
from Karl Münger. The same plasmid was used to generate pGEX:18 E7S32A
and pGEX:18E7S34A, using a modiﬁcation of the QuickChange site-directed
mutagenesis system (Stratagene), according to the manufacturer’s instructions,
with the following primers: S32A forward primer 5’-TGT CAC GAG CAA TTA
GCG GAC TCA GAG GAA GAA-3’ and S32A reverse primer 5’- TTC TTC CTC
TGA GTC CGC TAA TTG CTC GTG ACA-3’; S34A forward primer 5’-GAG CAA
TTA AGC GAC GCA GAG GAA GAA AAC GAT-3’ and S34A reverse primer 5’ATC GTT TTC TTC CTC TGC GTC GCT TAA TTG CTC-3’. pSpCas9(BB)-2AGFP (PX458) was purchased from Addgene.
The C-terminal FLAG-tagged HPV-18 E7 wild type and S32A/S34A CMV
plasmid constructs were generated by amplification and sub-cloning of the E7
coding sequences from the wild-type pGEX:18E7 and pGEX:18 E7S32A/S34A
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construct as templates respectively into the pCMV Neo Bam (XhoI) empty vector
(kindly provided by J. Mymryk). The primers used were the following: HPV-18 E7
forward primer 5’-CGA CGG ATC CGA TTC GAG ACC ATG CAT GGA CCT-3’
and reverse primer 5’-GCA TCT CGA GCT ACT TGT CAT CGT CGT CCT TGT
AGT CCT GCT GGG ATG C-3’. The amplified sequences were visualized by
agarose gel electrophoresis, purified by using a QIAquick gel extraction kit
(Qiagen), digested with BamHI and XhoI restriction enzymes, and ligated into
pCMV Neo Bam (XhoI).
The C-terminal FLAG/HA-tagged pCMV HPV-16 E7 plasmid was a kind gift from
Karl Münger (Gonzalez et al., 2001). The same plasmid was used to generate
pCMV HPV-16 E7 S31A/S32A using the forward primer 5’-CTC TAC TGT TAT
GAG CAA TTA AAT GAC GCC GCA GAG GAG GA-3’ and the reverse primer
5’-TCA TCC TCC TCC TCT GCG GCG TCA TTT AAT TGC TCA TAA CA-3’
using the QuickChange site-directed mutagenesis system (Stratagene) as
described previously. The pEGFP 18 E7 was generated by PCR amplification
and sub-cloning of E7 coding sequences from wildtype pCMV:18E7-FLAG
plasmid as template, using the forward primer 5’-ATG CGA ATT CAT GCA TGG
A-3’ and the reverse primer 5’-GCA TTC TAG ATT ACT GCT G-3’ into EcoRI
and XbaI restriction sites of the pCANmyc-EGFP 16E7 (JMB-04093) plasmid
(kindly provided by J. Mymryk). pEGFP-C1 empty plasmid was from Invitrogen.
The HA-PKB expression plasmid has been described previously (Pim et al.,
2005). pcDNA:FLAG-Vangl1 was kindly provided by Pablo Rodriguez-Viciana
(Young et al., 2013). The pcDNA3:V5-PTPN14 plasmid was kindly provided by
Jianmin Zhang (Liu et al., 2013).
Production and purification of GST-fusion proteins
The appropriate expression plasmids were transformed into E. coli strain DH5α. The clones harboring plasmids were grown in 40ml of Luria Broth (LB) culture
medium containing 75μg/ml Ampicillin (Sigma) overnight at 37˚C. The overnight
grown cultures were then transferred into 400ml of LB containing 75 μg/ml
Ampicillin and incubated at 37˚C for 1h. The isopropyl-β-D-thiogalactopyranoside
(IPTG) (Sigma) to a final concentration of 1 mM was added to induce
recombinant protein expression and the culture was incubated for approximately
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3h at 37˚C on a shaker. Post IPTG treatment, the bacteria were harvested by
centrifugation at 5000 rpm for 5 minutes. Supernatants were discarded and the
bacterial pellets were lysed with 5-10ml of 1X PBS containing 1% Triton X- 100
and sonicated twice for 30 seconds at 80% amplitude. The lysates were then
centrifuged again at 10,000 rpm for 15 minutes. The supernatants were collected
and incubated with glutathione-conjugated agarose beads on a rotating wheel
overnight at 4˚C. The GST-fusion protein containing beads were then centrifuged
at 2000 rpm for 1 minute and the supernatant was discarded. The beads were
washed thrice with 1X PBS containing 1% Triton X-100. The GST-fusion proteinbound containing beads were then stored with 20% glycerol at -20˚C.
In vitro translation
Proteins were translated in vitro using a TNT kit (Promega) and radiolabeled with
[35S] methionine (Perkin Elmer). The purified GST-fusion proteins were then
incubated with in vitro-translated proteins for 1hr at 4˚C. Proteins were washed
with 1X PBS containing 0.1% NP-40 and were analyzed by SDS-PAGE and
autoradiography.
In vitro phosphorylation assay
Purified GST fusion proteins were incubated with CKII enzyme (NEB) in 20 μl
kinase buffer (20 mM Tris-HCI [pH 7.5], 5 mM MnCl2) in the presence of 50 μCi
[γ-32P] ATP (2,000 Ci/mmol)) for 15 min at 30˚C. After extensive washing with
kinase wash buffer (20 mM Tris-HCI [pH 7.5], 5 mM MnCl2, 0.1% NP-40), GST
fusion proteins were subjected to SDS-PAGE and autoradiographic analysis
(Massimi et al., 1996).
DNA and siRNA transfections
HEK 293 cells were transfected using the calcium phosphate precipitation
method (Wigler et al., 1979).
For transfection of siRNAs, C4-1 cells were seeded at 2 x 105 cells per 60 mm
petri plate and grown overnight in a humidified CO2 incubator. Lipofectamine
RNAiMAX (Invitrogen) was used to transfect siRNAs against luciferase, HPV-18
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E6 (5’-CUC UGU GUA UGG AGA CAC AT-3’), HPV-18 E6/E7 (5’-CAU UUA
CCA GCC CGA CGA G-3’), MMP1 (Dharmacon), MMP13 (Dharmacon),
PTPN14, PTPN21 according to the manufacturer’s instructions.
Design of gRNAs, homology directed repair (HDR) template and screening
strategy of genome edited clones
A couple of gRNAs targeting CKII phosphorylation site in HPV 18 E7 genomic
region was designed using online gRNA design platform – CRISPR MultiTargeter
(http://www.multicrispr.net/). gRNA oligos (gRNA1 – 5’-CAC CGC GAG CAA
TTA AGC GAC TCA G-3’ and 5’-AAA CCT GAG TCG CTT AAT TGC TCG C-3’;
gRNA2 – 5’-CAC CGT TAA TTG CTC GTG ACA TAG A-3’ and 5’-AAA CTC TAT
GTC ACG AGC AAT TAA C-3’) were then annealed and cloned into the BbsI
restriction site in pSpCas9(BB)-2A-GFP (PX458).
Single stranded oligonucleotide (ssODN) as donor template for homologydirected repair (HDR) was designed as 100bp homology arm flanking the
predicted double strand break site to abolish phosphorylation, substituting serine
32 with alanine (agc to gcc) and serine 34 with alanine (tca to gca). The designed
mutagenesis also included a unique Hga I restriction site, to allow screening of
the edited clones by genomic DNA isolation, PCR amplification of edited region
and Hga I restriction digestion.
gRNA transfection, FACS sorting and surveyor assay
C4-1 cells were transfected with pSpCas9(BB)-2A-GFP or with the same
construct with gRNA1 or gRNA2 using the Amaxa Cell Line Nucleofector Kit C
according to the manufacturer’s instructions. Transfected cells were incubated
for 72 hrs in a humidified CO2 incubator and then harvested with trypsin, washed
once with PBS and resuspended in 5mM EDTA [pH 8.0] in PBS for FACS (BD
FACSAria II) sorting. GFP-positive cells were collected and genomic DNA was
isolated using the Wizard Genomic DNA Purification Kit (Promega) according to
the manufacturer’s instructions. The HPV 18 E7 ORF was amplified (414 bp)
using forward primer 5’-CCA ACG ACG CAG AGA AAC AC-3’ and reverse
primer 5’-AAA CCA GCC GTT ACA ACC CG-3’. Amplicons were then denatured
and reannealed as follows: 95°C for 10 min, 95°C to 85°C for 1 min, 85°C to
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75°C for 1 min and so on for every 10°C decrease in temperature for 1 min and
finally a hold at 25°C for 1 min using a thermal cycler to allow DNA heteroduplex
formation. The heteroduplexes were then treated with Surveyor nuclease and
Surveyor enhancer (IDT) and analyzed on a 2% agarose gel. The cleavage
intensity of the gRNAs was calculated by analyzing band intensities using the
ImageJ program. The indel percentage caused by respective gRNA was then
calculated as described by Ran et al. (Ran et al., 2013).
Isolation, screening and verification of C4-1 mutant lines
C4-1 cell lines were transfected as described above with pSpCas9(BB)-2A-GFP
gRNA1, together with the ssODN HDR template and incubated in a humidified
CO2 incubator. Seventy-two hours after transfection, the top 10% GFP-positive
cells were sorted, as described above, and seeded in limiting dilution in a 100
mm diameter petri dishes for isolation of single cell clones using cloning
chambers, or in 96 well tissue culture plates. Genomic DNA extraction of the
single cell colonies and PCR amplification of the E7 ORF was performed as
before. Then, individual PCR amplicons were restriction digested with Hga I
restriction enzyme and analyzed on a 2% agarose gel. Clones positive for Hga I
restriction digestion were further verified by Sanger sequencing for genome
editing at the CK II site.
Determination of growth kinetics
C4-1 wild type and mutant lines were seeded at 3 x 10 5 cells in a 60 mm petri
dishes in DMEM with 10% fetal bovine serum. Cells were harvested with trypsin,
dispersed and counted using a hemocytometer every single day or two. For
determination of growth in low serum, the experiment was performed
independently in DMEM with 1% and 0.2% fetal bovine serum. Cell counts were
analyzed using Graphpad Prism 7.0 to generate a growth curve.
Antibodies, Western blotting and co-immunoprecipitation
The following antibodies were used for western blotting. Mouse monoclonal antiβ-galactosidase antibody from Promega, mouse monoclonal anti-V5 antibody
from LifeTechnologies, rabbit polyclonal anti-PTPD1/PTPN21 (ab12550)
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antibody from Abcam, mouse monoclonal anti-MMP14 (MAB3328) antibody from
Millipore, mouse monoclonal anti-p53 antibody (DO-1), rabbit polyclonal antip130 antibody (C-20), mouse monoclonal anti-HPV18 E7 antibody (F-7), mouse
monoclonal anti-HPV-16 E7 (NM2) antibody, mouse monoclonal anti-MMP-1
antibody (SB12e), mouse monoclonal anti-MMP-8 (B-1) antibody, mouse
monoclonal anti-MMP13 (C-3) antibody, mouse monoclonal anti-α-actinin
antibody (H-2), mouse monoclonal anti-GFP Antibody (B-2), rabbit polyclonal
Cyclin A antibody (H-432) from Santa Cruz Biotechnology; mouse monoclonal
anti-Rb (G3-245) antibody from BD Pharmingen, mouse monoclonal anti-αtubulin antibody, mouse monoclonal Anti-VANGL1 (clone CL0241) antibody,
mouse

monoclonal

anti-HA-peroxidase

(clone

HA-7)

antibody,

mouse

monoclonal anti-FLAG-M2-peroxidase from Sigma, mouse monoclonal anti18E6 antibody (N-terminus #399; Arbor Vita Corporation), rabbit Akt antibody
#9272, rabbit anti phospho-Akt (Ser473) antibody #9271 from Cell Signaling.
HPV-16 E7 pS31/S32 peptide antibodies was generated by Eurogentec (detail
procedure in Appendix I) (peptide sequence: C+EQLND-S(PO3H2)S(PO3H2)EEED and validated by ELISA and Western blotting. Secondary anti-rabbit HRP
and anti-mouse HRP antibodies were obtained from Dako.
For Western blotting, total cell extracts were obtained by lysing the cells directly
in 2X SDS-PAGE sample buffer and were then separated by SDS-PAGE and
blotted on 0.22-µm nitrocellulose membrane. Membranes were blocked in 5%
non-fat dry milk in TBST (20mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween20) for 1 h and probed with appropriate primary and secondary antibodies. The
blots were then developed using the ECL Western blotting detection reagent (GE
Healthcare) according to the manufacturer’s instructions.
For detection of extracellular MMPs, confluent cells were cultured in serum-free
medium for 48 hours and conditioned media were harvested, concentrated 10
times using Amicon Ultra-4 centrifugal devices and equal amounts of proteins
were mixed with 2X SDS-PAGE sample buffer and processed as described
previously for Western blotting.
For co-immunoprecipitation, wild type and CKII phospho-acceptor site mutant
C4-1 cells were harvested using lysis buffer (50mM HEPES pH7.4, 150mM NaCl,
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1mM MgCl2, 1mM NaF, 1% Triton-x-100, protease inhibitor cocktail I
[Calbiochem]) and incubated with 1µg of mouse monoclonal HPV-18 E7 antibody
overnight at 4˚C. Mouse monoclonal IgG antibody against GFP was used as a
control. After incubation, immune complexes were incubated further with Protein
A beads (Immobilized protein A 300, Repligen) for 90 minutes at 4˚C, followed
by four washes in the lysis buffer. Immuno-precipitates were then run on SDS
PAGE and analysed by Western blotting.
Validation of HPV-16 E7 phospho-specific antibody
Purified GST fusion proteins of HPV-16 E7 were incubated either with or without
CKII enzyme (NEB) in kinase buffer (25mM Tris pH7.5, 70mM NaCl 10mM
MgCl2) in the presence of ATP for 15 min at 30˚C. After extensive washing with
kinase wash buffer (kinase buffer with 0.1% NP-40), GST fusion proteins were
separated by SDS PAGE and transferred to nitrocellulose membrane and
stained with Ponceau for levels of GST fusion proteins. The blots were then
probed for HPV-16 E7 phospho-specific antibody.
Matrigel Invasion Assays
Matrigel Invasion Assays were performed as described previously (Massimi et
al., 2012). Briefly, Matrigel invasion chambers (Corning BioCoat Matrigel
Invasion Chamber) were brought to room temperature and rehydrated with
DMEM without serum for 2 hours in a humidified CO2 incubator. Wild type and
mutant C4-1 cells were seeded at 1×105 cells in 200 µl of growth medium into
the upper chamber. After allowing the cells to attach for 1 h, the medium in the
upper chamber was replaced with DMEM without serum, while DMEM with 2%
serum was added to the lower chamber as chemoattractant. After 22 hours,
DMEM and any cells remaining in the upper chamber were removed by wiping
with a cotton swab. Cells that had invaded the lower chamber were then fixed
and stained with 0.5% Crystal Violet in 5% glutaraldehyde for 10 mins. After
washing the excess stain with distilled water, the membrane was removed from
the insert housing and placed on a microscope slide for imaging and analysis
using a transmitted light microscope at 20X magnification. At least three fields
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per membrane were counted for each cell line. Invaded cell counts were
analyzed using Graphpad Prism 7.0.
Wound healing assay
Confluent wild type and CKII mutant C4-1 cells were scratched with a sterile
Artline p2 pipette tip. The cells were then washed twice with PBS and
photographed immediately and after 24 hours. The decrease in area of the
scratch was analysed and quantified using the Image J and Prism programs.
Gelatin Zymography
Wild type and mutant C4-1 cell lines were incubated in a serum-free medium for
48 hours and conditioned media from the cell lines were concentrated 10 times
using Amicon Ultra-4 centrifugal devices. Equal amounts of proteins were mixed
with non-reducing sample buffer (125mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol
and 0.01% bromophenol blue) and run on a 10% SDS-PAGE containing 0.1%
gelatin. The gel was renatured by washing with 2.5% Triton X-100 in 50mM Tris
pH 7.4, 5mM CaCl2 and 1 µM ZnCl2 for 1 hr. After rinsing briefly with deionized
water, the gel was incubated overnight at 37 ˚C in 1% Triton X-100, 50mM Tris
pH 7.4, 5mM CaCl2 and 1 µM ZnCl2 and stained with Coomassie staining solution
(0.5% Coomassie G250, 40% Methanol, 10% Acetic acid and 50% deionized
water) for 1 hr and de-stained in 40% Methanol, 10% Acetic acid and 50%
deionized water, until clear bands of hydrolyzed substrate were visualized.
Preparation of HaCaT cell lysate, peptide pull down and Mass
spectroscopy
Soluble proteins were extracted from 80% confluent HaCaT cells by incubation
for 10 min on ice in lysis buffer (50mM HEPES pH7.4, 150mM NaCl, 1mM MgCl2,
1% Triton-x-100, protease inhibitor cocktail I [Calbiochem]). The cell lysate was
collected by scraping the plate into a pre-chilled eppendorf tubes and by
centrifugation at 14000 rpm in a benchtop centrifuge for 10 min at 4°C.
500μg of each peptide, in lysis buffer, was bound to streptavidin-conjugated
magnetic sepharose beads (Streptavidin-MagSepharose, GE Healthcare) by
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incubation at 4°C on a rotating wheel for 1h, then washed three times with lysis
buffer. The cell extract was pre-cleared by incubation with empty streptavidin
conjugated magnetic beads at 4°C on a rotating wheel for 1h. After removal of
the pre-clearing beads, the extract was incubated at 4°C on a rotating wheel for
a further 2h with each of the biotinylated peptides bound to streptavidinconjugated magnetic sepharose beads. The beads were washed three times with
lysis buffer without protease inhibitors, transferred to fresh eppendorf tubes and
washed twice more with lysis buffer without either protease inhibitors or Tritonx-100. 5% of the beads were taken for western blot analysis and the remainder
were subjected to trypsin-digest and the products analysed by mass
spectroscopy, as described previously (Tomaic et al., 2009).
Primary baby rat kidney (BRK) cell transformation assay
Primary epithelial cells were obtained from the kidneys of 9-day-old Wistar rats
as described previously (Matlashewski et al., 1987). After 24 h, the cells were
transfected by calcium phosphate precipitation (Wigler et al., 1979) with plasmids
expressing EJ-ras or with HPV-16 E7 or with plasmids expressing Vangl1. The
cells were maintained under G418 selection for 2 weeks and then fixed and
stained with Giemsa. The stained colonies were counted, and a t-test was used
to compare mean number of colonies formed in different set of transfections as
descried in statistical methods.
Statistical Methods
All experiments were performed at least thrice, and data are shown as mean and
standard error of mean. Statistical significance was calculated using the
GraphPad prism software. To compare two groups the paired Student’s t-test
was performed. A p-value below 0.05 was considered statistically significant and
throughout the p-values have been defined as follows *p < 0.05, **p < 0.005, ***p
< 0.0005, while “ns” represents a non-significant p-value above 0.05. For the
quantification of protein levels from western bolts, the films were scanned, and
the intensity of bands was measured using ImageJ software. The final relative
quantification values are the ratio of net band to net loading control.
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Appendix I

Generation of phospho-specific antibodies against HPV-16 E7 S31S32
1. Design and synthesis of 2 peptides (1 non-phosphorylated + 1
phosphorylated)
The sequences of these peptides are as following below. The purity and
quality of the peptides were verified using mass spectrometry.
Non-phosphorylated – H-CEQLNDSSEEED-NH2
Phosphorylated – H-CEQLND S(PO3H2)S(PO3H2)EEED-NH2
2. The phosphorylated peptide was coupled to a suitable carrier for
immunization.
3. Two SPF rabbits were immunized with the phospho-peptide using a 28day immunization schedule as shown in the schematic diagram.
Briefly, a sample of pre-immune sera was collected and the rabbit was
then immunized with the phospho-peptide. On days 7, 10 and 18 a
booster immunization was given to the animal. Then a medium bleed was
collected on day 21 and final bleed was obtained on day 28.
4. The immune response was monitored by ELISA and the betterresponding host was selected.
5. A double affinity purification of the phospho-antibody and non-phospho
antibody was carried out as shown in the schematic diagram using
phospho- and non-phospho-peptide columns. The purified antibodies
were mixed with one volume of glycerol and stored at -20˚C.
6. Finally, the specificity of the purified antibodies was further verified using
indirect-ELISA and purity was analysed using SDS PAGE.
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Figure 46. Generation of phospho-specific antibodies against HPV-16 E7 S31S32.
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Appendix II

Full list of identified proteins pulled down ranked based on log(e) values (the
base-10 log of the expectation that any particular protein assignment was made
at random (E-value).)
1. Phospho-peptide
2. Non-phospho-peptide
3. Scrambled peptide
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1.

Phospho-peptide
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118
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2.

non-phospho-peptide
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122

123

3.

Scrambled peptide
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125

126
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Appendix III

Figure 47. Vangl1 expression and mutation profile across several cancer data sets
accessed via cBioPortal.
Bladder Urothelial Carcinoma (TCGA, PanCancer Atlas), Breast Invasive Carcinoma (TCGA,
PanCancer Atlas), Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Colorectal
Adenocarcinoma (TCGA, PanCancer Atlas), Esophageal Adenocarcinoma (TCGA, PanCancer
Atlas), Head and Neck Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Liver
Hepatocellular Carcinoma (TCGA, PanCancer Atlas), Lung Adenocarcinoma (TCGA, PanCancer
Atlas), Lung Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Pancreatic Adenocarcinoma
(TCGA, PanCancer Atlas), Sarcoma (TCGA, PanCancer Atlas), Skin Cutaneous Melanoma
(TCGA, PanCancer Atlas), Stomach Adenocarcinoma (TCGA, PanCancer Atlas), Thyroid
Carcinoma (TCGA, PanCancer Atlas)
Indicated data sets were analyzed to display expression of Vangl1 analysis using cBioPortal on
Dec 5, 2019 to view mutation profiles in the data sets. The data can be accessed at https://www.cbioportal.org/results/expression?Action=Submit&RPPA_SCORE_THRESHOLD=2
.0&Z_SCORE_THRESHOLD=2.0&cancer_study_list=cesc_tcga_pan_can_atlas_2018%2Cskc
m_tcga_pan_can_atlas_2018%2Cluad_tcga_pan_can_atlas_2018%2Cnsclc_tcga_broad_2016
%2Cblca_tcga_pan_can_atlas_2018%2Ccoadread_tcga_pan_can_atlas_2018%2Cbrca_tcga_
pan_can_atlas_2018%2Cesca_tcga_pan_can_atlas_2018%2Cstad_tcga_pan_can_atlas_2018
%2Chnsc_tcga_pan_can_atlas_2018%2Clihc_tcga_pan_can_atlas_2018%2Clusc_tcga_pan_c
an_atlas_2018%2Cpaad_tcga_pan_can_atlas_2018%2Csarc_tcga_pan_can_atlas_2018%2Ct
hca_tcga_pan_can_atlas_2018&case_set_id=all&data_priority=0&gene_list=VANGL1&geneset
_list=%20&tab_index=tab_visualize
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Figure 48. p53 expression and mutation profile across several cancer data sets accessed
via cBioPortal.
Bladder Urothelial Carcinoma (TCGA, PanCancer Atlas), Breast Invasive Carcinoma (TCGA,
PanCancer Atlas), Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Colorectal
Adenocarcinoma (TCGA, PanCancer Atlas), Esophageal Adenocarcinoma (TCGA, PanCancer
Atlas), Head and Neck Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Liver
Hepatocellular Carcinoma (TCGA, PanCancer Atlas), Lung Adenocarcinoma (TCGA, PanCancer
Atlas), Lung Squamous Cell Carcinoma (TCGA, PanCancer Atlas), Pancreatic Adenocarcinoma
(TCGA, PanCancer Atlas), Sarcoma (TCGA, PanCancer Atlas), Skin Cutaneous Melanoma
(TCGA, PanCancer Atlas), Stomach Adenocarcinoma (TCGA, PanCancer Atlas), Thyroid
Carcinoma (TCGA, PanCancer Atlas)
Indicated data sets were analyzed to display expression of Vangl1 analysis using cBioPortal on
Dec 5, 2019 to view mutation profiles in the data sets. The data can be accessed at –
https://www.cbioportal.org/results/expression?Action=Submit&RPPA_SCORE_THRESHOLD=2
.0&Z_SCORE_THRESHOLD=2.0&cancer_study_list=cesc_tcga_pan_can_atlas_2018%2Cskc
m_tcga_pan_can_atlas_2018%2Cluad_tcga_pan_can_atlas_2018%2Cnsclc_tcga_broad_2016
%2Cblca_tcga_pan_can_atlas_2018%2Ccoadread_tcga_pan_can_atlas_2018%2Cbrca_tcga_
pan_can_atlas_2018%2Cesca_tcga_pan_can_atlas_2018%2Cstad_tcga_pan_can_atlas_2018
%2Chnsc_tcga_pan_can_atlas_2018%2Clihc_tcga_pan_can_atlas_2018%2Clusc_tcga_pan_c
an_atlas_2018%2Cpaad_tcga_pan_can_atlas_2018%2Csarc_tcga_pan_can_atlas_2018%2Ct
hca_tcga_pan_can_atlas_2018&case_set_id=all&clinicallist=CANCER_STUDY%2CNUM_SA
MPLES_PER_PATIENT%2CPROFILED_IN_COPY_NUMBER_ALTERATION%2CPROFILED
_IN_MUTATION_EXTENDED&data_priority=0&gene_list=VANGL1%252C%2520TP53%252C
%2520RB1&geneset_list=%20&tab_index=tab_visualize
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