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Abstract 

Human papillomaviruses (HPVs) are a major cause of malignancy worldwide. 

HPV hijacks host signalling pathways to promote proliferation and cell survival, ultimately 

contributing to carcinogenesis. The Hippo pathway has been identified as a key 

signalling pathway in HPV+ cancers, with the downstream effector of this pathway YAP 

known to play a critical pro-oncogenic role. Recent work in the Macdonald group has 

confirmed literature and highlighted how the dysregulation of signalling pathways is 

important in cervical cancer tumourigenesis and found in particular that the Hippo 

signalling pathway is pivotal in transformation. Preliminary data found STK4, the key 

kinase of the Hippo signalling pathway to be lost in cervical cancer but the mechanism 

of how this occurred remained elusive.  

Analysis of the expression level of critical components of the Hippo pathway in a 

panel of cervical cancer cell lines revealed that, in contrast to YAP, which was 

upregulated in all HPV+ cell lines on a protein level, TAZ expression was only 

significantly increased in HPV18+ cell lines. Significantly, we found that TAZ upregulation 

occurred at the transcript level. Further, TAZ mRNA was significantly upregulated in 

HPV18+, but not HPV16+, cervical disease clinical samples, increasing with disease 

severity. Subsequent investigation found TAZ mRNA was increased due to increased 

TAZ promoter activity via a HPV18 E7/EGFR/ERK(1/2)/SP1 signalling axis. Crucially, 

the overexpression of YAP was not able to rescue the proliferation defect in the TAZ 

knockdown cells, suggesting that YAP and TAZ have distinct targets, essential for growth 

in HPV cancer cell lines. RNA-seq confirmed this, revealing that TAZ and YAP have 

distinct target profiles, including a number of genes that have not previously been linked 

with cervical cancer. Thus, in HPV18+ cancers, both YAP and TAZ play non-redundant 

roles in regulating transformation.  We chose three potential genes for further study, 

TOGARAM2, SSTR5 and IFIT2, which we confirmed as novel TAZ-dependent genes. 

We further showed TOGARAM2 is a potential novel oncogene while SSTR5 and IFIT2 
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are tumour suppressive in HPV18+ cervical cancer. In summary, this study identifies 

TAZ as a crucial oncogene in HPV18+ cervical cancer and unveils a novel transcriptional 

control network distinct to that of YAP.  
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siRNA Small interfering RNA 

SND1 Staphylococcal nuclease and Tudor domain containing 1 

SP1 specificity protein 1 

ss Single stranded 

SSTR Somatostatin receptor type 

STAT3 Signal Transducer And Activator Of Transcription 3 

STK serine/threonine kinase 

TAE Tris-acetate-EDTA 

TAO1 thousand and one amino acid kinase 1 

TAZ transcriptional co-activator with PDZ-binding motif 

TBS-T Tris Buffered Saline 

TCA Trichloroacetic acid 
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TEAD TEA domain family member 

TGF-β transforming growth factor β 

TIMP3 TIMP Metallopeptidase Inhibitor 3 

TLR Toll-like receptors 

TOG Tumour overexpressed gene 

TOGARAM TOG array regulator of axonemal microtubules protein 

TRAIL tumour necrosis factor-related apoptosis inducing ligand 

ULK1 Unc-51 Like Autophagy Activating Kinase 1 

URR Upstream regulatory region 

UTR Untranslated region 

UV Ultraviolet 

VLP Virus-like particle 

w/v Weight/volume 

WT Wild type 

WWTR1 WW Domain Containing Transcription Regulator 1 

YAP yes-associated protein 
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Chapter 1- Introduction 

1.1 Papillomaviridae  

 The Papillomaviridae (PV) are DNA viruses that infect the basal keratinocytes of 

the epithelium in humans and many animals including marsupials, canines, reptiles, fish 

and birds (1). The family is predicted to have emerged 450 million years ago and 

members typically cause chronic infections with some arguing they are members of the 

commensal flora and therefore, opportunistic pathogens (2, 3). PVs are classified into 53 

genera with 5 that exclusively infect humans and are considered host restrictive. The 5 

genera of Human PVs (HPVs) are; alpha, beta, gamma, mu and nu, (Figure 1.1). Each 

genus is split into species, with HPV types sharing similar 71–89% similarity in late 1 (L1) 

nucleotide sequences and similar characteristics grouped as a species. To be classified 

as a novel HPV type, there must be less than 90% similarity in the L1 nucleotide 

sequence with existing HPV types. HPVs with 90-98% similarity of L1 nucleotide 

sequence are classified as subspecies and a greater than 98% similarities are classified 

as variants (4). Collectively, there are over 300 types of HPV with the majority classified 

in the gamma genera. The advent of deep sequencing technologies has significantly 

increased the number of HPV types discovered. For example, a single study by Pastrana 

et al, revealed 85 novel types (5).  

 Alpha HPV types mostly infect the mucosal epithelium, with a small number which 

infect the cutaneous epithelium including HPV 2, 3, 7, 10, 27, 28, and 57 leading to the 

development of planar warts. Alpha HPV types are split into high risk (HR) and low risk 

(LR) according to the diseases associated with infection. HR-HPV infection can lead to 

intraepithelial neoplasia and cancer while LR-HPV infection can result in the 

development of benign lesions. HR-HPVs fall into alpha HPV species 7 and 9 and include 

types; 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73 and 82. HPV16 and HPV18 

are the most prevalent, together, causing over 70% of cervical cancer cases alone along 
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Figure 1.1 Phylogeny and Classification of Human Papillomavirus. The five HPV genera are 

Alpha, Beta, Gamma, Mu and Nu. HPV types are classified according the sequence of their L1 

capsid proteins. High risk HPV types (highlighted in the key) are confirmed to be carcinogenic (6).  

with the majority of HPV+ Head and neck squamous cell carcinomas (HNSCC). LR-

HPVs include 6 and 11 and infection results in condyloma acuminata (benign genital 

warts). Other alpha-HPV types such as 32 and 13 are linked to Heck’s disease or Focal 

epithelial hyperplasia, a benign infection of the oral mucosa. It is evident that despite 

high similarities in the L1 nucleotide sequence, different HPV types can have different 

tropisms. For example, despite the high level of similarity between 6 and 11, the former 

is more common in anogenital warts whereas the latter is more common in laryngeal 

papillomas (4, 7, 8).  
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1.2 Virus structure and genome  

Each PV particle consists of a 60 nm icosahedral capsid containing a circular 

episomal chromatinised DNA genome. The virus capsid is made up of 72 capsomeres, 

each containing 5 L1 proteins. The carboxyl-terminal (C terminal) tail of the L1 protein is 

key for interactions between capsomeres (9). Virus particles also contain up to 72 

molecules of late 2 (L2) protein which are not exposed until L1 binding during virus entry 

(10).  

The circular genome of members of the PV family is approximately 8 kb in length 

(11) and ranges from 6,953 bp (Chelonia mydas papillomavirus) to 8,607 bp (Cotton 

rabbit papillomavirus 1) (12). PV genomes can be split into 3 functional sections; early 

(E) and late (L) which includes 10 open region frames (ORFs) (generally 9 genes, 7 

genes in the early region and 2 in the late region, which are expressed on polycistronic 

transcripts) and a long non-coding region (LCR). The three regions are separated by an 

early and late polyadenylation site. The LCR contains the origin of DNA replication and 

the transcriptional control sequences important for the regulation of the early and late 

promoters as well as RNA polymerase II transcription (13). Recent sequencing of the 

several HR-HPV genomes discovered virally encoded microRNAs (miRNAs) that are 

hypothesised to aid infection (14).  

The genome organisation of HPV16 is the most intensively studied. The HPV16 

genome contains 2 major promoters. P97 is responsible for expression of the early genes 

and lies upstream of the E6 ORF while P670 which is responsible for late gene 

expression (L1 and L2), lies in the E7 ORF (15, 16). P97 is equivalent to P105 in HPV18 

(17). Although there are multiple minor promoters, their functions are less characterised 

(18). In HR-HPV types, E6 and E7 are encoded on the same mRNA transcript and 

therefore, both E6 and E7 are under the control of the same promoter with splicing 

allowing for expression of each ORF. However, in LR-HPVs such as HPV6 and 11, two 
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major promoters P90 and P270 replace P97, allowing for expression of E6 and E7 

independently (19).  

 

Figure 1.2 HPV genome. Organisation of the HPV16 genome showing early proteins E1, E2, E4, 

E5, E6 and E7 as well as late proteins L1 and L2. E6 and E7 are under the control of the p97 

promoter. All other genes are under the control of the p670 promoter. (11) 

Regulation of transcription is tied to the differentiation of the epithelium and is 

crucial to avoid the premature production of virus particles in the lower suprabasal layers 

of the epithelium, potentially triggering an immune response. Furthermore, it restricts the 

transcription of early and late genes to when they are required in the HPV lifecycle (20).  

1.3 Virus infection 

1.3.1 Cell binding  

HPV infects the squamous epithelium through microabrasions to access 

undifferentiated basal epithelial cells (as seen in Figure 1.3). These are the only 

proliferative cells in the epithelium and are necessary for HPV replication. In the upper 

levels however, the daughter cells have terminally differentiated and exited the cycle, 

thus cannot support HPV genome replication (21).  
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Although the exact mechanism of HPV entry is argued, cell binding most likely 

occurs by L1, the major capsid protein, interacting with heparin sulfate proteoglycans 

(HSPG). HSPG are glycoproteins containing one or more heparan sulfate chains and 

are predominantly found on the cell plasma membrane or in the extracellular matrix (22). 

Early studies showed heparinase inhibited virus infection by preventing the binding of 

virus-like particles (VLPs) or pseudovirus (PsV) to the cell plasma membrane through 

HSPGs (23). Binding to HSPGs cause conformational changes in L1 that reveal the L2 

minor capsid protein allowing cleavage of its amino terminus by host enzyme furin, a 

necessary step for later trafficking of viral DNA. Multiple other proteases are suggested 

to be important for exposure of L2 such as Kallikrein-8 (KLK8) which cleaves L1 (24). 

Other receptors are thought to be utilised by HPV including α6 integrin, a member 

of the integrin family of transmembrane cell adhesion receptors. Although knockdown of 

α6 integrin leads to a decrease in HPV16 PsV uptake, other studies have shown that it 

is not necessary for all HPV types such as HPV33 (22, 24). Additionally, through the use 

of β4 knockout mice, it has been shown that β4 integrin also aids HPV16 PsV infection 

by playing a necessary role in the cleavage and cell membrane localisation of α6 integrin 

(25). The α6β4-complex is only one example of tetraspanins that have been suggested 

to be important for HPV infection, with CD151 and CD63 being another example, having 

observed to be internalised with HPV16 PsV upon infection (26, 27).  

1.3.2 Cell entry 

After cell binding, the virus is endocytosed into the cell, via various mechanism 

depending on virus and cell type (28). Knockdown of specific endocytosis components 

have shown that HPV internalisation is clathrin, caveolin, lipid raft and dynamin-

independent and could be dependent on tetraspanins such as CD151 (29). Live cell 

imaging suggests that CD151 directs the virus to the cell membrane entry site, but any 

further mechanism has yet to be elucidated (27).  
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After internalisation HPV localises at the early endosome for up to 4 hours post-

infection before trafficking to late endosomes/lysosomal compartments (30). At this point 

the majority of L1 is retained to the lytic compartment for degradation following capsid 

disassembly, while L2 remains bound to the genome forming the pseudogenome (31). 

The mechanism for capsid disassembly is currently unclear but host cell factors such as 

cyclophilins (CyPs) contribute towards successful capsid disassembly. HPV PsVs 

containing a CyPs-binding defective L2 show increased L1 co-localisation with the 

pseudogenome, implicating failure of capsid disassembly, leading to inhibition of 

infection. This also highlights that the separation of L1 from the pseudogenome is a 

necessary step in virus infection (32).  

1.3.3 Subcellular trafficking 

The separation of L1 and the pseudogenome is necessary for the localisation of the 

pseudogenome to the trans Golgi network, the next step in virus infection before 

trafficking to the ER and the nucleus. HPV does not encode its own polymerase therefore 

the genome must reach the nucleus in order to be transcribed and replicate. This is 

mediated by the L2 protein and host cell factors, as the pseudogenome in L1 only VLPs 

is not trafficked. L2 and the viral genome are transported in vesicles formed from the 

Golgi during G2/M transition where the vesicles are trafficked along microtubules. The 

containment of viral DNA in these vesicles prevents cGAS/STING activation. In these 

vesicles, the transmembrane L2 facilities the retrograde trafficking by recruiting cytosolic 

sorting factors. Upon mitosis and subsequent nuclear envelop breakdown, the 

pseudogenome is tethered to chromatin by L2 binding with it chromatin-binding domain, 

ensuring viral DNA is included on daughter cell nuclei after mitotic exit into G1 (33).  

1.4 Virus lifecycle 

1.4.1 Keratinocyte differentiation  

The HPV lifecycle is dependent on epithelial differentiation. The structure of the 

epithelium is complex, the only proliferative cells are found in a single basal layer 
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attached to the basement membrane. After dividing, the new daughter cell undergoes 

several stages of differentiation, leading to formation of different zones in the epithelium; 

suprabasal (spinous), granular, and stratum corneum. This is a dynamic process ending 

with the continuous sloughing off of cells at the top of the epithelium. Between each stage 

of differentiation there are major changes in morphology. Upon differentiation into the 

suprabasal layer, there is an increase in cell-to-cell crosslinking which increases as the 

cell fully differentiates. After a keratinocyte is fully differentiated it is functionally dead, 

lacking organelles such as a nucleus which are needed for HPV replication (34). 

1.4.2 Productive Virus lifecycle  

In contrast to most viruses, HPV produces new virions in a differentiated daughter 

cell not the original infected basal cell. As HPV genomes are established as 

extrachromosomal elements and as HPV does not encode its own polymerase, the HPV 

lifecycle is tied to the cycle of the cell. This leads to a reliance on host cell machinery 

(35, 36). After infection of the basal cell, the genome is amplified to around 50-100 copies 

per cell, mediated by the virally encoded proteins E2 and E1. E1 is the primary replication 

protein, acting as a helicase to unwind viral DNA to initiate replication and E2 enhances 

its functions by loading E1 onto the replication origin. E2 also plays a vital role in tethering 

the viral episomes to the host chromosome, ensuring viral genome maintenance in 

mitosis (37, 38). After this point in the basal cell the number of genomes is maintained 

and virus protein expression is minimal, aiding in avoidance of the immune response. 

The suppression of viral gene expression is mediated by E2 which represses the P97 

promoter through interactions of its DNA binding domain, preventing transcription factors 

accessing the promoter (39). As the infected basal cell divides, the genome is carried 

with the new daughter cell higher into the epithelium. The production of new virions 

requires vegetative viral DNA replication, which occurs once per cell cycle. However, as 

this must occur in differentiated cells which have exited the cell cycle and are no longer 
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capable of supporting DNA replication, viral proteins E6 and E7 activate host cellular 

 

Figure 1.3 Productive HPV infection. Schematic of epithelium architecture and HPV lifecycle 

with viral gene expression. The stages of the virus lifecycle are outlined and are tied to the 

epithelium differentiation. HPV infects basal cells through microwounds and abrasions. Infected 

cells are shown in dark pink (created in biorender) (11).  

DNA synthesis machinery (11, 40). The HPV-encoded oncogenes manipulate cells in 

many ways and much of the current research into HPV focuses on these interactions. 

E7 activates the cell cycle to allow for DNA replication through targeting retinoblastoma 

(Rb) for proteasomal mediated degradation as well as other transcription factors (41). 

This allows for the release of E2F from a repressive complex resulting in its constitutive 

activation and transcription of E2F target genes such as cyclins A and E, promoting S-

phase entry. Furthermore, E7 also potentiates cyclin-dependent kinase 2 (CDK2) a 

crucial kinase for S-phase entry, by suppressing CDK inhibitors p21 and p27 (11). E6 

targets p53 for proteasome mediated degradation, inhibiting proapoptotic responses to 

DNA damage caused by the abnormal extended S phase entry (42). 
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Towards the end of the virus lifecycle the accumulation of L1, L2 and E1^E4 leads 

to genome packaging and the assembly of virions in the nucleus (11). Virions are then 

released from the epithelial surface upon terminal differentiation of infected keratinocytes 

with loss of nuclear integrity and the shedding of keratinocytes from the epithelium (43).  

1.4.3 Non-productive virus infection 

  Non-productive infections are characterised by the production of viral proteins but 

no infectious virions. It is generally associated with a dysregulated E6 and E7 expression, 

leading to increases in their activities. Frequently, E6 and E7 overexpression occurs due 

to the loss of E2 upon integration of the viral genome. This leads to host genomic 

instability associated with HR-HPV lesions including amplifications, deletions and 

translocation. Non-productive virus infection is a leading factor for cancer development 

in HR-HPV infections and is associated with cancerous lesions at a variety of sites (44).  

1.5 Transmission  

HPV is one of the most common sexually transmitted diseases globally with this 

thought to be the primary method of transmission for most HPV infections. Another form 

of horizontal transmission (between individuals of the same generation) is through skin 

abrasions, the most common method of transfer for ‘butchers’ warts’ (due to HPV 7 

infection). HPV can also be vertically transferred (from mother to child) by passage 

through an infected birth canal. This can lead to juvenile recurrent respiratory 

papillomatosis which can be a potential danger to new born babies (45). Most infections 

clear within 6-12 months, however, persistent infection that fails to clear can result in the 

formation of high grade squamous intraepithelial lesions (HSIL) (46).  

1.6 Epidemiology of HPV malignancies 

 Approximately 80% of women will become infected with HPV in their lifetime. 

Although it varies from country to country, in low‐grade neoplasia (LSIL) and 

asymptomatic cervical infections, the most common HPV types responsible are HPV16, 
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HPV18, HPV31 and HPV58 (46). HPV detection increases with cervical disease severity, 

with HPV detected in 50-70% of cervical intraepithelial neoplasia (CIN)1/ LSIL lesions 

and between 90-100% in CIN3 infections (most severe before carcinoma) (see Figure 

1.4). CIN grades are determined by the proportion of dysplastic cells (cells infected with 

HPV commonly exhibit koilocytosis, a perinuclear "halo" alongside irregular nuclei) in a 

sample. CIN 1 refers to less than a third of the epithelium is irregular, whereas CIN 2 is 

between a third to two thirds of the epithelium is irregular and CIN3 is more than two 

thirds. The transition from CIN3 to cancer is characterised by the invasion of the 

basement membrane (47). It is important to note that CIN1 is representative of an HPV 

infection and often regresses without treatment due to the immune response, not 

necessarily representing disease progression (48). 

The first types of HPV associated with cancer were discovered in 

immunocompromised patients with the genetic disorder, epidermodysplasia 

verruciformis (EV). It was observed that these patients were unable to clear infections of 

beta HPV types 5 and 8, leading to the malignant transformation of warts and 

development of non-melanoma skin cancer (49). However, it is typically HR-HPVs which 

are associated with cancer, particularly HPV16 and HPV18 which together are 

responsible for approximately 70% of HPV-driven cancers. HPV is associated with 

cancers at a variety of sites such as anal, vaginal and penile cancers. Around 50% of 

penile cancers, 40-50% of vulvar cancers, 91% of vaginal cancers and up to 94% of anal 

cancers are HPV-driven (50). Additionally, HPV is predominantly associated with both 

cervical cancer and certain subsets of Head and Neck squamous cell carcinoma 

(HNSCC).  
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Figure 1.4 CIN grades. Schematic of changes to the epithelium from normal cells, progressing 

through CIN grades to cervical cancer (11).  

1.6.1 Cervical carcinoma  

Cervical cancer is the 4th most frequent cancer in women. In 2012 there was 

estimated to be 528,000 cases and 266,000 deaths globally with the majority of deaths 

occurring in low-income countries (51). HR-HPVs are responsible for nearly all cases. 

Characterised at the site which they occur, either squamous cell carcinoma (SCC) or 

adenocarcinoma (glandular epithelium of the endocervical canal) (52). Analysis of 

patient samples has shown that HPV16 is more prevalent in SCC and HPV18 is 

predominantly associated with adenocarcinoma (53). SCC accounts for roughly 70% of 

cervical cancer cases while adenocarcinoma accounts for roughly 20%. Interestingly, 

SCC rates are decreasing, in Europe, whilst adenocarcinoma rates are increasing, 

perhaps as cervical screening methods are less effective for this cancerous subset. 

While treatment does not differ between the two cervical cancer subsets, prognosis does 

with adenocarcinoma associated with poorer survival and a higher likelihood of 

metastasis. Furthermore, adenocarcinomas cases have a poorer response to 

chemotherapy and radiotherapy compared to SCC. The difference between the two 

cancer subsets that results in these phenotypes is not well understood (54). Additionally, 
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mortality and incidence rate for cervical cancer differs between developed and 

developing countries (Figure 1.5).  

Figure 1.5 Age standardised rate of incidents (blue) and mortality (red) worldwide (51). 

1.6.2 HNSCC 

HNSCC are the 6th most common cancer globally and up to 70% of subsets such 

as oropharyngeal carcinoma, occurring in tonsils of the tongue are associated with HPV. 

HPV is considered the characterising feature of non-keratinized SCC, with neither 

tobacco nor alcohol playing a major role. Additionally, pharyngeal and oral cancers have 
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been associated with HPV but to a lesser extent (55, 56). Although HPV-negative 

tobacco related HNSCC cases have decreased by 50% between 1988 and 2004 HPV-

positive cases have risen by 225% (57). Similarly to cervical cancer, integration of the 

HPV genome is a major step in the development of HPV-driven oropharyngeal 

carcinomas. These cancers are distinct and have a better prognosis compared to HPV-

negative oropharyngeal carcinomas. 

 

Figure 1.6 HPV-associated cancers. Graph of HPV-associated cancers worldwide in 2012. 

Includes both total number of cases and number of cases attributed to HPV (roughly 630,000 in 

total) (52). 

1.7 Prevention and treatment of HPV-associated malignancies 

1.7.1 Prevention and treatment strategies  

Currently there is a 2-pronged approach in the prevention of cervical cancer, 

vaccinations and cervical screenings. The approach is defined in the 90:70:90 motto 

(90% vaccinated, 70% screened, 90% offered effective cervical cancer treatment). 

However, as over 80% of the cervical cancer burden is in developing countries, this 

approached is unable to be implemented, largely because of an absence of effective 
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cervical screening and a low vaccine uptake rate. For example, only 1% of vaccinated 

girls worldwide reside in developing countries (58). 

 1.7.2 Cervical screenings 

The introduction of cervical screenings has been a relative success in developed 

countries with the proper infrastructure to ensure effective follow-up treatment where 

necessary. In the UK the NHS screening programme screens 3 million women for 

cervical cancer and is approximated to prevent 4500 cervical cancer associated deaths 

each year (59). Pap cytology and liquid-based cytology are two standard methods of 

screening with that latter more a more modern development. Usually, these screenings 

focus on the detection of CIN and if positive, detection of HPV components such as the 

genome or E6/E7 mRNA (60). Although a success in developed countries, cervical 

screening is yet to be effectively implemented in developing countries mostly due to 

limited funding, poor coverage, lack of screening quality and limited follow up treatment 

(61).  

1.7.3 Vaccination 

Currently there are several available prophylactic vaccines including; the 2006 

tetravalent vaccine against HPV 6, 11, 16 and 18 (Gardasil), the 2007 bivalent vaccine 

against HPV 16 and HPV18 (Cervarix) and the 2016 nonvalent vaccine against HPV 6, 

11, 16, 18, 31, 33, 45, 52, 58 (Gardasil 9). The latest vaccine Gardasil 9 not only protects 

against the causative agents for approximately 90% of cervical cancers but also HPV 6, 

11 a major cause of genital warts. All three vaccines are based upon L1 only VLPs, which 

caused a strong immune response without infection. Originally given on a schedule of 3 

doses to girls between the ages of 9-13 years old, it is currently recommended to be 

given on a two-dose schedule to anyone under the age of 15. The three-dose schedule 

is still recommended for 15- 45 years old and immunocompromised patients. The 

inclusion of males under the age of 15 to be given the vaccine is most likely a response 

to the increase in HNSCC being observed globally, especially in developed countries. 
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The use of conventional enzyme-linked immunosorbent assays measured vaccine-

induced antibody responses to be at almost 100% in vaccinated individuals against L1 

in a type restricted manner. Additionally, studies 10 years post vaccination showed that 

individuals retain high seropositivity in all age groups, showing that the vaccines are very 

effective. Although less information is available, it is thought that the vaccines prevent 

infection of HPV at other sites well, with one study estimating at 84% decrease in anal 

infections (50).  

1.7.4 Treatments  

Although the prophylactic vaccines are highly effective, only 8% of developing 

countries have vaccination programmes and a drawback of these vaccines is that they 

are not therapeutic and do not induce cell immunity. Currently there are no specific 

therapeutic treatments for HPVs. Therefore, it can be assumed that in developing 

countries at least, cervical cancer and other HPV related malignancies will remain a 

problem for decades to come (62).  

Currently the three recommended strategies against cervical cancer are the three 

broad treatments for any cancer; surgery, radiotherapy and hormone chemotherapy. 

Although the current surgical method Wertheim-Meigs is less drastic then other historical 

procedures, it is only recommended for the early stages of cervical cancer due to 

metastasis to the regional lymph nodes commonly occurring with no distinctive clinical 

presentation (63).  

1.8 HPV-encoded oncoproteins 

1.8.3 E5 oncoprotein 

E5 is the smallest and least characterised oncoprotein encoded by HPV. It is a 

highly hydrophobic transmembrane protein and in the case of HPV 16 is 83 amino acids 

long (10 kDa). E5 has been found to be localised to the Golgi, ER and nuclear 

membranes (64). Although originally thought to be lost upon virus integration, high levels 
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of E5 have been detected in a sub-set of cervical cancers and HNSCC (65). Although 

considered minor in comparisons to E6 and E7, it is the major transforming protein in 

Bovine Papillomavirus (BPV1). Although BPV1 E5 displays strong transforming abilities, 

HPV E5 only display weak activity in vitro (66). Nevertheless, E5 is classified as an 

oncoprotein as both in human keratinocytes and mouse fibroblasts it can induce 

anchorage-independent growth and tumours but is not needed for either E6 or E7 cell 

transformation (67). As E5 is expressed at high levels in the early stages of 

transformation, it has been suggested as a possible target to halt the progression of 

premalignant lesion to cervical cancer (68). E5 is hypothesised to enhance the activities 

of E6 and E7, cooperating to stimulate proliferation in mouse primary cells. Additionally, 

transgenic mice expressing HPV 16 E5 developed spontaneous skin tumours and 

epidermal dysplasia while also showing enhanced DNA synthesis and aberrant 

differentiation (69). Although it has been shown that E5 activity is not required in 

undifferentiated primary keratinocytes, E5 is thought to play a key role in the productive 

virus lifecycle in differentiated cells through regulating the host cell cycle and viral 

genome amplification (70).  

1.8.3.1 E5 as a viroporin 

E5 is a viroporin (viral pore-forming membrane protein) (68). Viroporins contain 

one or more hydrophobic transmembrane regions which are alpha helical in structure. 

Upon insertion into membrane, viroporins oligomerise to form a hydrophilic pore (71). 

Expression of viroporins allow viruses to induce membrane permeability, which is often 

crucial for virus entry, production of infectious virions and/or release. Viroporins have 

also been documented to mediate host cellular processes such as vesicle trafficking and 

apoptosis which can be crucial for virus lifecycles (72). E5 has been documented to form 

a hexameric complex, which is essential for E5-mediated activation of host cell signalling 

pathways such as extracellular signal-regulated kinase1/2 mitogen-activated protein 

kinase (ERK 1/2-MAPK), key regulators and proliferation (68).  
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1.8.3.2  E5 functions 

Research has shown that E5 binds to many host proteins, including modulators 

of host signalling pathways. This includes dysregulation of epithelial growth factor 

receptor (EGFR) signalling. EGFR signalling plays key roles in keratinocyte 

differentiation. Not only does increased EGFR signalling lead to increased proliferation, 

but it also suppresses keratinocyte differentiation (73, 74). Furthermore, loss of EGFR 

signalling induces G2/M arrest (75). E5-induced epithelial dysplasia in transgenic mouse 

models is mediated by EGFR signalling as the phenotype is lost with the expression of 

a dominant negative form of EGFR (69). The mechanism for E5 modulation of EGFR 

signalling is still debated. Although it was originally thought that E5 suppressed the 

degradation of EGFR through binding to the 16K subunit of the vacuolar H+ ATPase 

preventing the acidification of endosomes, other studies have argued that the binding 

does not occur in high enough levels to mediate this process (76). One study suggested 

as little as 5% of available 16K is bound to E5 in a 1:1 ratio, too low to prevent assembly 

of the H+ V-ATPase complex. The same study suggests the suppression of EGFR 

degradation is due to E5-induced dysregulation of trafficking. The perturbation of 

endocytic trafficking by E5 is noted to be both pH independent and transport independent 

but the exact mechanism has yet to be elucidated (77).  

It has also been suggested that E5-mediated regulation of EGFR occurs on a 

protein level as no changes in the mRNA expression have been observed (78). One 

possible mechanism is through disruption of the CBL-EGFR interaction by E5. CBL is an 

ubiquitin ligase which ubiquitinates EGFR, targeting it for degradation. It is hypothesised 

that E5 can physically block this interaction, leading to increased EGFR (79).  

There is evidence that E5 also suppresses keratinocyte growth factor 

receptor/fibroblast growth factor receptor 2b (KGFR/FGFR2b) signalling. In contrast to 

most growth factors receptors, KGFR signalling has tumour suppressive functions, 

playing a crucial role in the regulation of epithelial differentiation (80). In mice lacking 
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KGFR/FGFR2b, there was an increase in the development of papillomas and mice were 

more sensitive to chemical carcinogenesis (81). qPCR analysis showed a transcriptional 

downregulation of KGFR expression in E5 expressing keratinocytes, suggesting an E5 

mediated downregulation of KGFR signalling (80).  

In addition, to modulating proliferation, E5 inhibits apoptosis. Dysregulation of 

DNA synthesis and the other activities of E6 and E7 should induce apoptosis in normal 

keratinocytes. E5 has been shown to suppress both FAS and tumour necrosis factor-

related apoptosis inducing ligand (TRAIL)- mediated apoptosis and ultraviolet radiation-

induced apoptosis in keratinocytes. E5-mediated suppression of apoptosis occurs 

through the targeting of Bcl-2-associated X protein (Bax) for ubiquitin-mediated 

degradation, but the exact mechanism has yet to be elucidated (82). Additionally, E5 is 

suggested to suppress apoptosis through increasing signalling through both the 

phosphatidylinositol 3-kinase-Akt (PI3K/ Akt) and ERK1/2-MAPK signalling pathways 

(83). 

A crucial step towards cervical cancer is the failure of the immune system to clear 

the virus infection and E5 aids this. E5 does this in numerous ways: dysregulation of 

Major Histocompatibility complex I and II (MHC 1 and II), suppressing interferon- κ (IFNK) 

transcription and NK activities (84-87). For instance, E5 disrupts antigen presentation 

through dysregulating MHC antigen processing by blocking trafficking between the ER, 

Golgi and cell membrane of MHC components by binding to the MHC heavy chain (85). 

Additionally, E5 leads to retention of CD1d, a glycoprotein key for antigen presentation 

to CD1d-restricted invariant NKT cells (84, 88). E5 also suppresses the production of 

keratinocyte specific IFK-κ through suppressing IFNK transcription in an EGFR-

dependent manner (87). Together these activities allow for E5 to promote evasion of the 

immune response in the virus lifecycle.  
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1.8.2 E6 oncoprotein 

HR-HPV E6 was first suspected to be an oncoprotein in the 1980s as it was found 

to be retained and highly expressed in cervical tumours (89). E6 was found to transform 

both human mammary epithelial and rat primary cells, demonstrating oncogenic activity 

(90, 91). Although LR-HPV E6 share some activities with the HR-HPV E6, they are 

unable to induce transformation in primary cells, hence their classification as low risk. It 

is notable that keratinocytes transformed with E6 are only able to form tumours in mice 

after extended passage, resembling HPV-driven cancer progression (92). Despite the 

oncogenic activity of E6, malignant progression occurs through the cooperation of E6 

and E7 (93). Although many of the functions of E6 have been characterised, it is clear 

that additional functions remain to be better elucidated and some remain undiscovered.  

1.8.2.1 HR-HPV E6 structure  

 Although the full-length structure of E6 has recently been resolved by nuclear 

magnetic resonance (NMR), much of our previous understanding of the specific domains 

in E6 has been deduced through analysis of the protein sequence. HR-HPV E6s are 

approximately 150 amino acids long and contain two zinc finger domains (formed of 3 β-

sheets and 2 short helices are separated by a short α-helix), which are essential for E6 

activities, formed by a pair of CXXC sequences (94, 95). Furthermore, the C-terminus 

contains a PDZ-binding motif (PBM) consisting of a XTXV/L sequence (95). Together, 

these domains allow E6 to target a multitude of host cellular factors and disrupt host 

processes and signalling pathways despite a lack of intrinsic enzymatic activity.  

1.8.2.2 HR-HPV E6 functions  

 E6 is capable of binding to multiple host cell proteins to perturb several key host 

cell functions (Figure 1.7). The best studied function of E6 is the degradation of the p53 

tumour suppressor protein. p53 is a sequence  
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Figure 1.7 HR-HPV E6. A) HPV16 E6 oncoprotein structure. Numbers refer to amino acid 

positions. B) Summary of E6 activities that contribute towards transformation and carcinogenesis 

(11).  

specific, DNA binding protein that serves as an effector of DNA damage. It is mutated or 

inactivated in over 50% of cancers in humans and regulates the cell cycle, cellular 

senescence and apoptosis through transcriptional regulation (96). It is under exquisite 

control by a number of mechanisms, including by protein-protein interactions with the E3 

ubiquitin ligase Mouse double minute 2 homolog (MDM2). Under normal cellular 

conditions, MDM2 binds to the transcription activation domain of p53, preventing its 

transcriptional activity and targeting p53 for proteasomal degradation. Loss of the MDM2-

p53 interaction subsequently allows for p53 activation (97, 98).  

 The stabilisation and activation of p53 can be induced by multiple stimuli, 

including cellular stress, acute DNA breaks or errors in DNA replication. For example, 

when double stranded DNA breaks occur, the ATM kinase is activated, which 

subsequently phosphorylates checkpoint kinase 2 (Chk2) resulting in Chk2-mediated 



44 
 

phosphorylation of p53 at serine 20. This phosphorylation is in the site where MDM2 

binds to p53, thus preventing the interaction, leading to p53 stabilisation and activation. 

Additionally, ATM phosphorylates MDM2 at serine 395, leading to increased ATM 

binding to p53 mRNA, promoting transcription, upregulating p53 activity (99). Single 

stranded DNA breaks activate the Ataxia-telangectasia and Rad3 related (ATR) kinase 

which phosphorylates p53 at serine 15 and also decreases MDM2 binding to p53 (100). 

E6 binds with the conserved LXXLL motif of E6-associated protein (E6-AP) forming a 

stable complex which can bind p53, targeting it for proteasomal-mediated degradation, 

inhibiting p53-mediated apoptosis (42).  

In addition to targeting p53, E6 targets other proteins involved in apoptosis such 

as Bak to suppress intrinsic apoptosis pathways. Under normal physiological conditions, 

anti-apoptotic Bcl-2 proteins antagonise the activity of the pro-apoptotic effector 

molecule proteins such as Bak. When activated, Bak undergoes conformational changes 

to expose its Bcl-2 Homology (BH) domains, followed by homo-dimerisation which allows 

binding to pro-survival proteins, leading to their inhibition (101). This activity causes 

morphological changes in the inner mitochondrial membrane resulting in the opening of 

mitochondrial permeability transition pores and the subsequent loss of mitochondrial 

membrane potential (102). This allows for the release of pro-apoptotic proteins which are 

normally sequestered in the mitochondrial intermembrane space, inducing apoptosis 

through DNA fragmentation of chromatin condensation (103). Similarly to p53, E6 

complexes with E6-AP to target Bak for ubiquitin-mediated degradation (104). 

Furthermore, E6 also dysregulates the extrinsic apoptosis pathway through interactions 

with Fas-associated protein with death domain (FADD) and caspase 8 (11). 

E6 can promote oncogenesis through chromosome instability due to the 

activation of human telomerase reverse transcriptase (hTERT) in the telomerase 

complex. Increased telomerase activity allows for indefinite proliferation due to the 

lengthening of telomeres. Normally, the shortening of telomeres signals the end of a 
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cells’ life and activates a DNA damage response, leading to the cell entering 

senescence, however the overexpression of E6 and subsequent activation of telomerase 

enables cells to circumvent senescence (11, 105).  

Another method by which E6 transforms cell is through altering gene expression 

profiles of cells, a common event in cancer (106). One method by which E6 regulates 

gene expression is via DNA methylation. Hypermethylation of CpG sites in the promoter 

regions of tumour suppressive genes has long been linked with suppression of gene 

expression and the promotion of oncogenesis (107). Conversely, the hypomethylation of 

CpG sites of oncogenes leads to increased gene expression (108). DNA methylation is 

regulated by DNA methyltransferases (DNMTs), widely observed to be dysregulated in 

cancer and strongly linked to oncogenesis (109). E6 indirectly increases DNMT1 

expression due to the degradation of p53, leading to the release of specificity protein 1 

(SP1)which upregulates DNMT1 expression (110). A study in 2012 found that over 5000 

and 2000 genes respectively showed increased methylation, while over 3000 and 4000 

respectively had decreased methylation in HPV16 and HPV18 associated cervical 

cancer (111). This significant shift in host gene methylation profiles indicates that DNA 

methylation plays an important role in HPV-induced carcinogenesis. E6 also 

dysregulates global gene expression through alteration of histone alteration machinery. 

Histones are key for the correct packaging of DNA and therefore, are crucial for the 

regulation of gene expression. Histones 2A (H2A), 2B (H2B), 3 (H3) and 4 (H4) are 

essential chromatin subunits. Each nucleosome unit consists of two H2A-H2B dimers 

and two H3-H4 dimers forming a histone octamer that 147 DNA base pairs can wrap 

around. The C-terminal structure of H2A, H2B, H3 and H4 is essential for histone 

interactions while the N-terminal is much less structured and is it thought that 

modification of the N-terminal allows for changes in accessibility of the genome for 

example by histone deacetylases (HDACs) and histone acetyltransferases (HATs). 

HDAC and HATs modify the acetylation status of histone to regulate gene expression. 
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Acetylation of histones weakens the DNA-histone interaction, favouring gene 

expression, whereas deacetylation favouring the compact form of chromatin, reducing 

gene expression. The expression of HDACs and HATs is often found dysregulated in 

cancer (112). 

Another histone modification of importance to epigenetics is histone methylation. 

In contrast to acetylation/deacetylation, methylation leads to the formation of a binding 

site for chromatin-associated proteins containing specific methyl histone-binding 

domains. The lysine residues of histones can be mono, di or tri methylated whereas 

arginine is either mono or di methylated. The associated effects of certain methylation 

events on H3 and H4, in particular, have been extensively researched. The consequence 

of methylation differs between specific residues leading to either transcriptionally active 

or transcriptionally repressed chromatin conformations (113).  

E6 has been documented to dysregulate histone modifications, leading to 

changes in global gene expression. One mechanism of dysregulation is through 

interactions with the histone acetyltransferases p300 and CBP, inhibiting their activity. 

HPV16 E6 inhibits the activation of p53 and NFκB in a p300/CBP dependent manner 

(114). Additionally, E6 interacts and inhibits histone methyltransferases (HMTs) such as 

coactivator associated arginine methyltransferase 1 (CARM1), protein arginine 

methyltransferase 1 (PRMT1) and SET domain containing lysine methyltransferase 

(SET7), inhibiting their enzymatic activity. Although these proteins are mostly known to 

be recruited to p53-target genes promoters, it is thought they have wider cellular 

functions that contribute to global mRNA expression which are not yet elucidated (115). 

The inhibition of HATS and HMTs highlights the ability of E6 to induce genome-wide 

changes to mRNA expression through aberrant changes in chromatin structure through 

manipulation of histone modifications.  
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1.8.2.3 Dysregulation of host signalling pathways by E6  

Another critical function of E6 is dysregulation of host cellular signalling pathways. 

Signalling pathways are essential mechanisms utilised by a cell to communicate with 

other cells and respond to the environment. The binding of ligands to specific receptors 

triggers a cascade, subsequently affecting transcription of host genes, regulating host 

processes. Therefore, many signalling pathways are dysregulated in cancer. Amongst 

others, E6 manipulates host cell signalling pathways such as the Wnt/β-catenin, Notch, 

STAT3 and PI3K/Akt pathway to promote cell survival, transformation and proliferation 

(11). For instance, E6 in complex with E6-AP stabilises β-catenin, the main effector of 

the Wnt signalling pathway leading to its aberrant nuclear accumulation. This was 

recently discovered to occur via the targeting of NHERF1, a suggested tumour 

suppressor, by the E6/E6-AP complex (116). This nuclear accumulation leads to the 

formation of a complex with β-catenin binding factors and the recruitment of histone 

modification proteins leading the transcription of genes promoting proliferation and 

survival (117).  

E6 also is known to dysregulate a single signalling pathway such as the PI3K 

pathway by several mechanisms. E6 can directly interact with and activate the PI3K 

complex, activating the pathway, inactivate PTEN, a pathway repressor and block TSC 

Complex Subunit 1/2 (TSC1/2) mediated repression of mTOR. Given the essential role 

that PI3K pathway plays in the regulation of proliferation, it is unsurprising that HR-HPV 

E6 dysregulates this pathway at multiple points (118-120). The aberrant activation of the 

pathway by E6 allows for the dysregulation of proliferation and the suppression of 

apoptosis amongst other cellular processes.  

Collectively, the dysregulation of these pathways drives survival, proliferation and 

transformation of cancer cells.  

1.8.2.4 E6 and PDZ proteins  
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HR-HPV E6 oncoproteins C-terminal PDZ binding motif is used to interact with 

PDZ domain containing proteins. Although E6 interacts with just a fraction of PDZ 

proteins (19 out of 200), these interactions are vital for its activity. Often the interaction 

of E6 with these proteins results in their degradation or mislocalisation, hence in the case 

of Scribble Planar Cell Polarity Protein (SCRIB) leads to disruption of cell polarity, 

commonly seen in malignant cells. This domain is also key for the activation of proteins 

such as JNK, resulting in activation of the pathway and increase proliferation and 

Epithelial-mesenchymal transition (EMT) (11).  

1.8.2.5 LR-HPV E6 interactions  

LR-HPV E6 proteins share significant sequence homology to HR-HPV E6 but 

they do not usually possess transformative abilities and generally have not been 

investigated to the same extent as HR-HPV E6 proteins (121). Although LR-HPV E6s 

can target some of the same host cellular factors, it is well evidenced that they do not 

share all the same targets as HR-HPV E6s. For example, whilst LR-HPV E6 proteins can 

bind and inhibit p53 they do not tend to degrade the protein. Generally, LR-HPV E6s 

bind to p53 with a low affinity and do not interact with E6-AP (122). In contrast, 

overexpression of LR-HPV E6s leads to the accumulation of β-catenin in a NHERF1-

dependent mechanism (116). Furthermore, overexpression of LR-HPV E6s also leads 

to the degradation of Bak, similar to HR-HPV E6s (123). Together, these interactions 

suggest LR-HPV E6s are still capable of promoting proliferation and disrupting apoptosis, 

necessary functions for the productive virus lifecycle, but not to the same extent as HR-

HPV E6s.   
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Figure 1.8 HR-HPV E6 modulation of host signalling pathways. Schematically summary of the mechanism of how HR-HPV E6 dysregulates host cell 

signalling pathways (11).  
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1.8.3 E7 oncoprotein 

E7 was the first HPV oncogene to be characterised, shortly before E6, in the late 

1980s (124). Although it is well documented that E6 and E7 cooperate to promote 

oncogenesis, studies have shown that expression of E7 alone in transgenic mice was 

sufficient to induce cervical dysplasia and invasive cervical cancer (125). E7 

predominantly localises to the nucleus but can shuttle to and from the cytoplasm (11).  

1.8.3.1 E7 structure  

HR-HPV E7 consists of approximately 100 amino acids and shares homology 

with proteins from other DNA tumour viruses. E7 contains 3 conserved regions (CR), 

CR1, CR2 and CR3, of which CR1 and CR2 are conserved with adenovirus and SV40 

including a highly conserved LXCXE motif, essential for E7s binding to Rb (126). CR3 of 

E7 is a zinc finger binding domain, consisting of two CXXC motifs that interact with a 

Zinc2+ ion separated by 29-30 amino acids. Mutational analysis showed this region is 

critical for multiple E7 functions (127).  

E7 can be post-translationally modified by phosphorylation and ubiquitination 

which regulate its function. The phosphorylation of E7 by casein kinase II (CKII) at 

residues 32 and 34 enhances the interactions between E7 and cellular targets, although 

not all of these interactions have been characterised. Loss of the phosphorylation sites 

through mutation leads to a decrease in cell growth (128). Another characterised 

phosphorylation event is the phosphorylation of E7 by protein kinase C at residue 7, 

which has been linked to E7 stability and transformative activity (129). Furthermore, it is 

documented that UbcH7, an E2 ubiquitin-conjugating enzyme and SCF (Skp-Cullin-F 

box) ubiquitin ligase ubiquitinates the amino terminal of E7 leading to ubiquitin-

dependent degradation (130). Although E7 from several different low and high-risk HPV 

types have been reported to be ubiquitinated, the residues are often not conserved and 

therefore the importance of the ubiquitination has not yet been elucidate, but mutational 

analysis shows the modification may have roles in protein stability (131).  
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1.8.3.2 HR-HPV E7 functions 

Like E6, E7 perturbs many host cell process through binding to multiple host cell 

proteins. Perhaps the best characterised interaction of E7 is the degradation of Rb. The 

gene encoding Rb, RB1 was identified in 1987 (132). Much of what we know today of 

the functions of Rb was elucidated from studies of DNA tumour viruses, including its role 

as a cell cycle regulator (133). Now it is understood that Rb has roles in cellular 

processes such as apoptosis, cell-cycle checkpoints, replication and differentiation (134, 

135).  

The first Rb interaction characterised was with E2F. Rb binds to the 

transactivation domain of E2F using a highly conserved region of the Rb pocket domain, 

inhibiting E2F activity (136). There is also an additional interaction between the Rb 

carboxy-terminal domain (RBC) and the marked box of E2F, hypothesised to be 

important for the regulation of E2F1-specific activities (137). Early research showed that 

the interaction between Rb-E2F leads to the inhibition of E2F-target gene expression. 

These genes would usually promote DNA synthesis and cell cycle progression (138). 

However, cyclin dependent kinases (CDKs) can phosphorylate pRb, preventing pRb-

dependent repression of E2F. This is because phosphorylation disrupts the E2F binding 

site within the pocket domain. Mutational analysis showed that the inactivation of Rb is 

not dependent upon one phosphorylation event, but several such as by CDK2, 4 and 6 

in complex with cyclins D or E. The activation of E2F leads to cell cycle progression into 

S-phase (139). Rb possesses other non-canonical tumour suppressive activities such as 

regulation of heterochromatin and E-cadherin, but these are less characterised. Rb 

activity is frequently lost in cancer, either due to loss of Rb expression or 

hyperphosphorylation of Rb. Osteosarcoma tumours with loss of Rb are more aggressive 

and have higher rates of metastasis (140).  

HR-HPV E7 bind to Rb with high affinity and is key for its transforming activity. 

E7 binding to Rb leads to subsequent degradation and allows for uncontrolled activation 
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of E2F. This allows for cells to enter the S-phase unscheduled, despite a lack of signals, 

allowing for DNA replication, key for the virus lifecycle (141). Although this would usually 

induced p53- dependent apoptosis, in HPV infection and HPV-driven cancers, this is 

negated with E6 activity, evidencing the cooperation between E6 and E7.  

 

Figure 1.9 HR-HPV E7. A) HPV16 E7 oncoprotein structure. Numbers refer to amino acid 

positions. B) Summary of E7 activities that contribute towards transformation and carcinogenesis 

(11).  

Another host cell target of E7 is γ-tubulin, one of the five currently identified 

tubulin isoforms forming the tubulin family of guanosine triphosphateases (GTPases). 

Predominantly localised to the cytoplasm, γ-tubulin forms dynamic structures such as γ-

tubules and γ-strings creating a meshwork that varies depending on the cell cycle. 

Evidence suggests that γ-tubulin is a critical regulator of G1-S phase cell cycle transition 

as well as cytokinesis and mitotic progression. It has also been suggested that γ-tubulin 
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is a key component of the pericentriolar protein matrix, itself an important regulator of 

checkpoint proteins. Additionally, approximately 20% of γ-tubulin is localised to 

centrosomes. Although the role of γ-tubulin in cancer has yet to be elucidated, 

centrosome amplification in cancer is linked to poor prognosis and γ-tubulin has been 

shown to have alterations in expression and localisation in a range of cancers (142). 

Recent research has suggested that E7 interacts and regulates γ-tubulin in an Rb-

independent manner. It has been hypothesised that this interaction allows for 

centrosome abnormalities that induce genomic instability and subverts other γ-tubulin 

functions such as cell cycle regulation. Genomic instability has been shown to promote 

viral integration and therefore cancer progression. As both the induction of genomic 

instability and cell cycle regulation are key roles of E7, the importance of this interaction 

may not be fully appreciated or elucidated (143).  

Numerous studies have identified the immune evasion properties of E7. This 

occurs through many mechanisms including dysregulation of innate immune receptors 

such as toll-like receptor 9 (TLR9). TLR9 are expressed in both plasmacytoid dendritic 

cells and B cells as well as nonimmune cells such as epithelial cells, localised to the 

endosomes. TLR9 recognises unmethylated CpG-motifs of microbial DNA. Upon 

recognition, TLR9 signals interferon and NF-κB dependent inflammatory cytokines 

through the recruitment of MyD88 and IRAK4 (144). To prevent the triggering of an 

immune response by HPV, E7 activates the canonical NF-κB pathway to induce 

formation of a NF-κBp50–p65 complex as well as the recruitment of chromatin modifying 

enzymes and ERα. This leads to the silencing of TLR9 expression, therefore preventing 

the triggering of an immune response (145).  

This is not the only way E7 modulates the immune response. E7 has been found 

to bind to Interferon Regulatory Factor-9 (IRF9), the DNA-binding region of the IFN-

stimulated gene factor 3 (ISGF3) and IRF1, preventing both IFN-α and IFN-β responses 
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(65, 146) Additionally, E7 similar to E5, impairs MHC class I antigen processing and 

presentation through an IRF1, TAP1 and IFN-γ-dependent mechanism (147).  

1.8.3.3 E7 targets similar host functions as E6 

Although E7 has distinctly different targets to E6, often their functions overlap, 

leading to them targeting the same process. An example of this is the targeting of DNA 

methylation through DNMT1 through different mechanisms. E7 targets DNMT1 by two 

distinct mechanisms. E7 binding to Rb leads to the release of E2F transcription factor, 

inducing expression of DNMT1. Additionally, E7 is able to bind to DNMT1, inducing a 

conformational change, promoting its activity (148, 149). 

E7, like E6 also dysregulates histone modification enzymes such as HDACs to 

dysregulate the host transcriptome. HDACs remove the acetyl groups from histones, 

leading to a repression of transcription. E7 has been found to interact with HDACs to 

both represses transcription and displace HDACs leading to transcription activation (65). 

Furthermore, many of the host signalling pathways dysregulated by E6 are also 

dysregulated by E7, through different targets, again showing cooperation between E6 

and E7. 

1.9 The Hippo signalling pathway  

1.9.1 Pathway discovery  

Key components of The Hippo signalling pathway were originally discovered in 

Drosophila in 2003 by genetic screens for tumour suppressive genes. Warts, Salvador, 

Mats and Hippo were all identified in quick succession with loss-of-function mutants, 

resulting in tissue overgrowths and were found to form a signalling cascade (150-153). 

Later Yorkie was identified as the target of the kinase cascade through a screen for Warts 

binding proteins. It was observed that overexpression of Yorkie led to the same 

phenotype as loss of Hippo signalling (154) and soon, a pathway from plasma membrane 

to nucleus was elucidated. In 2007 the pathway was discovered to be conserved in 
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mammals leading to characterisation of the Hippo pathway-mediated regulation of key 

functions such as cell proliferation, organ size and survival (155).  

1.9.2 Mammalian Hippo pathway  

In the canonical mammalian Hippo signalling pathway (Figure 1.10), STE20-Like 

Protein Kinase 3/4 (STK3/4) activation are regulated by upstream proteins including TAO 

kinases (TAOK) and Ras association domain family (RASSF) proteins, in response to a 

number of stimuli (156). For example, although the exact mechanism is still unclear, it is 

hypothesised that TAOK1-3 can activate STK3/4 in response to stimuli from 

Neurofibromin 2 (NF2) and kidney and brain expressed protein (KIBRA). Studies have 

shown that NF2 is activated by detachment from the extracellular matrix, cell contact 

inhibition and loss of growth factor signalling, and these stimuli can activate the Hippo 

signalling pathway (157). STK3/4 are activated through phosphorylation of residues in 

their activation loop (Thr183 or Thr180). The Sav/RASSF/Hpo (SARAH) domain of 

STK3/4 has also been shown to be important in STK3/4 activation, allowing for its 

dimerisation, resulting in autophosphorylation and activation (156). Some regulators of 

the Hippo pathway, such as the RASSF proteins, interact with the SARAH domain 

present in STK3/4 to prevent dimerisation-mediated activation of the kinases. However, 

RASSF1A has been experimentally observed to promote activation of STK3/4 by binding 

the SARAH domain, preventing STK3/4 dephosphorylation in response to DNA damage 

mediated by ATM and ATR (158).                                                                                                                                                                                                   

When activated, STK3/4 phosphorylate Large tumour suppressor kinase 1/2 

(LATS1/2) and MOB kinase activator 1 (MOB1) with the help of the scaffolding protein 

Salvador homolog 1 (Sav) (159). MOB1 phosphorylation enhances the ability of STK3/4 

to phosphorylate LATS1/2, leading to its activation. Active LATS1/2 can then 

phosphorylate serine 127 of Yes associated protein (YAP) and S89 of Transcriptional 

Co-Activator With PDZ-Binding Motif (TAZ) transcription factors, leading to the binding 

of YAP/TAZ to 14-3-3 proteins and their cytoplasmic retention. Cytoplasmic localised 
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YAP/TAZ cannot interact with nuclear partners including members of the TEAD, SMAD 

and RUNX transcription factor families (159). YAP/TAZ are also phosphorylated at S397 

and S311 respectively by LATS1/2, promoting their ubiquitination and proteasomal 

degradation (160).  

 

Figure 1.10 The mammalian Hippo signalling pathway. Schematic of the mammalian Hippo 

signalling pathway. When the pathway is off, YAP and TAZ are free to enter the nucleus and 

interact with transcription factors such as TEAD to promote transcription of pro-proliferative 

genes. When activated, STK3/4 phosphorylate and therefore activate LATS1/2 with the help of 

SAV and MOB1. LATS1/2 go on to phosphorylate YAP/TAZ, leading to their cytoplasmic retention 

and degradation (created with biorender).  

1.10 STK4 

1.10.1 Ste20 family  

The Sterile 20 (Ste20) family is a group of closely related but functionally distinct 

kinases first described as serine/threonine kinases in the 1990s. It is formed of roughly 

30 serine/threonine kinases, split into p21-activated kinase (PAKs) and germinal centre 

kinases (GCKs) subfamilies dependent on overall and catalytic domain architecture. The 
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family is well conserved with homologues identified in Drosophila and Caenorhabditis 

elegans (161). 6 PAK members have been identified, split into two small groups 

composed of PAK1, 2, 3 and then PAK4, 5, 6. PAKs are effector proteins of Rho 

GTPases and have been identified to have roles in development and cancer (162). 

Research has shown that generally GCKs activated MAPK cascades, transmitting 

signals from extracellular signals to regulate gene expression and includes members 

such as STK3, STK4, thousand and one amino acid kinase 1 (TAO1) and TAO3. 

Furthermore, several stable binding partners have been identified for Ste20 kinases, 

acting as substrate adaptors (such as MOB1) (161).  

1.10.2 MST subfamily  

 A prominent subfamily of Ste20 kinases are the Mammalian Sterile20-like family 

kinases with homologues first identified in Saccharomyces cerevisiae and their functions 

first characterised in Drosophila. The subfamily includes 5 mammalian members but is 

highly conserved, with homologues found across the eukaryotic kingdom. This subfamily 

is divided into two groups containing STK3 and STK4 (considered GCKII) and then 

STK24, 25 and 26 (considered GCK III). The functions of STK kinases remain fairly 

conserved across eukaryotes with roles including regulation of cell division and cell 

polarity (163). Although STK3/4 are the key regulators of the Hippo signalling pathway, 

the functions of other STK kinase members until recently appeared to be Hippo pathway 

independent. A recent paper published by Lim et al has identified STK25 as an activator 

of LATS1 in response to cytoskeletal tension, through an RNAi screen (164). 

1.10.3 STK4 structure  

STK3 and 4 share a 95% similarity in amino acid sequence in their catalytic 

domains and both contain 3 domains: an N-terminal kinase domain and a C-terminal 

regulatory region containing an autoinhibitory domain and a SARAH domain. The C-

terminal regulatory region contains two nuclear export sequences (NES) at 361-370 and 

441-451, which retain STK4 in the cytoplasm (156). STK4 also contains two caspase 
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cleavage sites at N326 and N349, producing a 36 kDa and a 41 kDa cleavage product. 

Upon cleavage, the kinase domain of STK4 is activated, losing its autoinhibitory domain 

and translocates to the nucleus where it induces apoptosis (165). 

 

Figure 1.11 STK4 structure. Schematic of STK4 structure including the kinase domain, the 

autoinhibitory domain (AID) and SARAH domain. Numbers refer to amino acid positions (created 

with biorender).  

1.10.4 Hippo pathway independent STK4 functions  

Apart from activation of the Hippo signalling pathway, STK4 has many well 

characterised functions in apoptosis through a multitude of cellular interactions including 

with p53, H2B, c-Jun N-terminal kinase (JNK) and FOXO3. Additionally, STK4 can 

contribute to apoptosis through interactions with BH3-only protein Beclin-1. A study by 

Maejima et al showed that Beclin-1, with key roles in apoptosis and autophagy, is 

phosphorylated at Thr 108 by STK4. This phosphorylation increases the Beclin-1-Bcl-2 

and Beclin-1-Bcl-xl interactions which antagonise the anti-apoptotic activity of Bcl-2 and 

Bcl-xl. It has also been suggested that apoptosis occurs due to protein accumulation due 

to inhibiting autophagy, as beclin-1 can induce apoptosis independently of Bax and Bak 

activity (166). Another substrate of STK4 is Bcl-xl. This phosphorylation prevents Bcl-xl 

binding to Bax, increasing Bax activity, therefore promoting apoptosis (167). 
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1.11 YAP and TAZ  

1.11.1 Discovery and structure  

YAP was first identified associating with Src family non-receptor tyrosine kinase 

Yes in 1994 (168) with TAZ identified as a 14-3-3 binding partner later in 2000 (169). 

Sequence analysis showed that YAP and TAZ are paralogs but neither of their functions 

were understood until they were identified as homologues for Drosophila protein Yorkie, 

the downstream effector of the Drosophila Hippo pathway (154). YAP and TAZ share 

several domains but there are differences in structure, with TAZ lacking an N-terminal 

proline-rich region, an SH3 binding domain and a second WW domain (Figure 1.12). 

Although they share some functions, recent research has indicated that the previous 

assumption that they are functionally redundant is incorrect. YAP has been characterised 

to a greater extent than TAZ but differences in regulation depending on tissue type has 

been identified (170).  

 

Figure 1.12 YAP and TAZ structure. Schematic of YAP and TAZ structure including LATS1/2 

phosphorylation sites (P) (created with biorender).  

1.11.2 Shared functions of YAP and TAZ  



60 
 

Although YAP/TAZ bind to a variety of transcription factors, the best 

characterised binding partners are TEAD1-4. TEAD1-4 share a TEA DNA binding 

domain but have distinct roles and expression patterns. Mouse studies have shown 

TEADs to be important for developmental processes (171, 172) and overexpression of 

TEAD transcription factors, particularly TEAD1 and TEAD 4 has been linked to 

tumourigenesis. Expression of genes ampiregulin (AREG), connective tissue growth 

factor (CTGF), and cysteine-rich angiogenic inducer 61 (CYR61) are regulated by 

YAP/TAZ and TEAD activity and promote a variety of cellular processes including 

proliferation. Although YAP and TAZ are both vital for development, overexpression and 

increased activity is strongly linked to cancer (173-176). 

1.11.3 Differences between YAP and TAZ 

Although YAP and TAZ have a high protein sequence similarity, there are 

significant variations, alluding to differences in function. While both contain WW domains 

which mediate protein-protein interactions, for example with LATS1/2, TAZ only contains 

one WW domain while YAP contains two (177). Additionally, while both YAP and TAZ 

contain TEAD binding domains, only YAP contains an additional PXXOP loop (178). TAZ 

also lacks regions such as the N-terminal proline rich region and SH3-binding motif, 

found in YAP. (179). Interestingly, the domains are not interchangeable as a study by Lu 

et al showing that replacing the coiled coil (CC) domain of TAZ with the coiled coil (CC) 

domain of YAP causes a loss of the ability of TAZ to induce nuclear puncta (180). 

Moreover, it has been indicated that YAP and TAZ protein stability is regulated by 

different proteins. A recent study suggests that only TAZ is phosphorylated by GSK3β, 

creating a second phosphodegron, allowing for more dynamic regulation of protein 

stability(181). In general YAP is more stable and remains expressed long term whereas 

TAZ is seen to be highly dynamic. This is highlighted by the ability of TAZ liquid-liquid 

phase separation (LLPS) condensates, a highly dynamic process, by interacting with 

paraspeckle protein Non-POU domain-containing octamer-binding protein (NONO) 

(182).  
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It is not just the regulation and structure of the proteins that differs, it is also the 

expression of target genes. Although currently poorly understood, an RNA-seq in 

HEK293 cells with YAP and TAZ individually knocked out, suggested that even though 

YAP and TAZ target the same transcription factors, different genes are expressed. It has 

been suggested that this is due to TAZ forming a hetrotetramer with TEAD that may 

affect DNA target selectivity (183). Despite this, difference in YAP and TAZ functions are 

poorly elucidate, with research primarily focusing on YAP function, leaving most of TAZ 

function to be inferred.  

1.12 The Hippo pathway in disease  

Extensive studies have shown that the Hippo pathway has tumour suppressive 

function with dysregulation observed in many cancers. Aberrant YAP/TAZ activity and 

nuclear localisation resulting from mutations or dysregulation of Hippo pathway 

components such as STK4 and LATS1, or amplification of YAP1 or WWTR1 (the gene 

name for TAZ) have been observed in most solid cancers and is often linked to poor 

prognosis. In most cancers, low expression of Hippo pathway components or high 

expression of YAP/TAZ has been linked to a poor overall outcome (184, 185). Hippo 

pathway dysregulation by oncogenic viruses, such as Hepatitis B virus and HPV, has 

also been observed (173, 186). Loss of key regulators of YAP activity such as STK4 is 

also linked to poor disease outcome (187).  

Sustained nuclear YAP/TAZ promotes cancer stem cell properties such as 

proliferation, apoptosis evasion and metastasis (188). YAP/TAZ dependent genes 

promote various hallmarks of cancer and have been observed to be overexpressed in 

many cancers. Overexpression of Bcl-2 an anti-apoptotic YAP/TAZ dependent gene, 

suppresses mitochondrial-mediated apoptosis induced by apoptotic signals such as Fas 

expression. The oncogene myc is another YAP/TAZ/TEAD dependent gene. 

Overexpression of myc has been seen in many cancers and has been linked to the 

promotion of proliferation and cell cycle disruption (189). 
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Another hallmark of cancer that YAP/TAZ activity promotes is metastasis. There 

is evidence for increased YAP/TAZ activity promoting most steps of metastasis including: 

EMT, invasion/migration, intravasion, extravasation and metastatic growth. For example, 

increased nuclear YAP/TAZ is associated with a loss of epithelial architecture which is 

one of the first events in EMT. This forms a positive feedback loop as EMT inactivates 

the Hippo pathway, resulting in increased YAP and TAZ activity (190).  

However, the full extent of Hippo pathway disruption in many cancers is still 

unknown. In most cases, immunohistochemistry is used to show increased nuclear 

YAP/TAZ, but the underlying reasons are often not investigated. Frequently it is not 

known whether this is due to the amplification of YAP/TAZ genes themselves or if this is 

due to disruption of an upstream Hippo pathway component resulting in decreased Hippo 

pathway signalling. In prostate cancer, multiple mechanisms lead to increases in YAP 

mRNA and protein expression. For example, Heat shock protein 27 (Hsp27) degrades 

STK4, leading to increased nuclear YAP and ETS-regulated gene transcription factor 

increases YAP promoter activity (191, 192). Not only does this make clear the 

importance of YAP in prostate cancer, but it also highlights the variety of mechanisms in 

YAP/TAZ modulation in a single type of cancer. Elucidating such mechanisms and 

understanding how the Hippo signalling pathway is dysregulated in cancer could be the 

key to developing new therapeutic treatments.  

The Hippo pathway also plays roles in diseases other than cancer. YAP lessens 

lung inflammation in bacterial pneumonia by inhibiting NFκB, circumventing the 

continuous recruitment of immune cells to prevent persistent lung inflammation (193). 

Loss of function mutations or deletion of NF2 results in neurofibromatosis type 2, a 

disease characterised by the development of usually benign tumours termed bilateral 

vestibular schwannomas as well as other symptoms such as deafness (194).  



63 
 

1.12.1 The Hippo pathway and HPV 

Currently Hippo pathway dysregulation in HPV-driven cancers is not well-

elucidated. Although YAP has been observed to be increased in cervical cancer, its role 

is not yet fully understood, despite evidence suggesting YAP overexpression alone is 

sufficient to induce cervical dysplasia (173, 195). Recent work by Hatterschide et al 

showed YAP is activated by HPV E7 through degradation the of YAP inhibitor PTPN14 

in HPV-positive oropharyngeal cancers and clearly demonstrating the necessity of YAP 

in HPV infection and carcinogenesis (196). Furthermore, aberrant YAP activity facilitates 

HPV infections in transgenic mice, likely through both increase HPV receptors and 

inhibiting type 1 IFN signalling (195).  

However, there is conflicting evidence of the role of TAZ in cervical cancer with 

studies citing it as a tumour suppressor and an oncogene (197, 198). Furthermore, most 

Hippo pathway components have not been investigated in cervical disease.  

1.12.2 Targeting YAP and TAZ in disease 

Given the important role Hippo pathway components play in many solid cancers, 

targeting the Hippo pathway therapeutically has been a focus of research. The most 

common approach has been to disrupt YAP/TAZ and TEAD interactions. While initial 

YAP-TEAD inhibitor verteporfin had cytotoxicity issues, in more recent years more viable 

therapeutics have been developed. Most recently, drug design has focused on targeting 

palmitoylation sites of TEAD. However, very few therapeutics target YAP or TAZ directly, 

mostly due to the disordered and flexible nature of the proteins. Even though the many 

existing anti-cancer compounds are kinase inhibitors, few clinically viable kinase 

activators are currently available, none of which are known to activate Hippo pathway 

upstream components (199). 
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 Targeting downstream targets of YAP and TAZ may be a better therapeutic 

option such as PD-L1, inhibitors of which have been shown to be promising in many 

cancers (200).  

1.13 MicroRNA 

1.13.1 Biogenesis  

MicroRNAs (miRNAs) are often dysregulated in cancer, including HPV-related 

cancers (174, 201, 202). Since their discovery in the 1990s, it has been apparent that 

miRNAs play key roles in the regulation of cellular processes and could be used as 

biomarkers for certain diseases (203-205). miRNAs are ~22 nucleotide long, short non-

coding RNA species expressed in nearly all eukaryotes. Most miRNAs are transcribed 

by RNA polymerase II in the form of primary miRNAs (pri-miRNAs) and can be encoded 

in the introns of protein-coding genes (intronic), in individual genes (monocistronic) or as 

gene clusters (polycistronic). pri-miRNAs are then processed to single hairpin loops 

called precursor miRNAs (pre-miRNAs) by a complex called the microprocessor 

containing Drosha and DiGeorge Syndrome Critical Region 8 (DGCR8) proteins (Figure 

1.13). Next the pre-miRNAs are exported to the cytoplasm and processed by Dicer to a 

dsRNA loop 20-22nt long (this is the mature RNA sequence). In the last step of 

processing an Argonaute (AGO) protein family member selects one strand of the duplex, 

known as the guide strand and the other strand is discarded (206). This is known as the 

RNA-Induced Silencing Complex (RISC).  

1.13.2 miRNA function 

Mature miRNAs act as post-transcriptional repressors through binding to mRNA 

through complementary sequences. Most commonly miRNAs bind to the 3’UTR of an 

mRNA transcript, leading to translational repression by targeting the mRNA for storage 

in P-bodies or degradation. However, miRNAs can also bind to the 5’UTR of target 

mRNA to act in a transcriptional repressive manner (203). 
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Mature miRNAs carry out their functions by binding with AGO proteins, usually 

Ago2, by its middle domain and P-element induced wimpy tests (PIWI) domain binding 

to the 5’ of the miRNA and Piwi-Argonaute-Zwille (PAZ) domain binding to the 3’ end. 

When a miRNA binds to a target with full complementarity while also bound to Ago2, it 

leads to Ago2 cleaving the target mRNA. Although there are 4 AGO proteins encoded in 

the human genome, Ago2 is the best characterised and is the main AGO protein with 

the ability to cleave target mRNA (207, 208). Nucleotides 2-8 of the miRNA sequence 

are key for the targeting of mRNA transcripts and form the seed sequence. However, 

targets with a 2-7 or 3-8 nucleotide complementarity can also be targeted but to a weaker 

extent (209). miRNAs can not only cleave target mRNAs, but they can inhibit their 

translation to prevent protein expression. This likely occurs the release of eukaryotic 

initiation factors 4 A-I and A-II (eIF4A-I and eIF4A-II) and mediating mRNA decay by 

promoting decapping of mRNA transcripts leading to mRNA decay. Although there is 

debate about how eIF4A-I and eIF4A-II are released, one hypothesis suggests the 

mature RNA-induced silencing complex (mRISC) induces the release from the target 

mRNA, inhibiting ribosome scanning and the formation of the eIF4F translation initiation 

complex (210).  
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Figure 1.13 miRNA biogenesis pathway. Schematic of the miRNA biogenesis pathway. After 

transcription, pri-miRNAs are processed into pre-miRNAs by the microprocessor before the pre-

miRNAs are transported out of the nucleus. The Dicer complex then cleaves the pre-miRNA and 

the guide strand is selected by AGO forming the mature mi-RNA (211). 

1.13.3 Regulation of microRNAs 

Regulation of microRNA expression is highly complex, it can be on either a 

transcriptional or post-transcriptional level, including regulation of biogenesis and post-

processing regulation. Additionally, regulation can be specific to certain microRNAs or 

can affect the global microRNA expression. MicroRNAs transcriptional regulation occurs 
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in a similar manner to protein-coding genes, including epigenetic silencing through DNA 

methylation. For example, miR-203 a tumour suppressive miRNA has been observed to 

be downregulated in many cancers with low expression linked to EMT and oncogenesis 

(212). The promoter region of miR-203 contains several CpG islands which are 

methylated in cancer, suppressing the expression of miR-203 (213). 

Another way microRNAs can be regulated is sequestering by competing 

endogenous RNA (ceRNAs). ceRNAs act as miRNA sponges, binding to miRNA 

preventing them from binding to their mRNA targets. Pseudogenes, lncRNAs and 

circRNAs have ceRNA activity and have been reported to have dysregulated expression 

in cancer, altering miRNA expression and activity.  

1.13.4 MicroRNA and malignancy  

1.13.4.1 MicroRNAs in cancer 

Dysregulation of miRNAs in cancer was first reported in 2002 when miR-15 and 

miR-16 were found to be frequently deleted in chronic lymphocytic leukaemia (214). 

Since then many miRNAs have been identified to be dysregulated, with dysregulated 

miRNAs found to be both tumour suppressive and oncogenic. With more miRNAs and 

their interactions being discovered in diseases, the importance of understanding their 

interactions is evident. As miRNA expression is very tissue dependent, it can be used to 

differentiate between different cellular subtypes, as it has been shown for both prostate 

and leukemic (215, 216). Additionally, miRNAs could be used as biomarkers for 

metastasis, with certain miRNAs strongly linked to promoting various steps in metastasis 

(217). Clinical trials currently underway are largely aim to utilise miRNA profiles for 

tumour classification or for markers of prognosis but the potential for therapeutic 

targeting miRNAs is great. 

1.13.4.2 MicroRNAs and viral infection 

Dysregulation of host microRNAs occurs commonly upon virus infection as a 

method to dysregulate host cellular processes. This includes viruses such as: Kaposi's 
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sarcoma-associated herpesvirus (KSHV), Herpes simplex virus type 1, hepatitis C virus 

(HCV), Epstein Barr Virus (EBV) and Dengue virus (218-221). For example, EBV 

encode- latent membrane protein 1 (LMP1) induces miR-146a expression leading to 

microRNA-mediated suppression of IFN response genes hence dysregulating the 

immune response in latency. LMP1 mimics constituently active tumour necrosis factor 

receptor and activates transcription factors such as NF-κB inducing miR-146a 

expression through 2 NF-κB binding sites in the miR-146a promoter (218). 

1.13.4.3 MicroRNAs and HPV  

Numerous cellular miRNAs have already been determined to be dysregulated by 

HR-HPV however, the function of many of the miRNAs dysregulated remains unknown 

(201). Not only has the alteration of miRNA expression been observed to promote 

oncogenesis in HPV-related cancer, but they can also play a role in the virus lifecycle 

(202, 222, 223). For instance, upregulation of miR-9, miR-21 and miR-155 has been 

linked to the promotion of metastasis and proliferation and as such they have been 

suggested as biomarkers in HPV-driven cervical cancer (224, 225). However, miRNA 

expression profiles are often cell type specific and vary between cancer subtypes, 

therefore it remains unknown if miRNAs dysregulated by HPV are virus-specific, specific 

to the site of the cancer. In recent years, many mechanisms of miRNA dysregulation by 

HPV have been suggested with both E6 and E7 reported to play roles (174).  

1.13.5 miR17-92 cluster  

The miRNA-17-92 cluster is an example of an oncogenic polycistronic miRNA 

cluster that has been seen to be widely expressed in prostate, breast, lung and 

pancreatic cancer. The cluster is composed of 6 miRNAs; 17, 18a, 19a, 20a, 19b-1 and 

92a-1, that are transcribed as one pri-miRNA but form individual mature miRNAs (226, 

227). All the mature members of this cluster have been linked to tumourigenesis and 

certain members such as miR-18a and miR-19 have also been linked to regulation of 

developmental processes. Although oncogenes such as MYC have been linked to the 
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transcriptional upregulation of the cluster, it is theorised that post transcriptional 

processing plays a role in the upregulation of the mature miRNA (226). The miR-17-92 

cluster has two highly conserved paralog clusters; miR-106b-25 and miR-106a-363 

containing 15 miRNAs. The miR-17-92 cluster is split into 4 groups based on sequence, 

and currently there are more than 30 confirmed targets of the cluster including PTEN, 

E2F1 and BIM with many more predicted (228-231). Although each member has different 

cellular targets, all have been evidenced to be oncogenic.  

The cluster also plays key roles in normal development, found to be highly 

expressed in embryonic cells and deletion of the cluster in mice led to perinatal lethality 

with embryos expressing severe skeletal abnormalities (232). The mice embryos also 

had less developed lungs and a reduced number of pre-B cells indicating problems with 

epithelial proliferation, branching and B-cell maturation (232, 233). The mice embryos 

with deleted miR-17-92 cluster exhibited a phenotype similar to Feingold syndrome in 

humans, a disease characterised by multiple skeletal abnormalities in fingers and toes, 

microcephaly and short stature. A study found that patients with Feingold syndrome were 

found to have deletions in the MIR17HG locus, the gene that encodes the miR-17-92 

cluster (234).  

1.13.5.1 miR-18a  

miR-18a is considered to be the most oncogenic member of the cluster, 

evidenced to promote oncogenesis and angiogenesis. It is one of them most highly 

expressed miRNAs and has been observed to be upregulated in many cancers including; 

HNSCC, breast cancer, prostate cancer and hepatocellular carcinoma. Additionally, 

overexpression of miR-18a has been linked with poor prognosis and has been suggested 

to be used as a blood-based biomarker to screen patients (235). In NSCLC, miR-18a is 

significantly upregulated and targets IRF2. IRF2 plays a key role in regulating cellular 

responses in tumourigenesis, apoptosis and migration and therefore miR-18a has been 

suggested as a therapeutic target (236).  
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Another target of miR-18a is a STK4, as previously discussed, a key regulator of 

the Hippo signalling pathway. In prostate cancer cells, overexpression of miR-18a led to 

targeting of STK4, leading to promoting of proliferation and colony formation. The same 

study also stated that increased targeting of STK4 led to enhanced AKT phosphorylation. 

It has been suggested that miR-18a promotes tumourigenesis both in vitro and in vivo, 

suggesting antagonising miR-18a could be a therapeutic strategy in prostate cancer 

(237).   

In gastric cancer, overexpression of miR-18a led to the increased targeting of 

protein inhibitor of activated STAT3 (PIAS3), a negative regulator of oncogene STAT3, 

leading to enhanced expression of downstream STAT3 targets. miR-18a plays a vital 

role in the development of gastric cancer. Targeting of PIAS3 was also observed in 

malignant mesothelioma by miR-18a, with miR-18a expression negatively correlated 

with patient survival (238, 239). Furthermore, miR-18a has been seen to be upregulated 

in cervical cancer in one study, suggesting miR-18a indirectly upregulated PD-L1, an 

immune receptor overexpressed in cervical cancer. Additionally, they also suggested 

miR-18a targets the well-characterised tumour suppressor PTEN (240).  

1.13.5.2 Regulation of the miR17-92 cluster 

As with other microRNAs, regulation of the miR-17-92 cluster can occur on two 

levels; regulation of transcription or post transcriptional, which includes the regulation of 

miRNA processing. As the cluster is transcribed as one, transcription regulates the whole 

cluster, whereas post-transcriptional regulation can regulate individual miRNA members. 

Although several transcription factors have been indicated to regulate the cluster, one of 

the best characterised regulators of miR-17-92 transcription. Depletion of c-myc in HeLa 

cells led to reduction in the expression of miR-17-92 cluster members (241). Another 

members of the myc family, N-myc control miR-17-92 expression through activation by 

sonic hedgehog/patched signalling pathway (242). In prostate cancer SOX4, a 

developmental transcription factor and oncogene, transcriptionally upregulates the miR-
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17-92 cluster to promote cancer progression (243). Although it is well documented that 

transcription factors regulate the expression of the cluster, other post-transcriptional 

mechanisms are equally important including the tertiary structure of the pri-miR-17-92 

cluster. The folded RNA means certain regions are accessible and inaccessible to 

Drosha, for example, normal folding means that access to miR-19b and miR-92a (the 3’ 

core) is impaired and disruption can lead to dysregulated miR-92 expression (244).  

Certain mechanisms of post-transcriptional regulation can be specific to certain 

members of the cluster. Although this regulation has not been completely elucidate and 

is complex, an example of this is the regulation of miR-18a by Heterogeneous nuclear 

ribonucleoproteins A1 (hnRNP A1). hnRNP A1 is a nucleo-cytoplasmic shuttling protein 

linked to mRNA metabolism and has functions in alternative splicing regulation (245, 

246). However, hnRNPA1 can bind specifically to stem-loop structure of pri-miR-18a to 

facilitate the processing of the miRNA by maintaining secondary structures for Drosha 

recognition and to possibly prevent binding of unknown factors (247).  

Other cofactors such as cleavage and polyadenylation specificity factor subunit 

3 (CPSF3) and the spliceosome associated ISY1 splicing factor homolog (ISY1) 

specifically associate with the cleavage site of pri-17-92, promoting processing of all 

cluster members apart from miR-92, increasing their expression (248, 249).  

Staphylococcal nuclease and Tudor domain containing 1 gene (SND1) is a key 

component of the RISC complex that has been linked to the degradation of miRNAs as 

well as splicing activities. However, SND1 can bind to all members of the miR-17-92 

cluster in pri, pre and mature forms and is a modulator cluster processing. A study 

showed that when SND1 was knocked down in the presence of a hypoxia mimicking iron 

chelator DFO, the ratio mature:pre miRNA was significantly decreased, but the exact 

mechanism of how SND1 regulates the cluster processing is not known (250).  
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Although AGO2 has canonical roles in the biogenesis of all miRNAs, it has 

specific roles for maturation of miR-17-92 cluster members. Acetylation of AGO2 at three 

specific sites K720, K493, and K355 increased maturation of miR-19b, specifically in the 

pre to mature step of biogenesis. This led to increased recruitment and therefore 

processing of miR-19b due to a UGUGUG motif. P300/CBP can acetylate AGO2 while 

HDAC7 can deacetylate it, leading to a fine control of the final step of the miRNA 

biogenesis pathway, leading to increased mature miR-19b levels (251).  

Another mechanism of post-transcriptional regulation often dysregulated in 

cancer is sponging by non-coding RNAs. Unlike other mechanisms, non-coding RNAs 

do not regulate miRNA processing but instead can bind to the mature miRNA and acting 

as a sponge, preventing mature miRNA activity. lncRNA cancer susceptibility candidate 

2 (CASC2) is a tumour suppressive lncRNA in glioma cells due to its ability to target miR-

18a. The loss of this lncRNA leads to overexpression of miR-18aand increased targeting 

of miR-18a-5p targets. Loss of such ceRNAs is a commonly seen mechanism in cancer, 

leading to overexpression of the mature miRNAs without any changes in biogenesis 

(252).  
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Thesis aims  

HPV is the causative agent for the vast majority of cervical cancer, a disease which 

remains a major global health issue despite available vaccines. Even with ongoing 

research there are currently no specific therapeutics for HPV-driven cancers. To develop 

such treatments, a better understanding of how HPV transforms cells is crucial. Recent 

work in the Macdonald group has highlighted how the dysregulation of signalling 

pathways is important in cervical cancer tumourigenesis and found in particular that the 

Hippo signalling pathway is pivotal in transformation. Preliminary data found STK4, the 

key kinase of the Hippo signalling pathway to be lost in cervical cancer but the 

mechanism of how this occurred remained elusive. Furthermore, recent studies by others 

have focused mainly on the critical role of YAP in HPV-driven cancer, I contrast both the 

roles and regulation of other Hippo pathway components such as TAZ has been less 

clear. With this in mind the objectives of this work are:  

1) Elucidate the mechanism of STK4 dysregulation in HPV+ cervical cancers  

2) Investigate the regulation of YAP paralog TAZ in cervical cancers  

3) Characterise the role of TAZ in HPV-driven cervical cancers  

4) Identify and characterise TAZ-dependent genes in cervical cancers 
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Chapter 2. Material and Methods 

2.1 Bacterial cell culture  

2.1.1 Bacterial growth and storage  

DH5α Escherichia coli strain (NEB, USA) were grown on semisolid medium (agar 

in Luri-­Bertani (LB) Medium) and in liquid shaking cultures (LB medium: 10 g/L tryptone 

soya broth, 10 g/L NaCl, 5 g/L yeast extract), overnight (o/n) at 37°C with appropriate 

antibiotic; 50  μg/μL  Kanamycin or 100 μg/μL Ampicillin for selection. For long-term 

storage, cells were frozen at -80ºC in 1:1 ratio of 50% glycerol to liquid broth.  

2.1.2 Transformation of competent bacteria with plasmid DNA  

To transform DH5α bacteria, 50 µl of bacteria were incubated with 1 µl plasmid 

DNA on ice for 20 minutes before undergoing heat shock treatment at 42ºC for 45 

seconds. Cultures were incubated on ice for 5 minutes before the addition on 949 µl of 

LB medium and 1 hr incubation at 37ºC shaking at 180rpm. Cultures were then streaked 

onto selective semisolid medium. Plasmids used can be found in table 1 in Appendix.  

2.1.3 Preparation of plasmid DNA  

For small scale plasmid purification, 10 ml of selective LB medium were 

inoculated with a single colony grown on selective semisolid medium and then incubated 

o/n at 37ºC shaking at 180 rpm. Cells were centrifuged at 4000 x g for 30 mins at 4ºC to 

harvest before plasmid DNA was purified using sodium dodecyl sulfate (SDS)-alkaline 

denaturation method employed by the Wizard® Plus SV Minipreps DNA Purification 

System (Promega, UK) following manufacturer’s protocol. Plasmid DNA was eluted with 

100 µl ddH2O.  

For large scale plasmid purification, 20 ml of selective LB medium was inoculated 

with a single colony grown on selective semisolid medium and then incubated for 8hrs 

at 37ºC shaking at 180 rpm. Following this 80 ml of selective LB medium was added and 

cultures were incubated o/n at 37ºC shaking at 180rpm. Cells were centrifuged at 4000 
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x g for 30 mins at 4ºC to harvest before plasmid DNA was purified Plasmid Maxikit 

(Qiagen, Germany) following to the  manufacturer’s protocol. Plasmid DNA was eluted 

with 200- 1000 µl ddH2O 

Concentration of plasmid DNA was determined using a Nanodrop 

spectrophotometer (Thermo Fisher Scientific, USA).  

2.2 Molecular cloning  

2.2.1 Plasmid DNA vectors and oligonucleotides  

A list of oligonucleotides used and plasmid vectors can be found in the appendix 

(table 2). Primers were designed using NCBI Blast and IDT “The OligoAnalyzer™ Tool” 

was used to avoid unwanted complementarity. 

2.2.2 PCR (Q5)  

DNA target sequences were amplified using Q5 high-fidelity DNA polymerase 

(NEB, M0491) in 50 µl reactions. Each reaction contained 200 µM dNTPs, 0.5 µM of 

forward and reverse primers, 20 ng template DNA, 1x Q5 reaction buffer, 1.5 µl DMSO 

and 0.02 U/µl Q5 high-fidelity polymerase. All reactions were prepared on ice before the 

following protocol was used; 98⁰C 30 seconds, 35 cycles of 98⁰C for 10 seconds, 50-

72⁰C for 30 seconds and 72⁰C for 30 seconds/kb before 72⁰C for 2 minutes. Annealing 

temp was determined using NEB Tm calculator. DNA integrity was confirmed by agarose 

gel electrophoresis.  

2.2.3 Agarose Gel Electrophoresis  

0.8-2% agarose gels were prepared (0.8-2% w/v agarose in Tris-acetate-EDTA 

buffer (TAE, 40 mM Tris base, 20 mM Acetic acid and 1 mM ethylenediamine tetraacetic 

acid (EDTA))) with 1 x SYBR safe DNA gel stain (Invitrogen, S33102). 5 µl of DNA was 

added in 1x Gel loading dye (NEB, B7025S) alongside 6 µl of prestained DNA ladder. 

Electrophoresis was used to separate out DNA at 70 V for 1 hr in TAE buffer. The 

agarose gel was then imaged using a Syngene InGenius gel documentation system 
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(Syngene Bioimaging). The PCR product was then purified with the Monarch PCR and 

DNA cleanup kits per manufacturer’s instructions.  

2.2.4 Restriction digest  

For restriction digestion, plasmids and purified PCR products were digested with 

appropriate restriction digest enzymes (NEB). Both single and double digestions were 

carried out to access efficiency of digestion reaction. Each reaction contained 1 µg of 

DNA, 1 x CutSmart buffer and 10 units of appropriate restriction digest enzymes in a total 

reaction volume of 50 µl. Reactions were incubated first at 37ºC for 1 hr and then at 65ºC 

for 20 minutes to heat inactivated the enzymes (when possible).  

2.2.5 Shrimp alkaline phosphatase treatment  

Linearised plasmid vectors were treated with 1 unit of recombinant shrimp 

alkaline phosphatase and incubated 37 ºC for 30 minutes and then at 65 ºC for 5 minutes 

to heat inactivated the enzymes. 

2.2.6 DNA ligation  

T4 DNA ligase (NEB, M0202S) was used to insert digested PCR products into 

digested and phosphatase treated plasmids. Each reaction contained 1 x T4 DNA ligase 

buffer, 100 ng of digested plasmid with the insert in a 1:3 ratio and 200 units of T4 ligase 

buffer in a total reaction volume of 50 µl. Reactions were incubated at 16 ºC o/n before 

transformation into chemically competent DH5α (2.1.2). 

2.2.7 Colony PCR  

To confirm correct ligation, several single colonies were selected and incubated 

for 4 hrs in 1 mL of LB media. Colony PCR was conducted using BLANK according to 

manufactures protocols. Each reaction 1 x Green Go Taq Reaction Buffer, 0.2 mM of 

each dNTP, 0.2 µM of forward and reverse primers, 1.25 units of GoTaq G2 DNA 

polymerase and bacterial culture in a total volume reaction of 50 µl. Each reaction was 

run on an agarose gel (2.2.3).  
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2.2.8 Sequencing  

2.2.9 shRNA design  

21-mer optimal targeting sequence was designed against (preferably) the non-

coding region of the gene of interest. Rules followed while designing include: G-C content 

of less than 50%, no repeats of 4 or more nucleotides (especially T) and an A or T 

between positions 15-19. IDT “The OligoAnalyzer™ Tool” was used to avoid unwanted 

complementarity. Primer sequences can be found in the appendix. 

 2.2.10 shRNA cloning  

pLKO.1-TRC cloning vector (Addgene) was digested with AgeI and EcoR1-HF 

restriction digest enzymes (NEB) to remove 1.9kb stuffer. Each reaction 3 µg of plasmid, 

1 unit of appropriate digest enzyme and 1x CutSmart buffer in a total volume of 20 µl. 

The reactions were incubated for 3 hours and then ran on a 0.8% agarose gel in 1x 

loading dye (NEB) until 2 distinct bands could be observed. The 7kb band was cut from 

the gel and extracted using Monarch® DNA Gel Extraction Kit as per manufacturer’s 

instructions.  

shRNA oligos were annealed by incubating each reaction at 95⁰C for 4 minutes, 

70⁰C for 10 minutes and then slowly cooling to room temperature over several hours in 

a water bath. Each reaction contained 5 µl of both forward and reverse 20 µM oligos and 

1x NEB buffer 2 in a total volume of 50 µl. 

Annealed oligos and digested pLKO.1-TRC cloning vector were ligated using T4 

DNA ligase (Promega). Each reaction contained 2 µl annealed oligos, 20ng of digested 

pLKO.1-TRC cloning vector, 1x NEB T4 DNA ligase buffer (Promega), 1 µl T4 DNA 

ligase in a total final volume of 20 µl. Reactions were incubated overnight at 16⁰C before 

transformation into competent DH5α cells.  
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2.3 Protein biochemistry  

2.3.1 Cell lysis  

Media was aspirated and mammalian cells were washed twice with phosphate 

buffered saline (PBS) and lysed in 200/400/1,000 μl for 6 well, 6 cm2 and 10 cm2 dishes 

respectively of RIPA buffer (150 mM NaCl, 1% Nonidet P-40 (v/v), 0.5% sodium 

deoxycholate (w/v), 0.1% sodium dodecyl sulfate (SDS) (w/v) and 25 mM Tris-HCl pH 

7.4, plus 1x Protease inhibitor cocktail, EDTA-Free (Roche, Switzerland)). Cells were 

incubated on ice for 20 minutes before cells were scraped and transferred into 

eppendorfs. Cells were then centrifuged at 17,000 x g for 10 minutes to removed 

insoluble precipitates and supernatant was transferred to a fresh Eppendorf tube. 

Samples were stored at -20⁰C.  

2.3.2 Protein bicinchoninic acid assay (BCA) for protein concentration  

Protein concentrations were calculated using a BCA assay following the 

manufacturer’s protocol (Thermo Fisher Scientific, USA). Standard dilutions 0 μg/ml to 2 

μg/ml of bovine serum albumin were prepared in appropriate matched lysis buffer. Cell 

lysates were 1:40 in assay reagent following manufactures instructions. BCA standards 

and samples were ran in duplicate in a 96 well plate. After 10 min incubation at 37°C, 

the absorbance at 562 nm was read on a PowerWave XS2 Microplate 

Spectrophotometer (BioTek, UK). Absorbance values were calculated by the software 

(Gen5 1.11, BioTek, UK). Measurements were used to determine samples protein 

concentration.  

2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)  

Equal amounts of protein were loaded onto a 8%, 10%, 12.5% and 15% SDS-

polyacrylamide gel (v/v) for the appropriate protein resolutions (separating gel: 8%, 10%, 

12.5% and 15% Acrylamide (v/v), 375 mM Tris/Cl, pH 8.8; 0.1% SDS (w/v), 0.1% APS 

(w/v), 0.01% TEMED (v/v); stacking gel: 6% Acrylamide (v/v), 125 mM Tris/Cl, pH 6.8; 
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0.1% SDS (w/v), 0.1% APS (w/v), 0.01% TEMED (v/v)). Samples were resuspended in 

2 x Laemmli Sample Buffer (32.9 mM Tris.HCl pH 6.8, 13.15% glycerol (v/v),1.1% SDS 

(w/v), 0.01% bromophenol blue (w/v), 0.1% β-mercaptoethanol (v/v)) in a 1:1 ratio. 

Protein was separated alongside 2 µl BLUeye Pre-Stained Protein Ladder (Sigma) and 

separated according to molecular weight using a Mini-PROTEAN Tetra cell (Biorad) at 

80-160 V in 1x SDS running buffer (34.7 mM SDS, 250 mM Tris Base, 1.92 M Glycine) 

until proteins were resolved.  

2.3.4 Western blotting  

After protein resolution, the SDS-PAGE gels were transferred on to Amersham 

Protran 0.2 µm pore nitrocellulose, (Amersham BioSciences, 10600001) using a Trans-

Blot Turbo Transfer System (BioRAD). Nitrocellulose membranes were then blocked in 

5% w/v dried skimmed milk powder in TBS-T (TBS: 25 mM Tris/Cl, pH 7.5; 138 mM NaCl 

and 0.1% Tween-­20)) for 1 hr at room temperature before incubation in primary antibody 

diluted accordingly (table 3 can be found in the appendix) o/n at 4ºC on a shaking 

platform. Membranes were washed 4 x 5 minutes in Tris-buffered saline (TBS) with 

0.1%Tween (TBS-T) at room temperature before incubation in appropriate secondary 

antibody (conjugated to horseradish peroxidase diluted in 5% w/v dried skimmed milk 

(1:5000) for 1 hr at room temperature. Membranes were then washed 4 x 5 minutes in 

TBS-T at room temperature. To detect chemiluminescent signal, membrane were 

incubated with Molly-brewTM solution A containing 0.25 mM luminol, 0.396 mM coumanic 

acid and 10 mM Tris-HCl pH 8.5 and ECL solution B containing 64 µl 30% hydrogen 

peroxide and 10 mM Tris-HCl pH 8.5 and visualised on X-ray film using Xograph 

Compact 4 machine.  

2.3.5 Densitometry  

Western blot films were scanned for digitalisation so protein levels could be 

quantified using Image J (National Institutes of Health, USA). Protein bands were 
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selected using the square tool before band intensity was determined with the measure 

function and the background intensity was deducted.  

2.4 RNA work  

2.4.1 RNA extraction  

To extract total RNA, cells were lysed in 350 µl of TRK lysis buffer and lysates 

were processed with the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek) following 

manufactures protocols. RNA was eluted in 40 µl nuclease-free H2O and yields were 

determined using a Nanodrop spectrophotometer (2.1.3).  

2.4.2 One-step Quantitative Real-time PCR  

Real time PCR reactions were performed using GoTaq Taq 1-Step RT-qPCR 

System (Promega) and a CFX connect Real-Time System (Biorad). Reactions contained 

10ng RNA, 5 µl GoTaq qPCR Master Mix, 0.2 µl GoScript™ RT Mix and 0.4 µM of each 

specific forward and reverse primer for each gene (table 4 can be found in the appendix) 

in a total volume of 10 µl with nuclease-free H2O.The PCR was conducted as follows: 

50⁰C for 10 minutes, 95⁰C for 5 minutes to allow for reverse transcription then a two-step 

cycle of denaturation 95⁰C for 10 seconds followed by a combined annealing and 

extension 60⁰C for 30 seconds which was then repeated 39 times. Data generated was 

analysed using ΔΔCt method with U6 used as a housekeeper control.  

2.4.3 miScript RT 

For microRNA analysis, RNA was processed with miScript II RT kit (Qiagen). 

1000ng of RNA, 10x miScript Reverse Transcriptase Mix, 10x miScript Nucleic Mix and 

5x miScript HiSpec Buffer were combined in a total volume of 20 µl at room temperature 

before incubation at 37⁰C for 1 hour followed but 5 minutes at 95⁰C to inactivate the 

reverse transcriptase. Resultant cDNA was diluted in nuclease-free water in a 1:10 ratio.  
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2.4.4 miScript Real-time quantitative PCR 

For real time quantitative PCR of microRNAs, reactions were performed with 

miScript SYBR Green PCR Kit (Qiagen) and a CFX connect Real-Time System (Biorad). 

Reactions contained 10 µl 2xSYBR, 2 µl 10x miScript universal primer, 2 µl 10x miScript 

primer assay specific to miRNA of interest and 1 µl cDNA equals (62.5 ng of cDNA) in a 

total reaction volume of 20 µl with nuclease-free H2O. The PCR was conducted as 

follows: an initial activation step at 95⁰C for 15 minutes followed by 40 3-step cycles of a 

denaturing step at 94⁰C for 15 seconds, an annealing step at 55⁰C for 30 seconds and 

an extension step at 70⁰C for 30 seconds. Data generated was analysed using ΔΔCt 

method with SNORD68 used as a housekeeper control. 

2.5 Trizol extraction  

2.5.1 Lysis 

To lyse cells, 1 ml of Trizol (Thermo Fisher Scientific, USA) was added per 5x106 

cells before homogenisation, followed by a 5 minute incubation at room temperature. 0.2 

mls of chloroform (Thermo Fisher Scientific, USA) was added and samples were 

vigorously mixed before incubation at room temperature for 3 minutes. Samples were 

then centrifuged at 12,000g for 15 minutes at 4⁰C to separate out the phases. At this 

point the aqueous phase was transferred to a new Eppendorf tube, taking care to not 

disturb phases. 

2.5.2 RNA precipitation  

To precipitate RNA 10 µg of glycogen was added to the aqueous phase alongside 

0.5 ml of isopropanol (stored at -80⁰C before use) before mixing and incubation at room 

temperature for 10 minutes. Samples were then centrifuged 10 minutes at 12,000g at 

4°C, with the RNA forming a white pellet. The supernatant was then discarded.  
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2.5.3 RNA wash and solubilisation  

RNA pellets were resuspended in 1 ml of 75% ethanol per 1 ml of Trizol, Samples 

were vortexed briefly before centrifugation at 7500g for 5 minutes at 4⁰C. The 

supernatant was then discarded and the sample was air dried before resuspension in 20 

µl of Nuclease-free water.  

2.5.4 DNase treatment  

To remove DNA from the samples, samples were processed using DNase 

treatment kit (Thermo Fisher Scientific, USA) following manufacturer’s instructions. 

2.5.5 Protein extraction  

Any remaining aqueous phase was removed before the addition of 0.3 mls of 

100% ethanol per 1 ml of Trizol reagent. Samples were inverted several times before 

incubation at room temperature for 3 minutes and centrifugation at 2000 g for 5 minutes 

at 4⁰C. Supernatant was transferred to a new tube and 1.5 ml of 100% isopropanol was 

added before incubation at room temperature for 10 minutes. Samples were then 

centrifuged for 10 minutes at 12,000 g at 4⁰C and the supernatant was discarded. Pellets 

were resuspended in 2 mls of 0.3M guanidine hydrochloride 95% ethanol (heated to 

50⁰C before use dissolved any precipitates) before incubation at room temperature for 

20 minutes and centrifugation at 7500 g for 5 minutes at 4⁰C. The supernatant was 

discarded and pellets were washed twice more. Pellets were then resuspended in 2mls 

of 100% ethanol and vortexed before incubation at room temperature for 20 minutes. 

Samples were centrifuged at 7500 g for 5 minutes at 4⁰C and the supernatant was 

discarded. Pellets were air dried and then lysed in 100 µl of RIPA lysis buffer. Insoluble 

material was not removed via centrifugation and samples were stored at -80⁰C.  

2.5.6 Trizol LS 

To extract RNA and protein from liquid samples, 750 µl of Trizol LS was used per 

250 µl of liquid sample. Samples were then homogenised using a 19-gauge syringe 
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before incubation at room temperature for 15 minutes. Samples were then processed 

following usual method (2.5-2.5.4) 

2.6 Mammalian cell culture  

2.6.1 Cell lines and maintenance   

HaCaT (Human immortalized keratinocytes), C33A (HPV negative cervical 

squamous carcinoma cells), SiHa (HPV16 positive cervical squamous carcinoma cells), 

CaSKi (HPV16 positive cervical squamous carcinoma cells), SW756 (HPV18 positive 

cervical squamous carcinoma cells) and HeLa (HPV18 positive cervical epithelial 

adenocarcinoma) cell lines obtained from ATCC were grown in DMEM supplemented 

with 10% fetal bovine serum (GIBCO, UK) and 50 U/mL Pen/Strep (Lonza, Switzerland). 

MS751 (HPV18 positive cervical squamous cell carcinoma derived from lymph node) cell 

line obtained from ATCC was grown in Eagle's Minimum Essential Medium 

supplemented with 10% fetal bovine serum and 50 U/ml Pen/Strep. C4-I (human 

squamous carcinoma of the uterine cervix) cell line obtained from ATCC was grown in 

Waymouth's MB 752/1 medium supplemented with 10% fetal bovine serum and 50 U/ml 

Pen/Strep. Primary normal human keratinocytes (NHKs) were grown in serum free media 

(GIBCO, UK) with 25 µg/mL bovine pituitary extract (GIBCO, UK) and 0.2 ng/mL 

recombinant EGF (GIBCO, UK) (Grown and pelleted by Dr David Kealy). Cells were all 

grown at 37°C and 5% CO2 (Sanyo, USA). All cell lines were kept in 75 cm2 flasks (T75) 

(Sarstedt, Germany) and all cell culture work was conducted in an Airstream Class II 

Biological Safety cabinet (ESCO, UK).  

2.6.2 Passaging of cell lines  

Upon reaching 80-90%, cell medium was aspirated and cells were washed once 

with sterile phosphate buffered saline (PBS) before detachment with 1% trypsin at 37ºC 

and 5% CO2 for the appropriate amount of time. The trypsin was then deactivated with 

complete DMEM media and then re-seeded into a T75 flask at a 1:8 ration of cell 

suspension: fresh DMEM or seeded into the appropriate flask at the required density.  
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2.6.3 Transfections with Lipofectamine 2000 

For transfection of HeLa, SiHa, CaSKi or C33A cells were seeded into 12 well, 6 

well, 60 mm or 100 mm cell culture plate (Corning, USA) at a density of 5 x 105, 1 x 106, 

2 x 106 or 5 x 106 cells/mL respectively and incubated overnight at the aforementioned 

conditions. The required amount of plasmid DNA was incubated in 200 µl of 1 x Opti-

MEM (GIBCO, UK) for 5 minutes at RT while in a separate tube, the required amount of 

Lipofectamine 2000 was incubated with 1 x Opti-MEM (GIBCO, UK) for 5 minutes at RT 

before tubes were combined. The mixture was incubated for a further 20 minutes at RT. 

Complete media in culture dishes was aspirated and replaced with Reduced Serum 

Media (GIBCO, UK) and mixture was added and cells were incubated overnight in 

aforementioned conditions. Media was replaced with fresh complete media and 

incubated for the appropriate length of time.  

2.6.4 Transfection of siRNA or miRNA mimic or antagonist with Lipofectamine 2000 

For transfection of HeLa, SiHa, CaSKi with siRNA, miRNA mimic or miRNA 

antagonist, cells were seeded into either 6-well dish at a density of 1 x 105 or 60 mm 

dishes at 2 x 105 cells/mL. siRNA, miRNA mimic or miRNA antagonist at the appropriate 

concentration was incubated in 200 µl of 1 x Opti-MEM (GIBCO, UK) for 5 minutes at RT 

while in a separate tube, the required amount of Lipofectamine 2000 was incubated with 

1 x Opti-MEM (GIBCO, UK) for 5 minutes at RT before tubes were combined. The 

mixture was incubated for a further 20 minutes at RT. Complete media in culture dishes 

was aspirated and replaced with Reduced Serum Media and the mixture was added 

dropwise and cells were incubated overnight. Media was replaced with fresh complete 

media and incubated for the appropriate length of time. 

2.6.5 Transient transfection with polyethylenimine 

To transfect HEK293TTs, cells were seeded into either a 6 well culture plate at a 

density of 1 x 106 cells/mL or 100 mm culture dish at 2 x 106 cell/mL respectively before 

incubation overnight (2.5.1). The required amount of plasmid DNA was incubated in 200 
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µl of 1 x Opti-MEM (GIBCO, UK) for 5 minutes at RT before polyethylenimine (PEI; 

23966, Polyscience Inc.) was added in a 4:1 ratio. The mixture was then incubated for a 

further 30 minutes at RT. Complete media in culture dishes was aspirated and replaced 

with Reduced Serum Media and the mixture was added dropwise and cells were 

incubated overnight. Media was replaced with fresh complete media and incubated for 

the appropriate length of time. 

2.7 Generation of stable cell lines  

2.7.1 Production of lentiviruses for gene transduction  

pPAK2, pVSVG and the shRNA plasmid were transfected into HEK293TTs in a 

ratio of 0.65:0.65:1.2 respectively. shRNA sequences used can be found in table 5 in the 

appendix. 

72 hours post transfection, complete DMEM media containing lentivirus was 

removed and filtered with a 0.45 µm regenerated cellulose filter (Sartorius, 16555-K). If 

not needed immediately, aliquots were frozen on dry ice and stored at -80⁰C. 

2.7.2 Virus transduction  

Appropriate cells were seeded at a density of 7.5x105 in s 100mm culture dish 

and incubated overnight. Media was aspirated and lentivirus containing media was 

added in a 1:1 ratio with fresh complete DMEM media to cells along with 4 µg/µl 

Polybrene (Santa Cruz, sc-134220) and 20 mM HEPES. Cells were then incubated for 

72 hours.  

2.7.3 Selection and production monoclonal cell line  

72 hrs post transduction, media was aspirated from cells and replaced with fresh 

complete DMEM media containing 2 μg/ml of puromycin (InvivoGen, ant-pr-1). Cells 

were passaged when appropriate and selected with puromycin for 2 weeks post 

transduction before puromycin concentration was lowered to 1 µg/ml to sustain cell line. 

Cells were then washed in PBS before detachment with 1% trypsin at 37ºC and 5% CO2 
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for the appropriate amount of time. The trypsin was then deactivated with complete 

DMEM media and cells were counted. 4095 cells were seeded into each well of column 

1 of a 96-well plate in 200ul of media. Serial dilutions of 1 in 2 using complete DMEM 

media were performed across the 96-well plate. Wells were then checked and marked if 

contained a single cell. Only cells from marked wells were passaged when appropriate, 

gradually increasing dish size until cells could be pelleted and screened.  

2.8 Immunofluorescence 

2.8.1 Cell seeding 

Cells were seeded onto coverslips (400-08-26; glass coverslips, Dia. 19. 

Academy Science, UK) at a density of 1x 105 and were transfected 24 hours later as 

required. Cells taken forward for staining were approximately 70% confluent.  

2.8.2 Fixation and permeabilisation  

Cells were fixed with 4% paraformaldehyde for 10 minutes, which was then 

removed and cells were washed twice in PBS for 3 minutes while rocking. Cells were 

then permeabilised with 0.10% Triton for 15 minutes before removal and cells were 

washed in PBS 3 times for 3 minutes while rocking.  

2.8.3 Immunolabelling  

After cells were permeabilised, cells were incubated for forty-five minutes at room 

temperature in 4% BSA/PBS to block. After blocking, cells were immediately incubated 

overnight in 4% BSA/PBS with primary antibodies inverted at 4⁰C. Primary antibodies 

were used at a concentration of 1:300. Cells were then washed in PBS 4 times for 5 

minutes before incubation in secondary antibodies Alexa 594 and Alexa 488 (1:400) 

(Invitrogen) in PBS with 4% BSA for 2 hours. DAPI was used to visualise nuclei. 

Coverslips were then mounted onto slides with Prolong Gold (Invitrogen). 
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2.8.4 Microscopy  

Labelled cells were then imaged using LSM880 upright (Zweiss, Germany) under an oil-

immersion 63 x objective lens. Images were processed in Zen black (Zweiss, Germany). 

2.8.5 TAZ immunofluorescence  

To visualise TAZ, cells were seeded onto coverslips at a density of 1x105 and 

incubated for 24 hours. Cells were then fixed in 4% paraformaldehyde for 10 minutes at 

room temperature before washing twice in PBS at room temperature for 3 minutes while 

rocking. Cells were then permeabilised with 0.3% Triton/PBS for 10 minutes at room 

temperature. Permeabilised cells were then washed 3 times with PBS while rocking for 

1 minute at room temperature. Cells were then blocked in 10% BSA/0.1%Triton/PBS 

(10%BSA/PBS-T) at room temperature 1 hour. Cells were immediately inverted and 

incubated in anti-TAZ primary antibody (1:100) in 2% BSA/PBST overnight in a humid 

chamber at 4⁰C. Cells were treated following usual immunofluorescence protocol.  

2.9 Cancer cell assays 

2.9.1 Growth curve assays  

At the experiment end point treated cells were reseeded in 6 well plate at a 

density of 5 x 105 or in a 12 well plate at a density of 2.5 x 10 5 depending on the 

experiment. Each condition was seeded and counted in duplicate. Cells were harvested 

daily and counted manually using a haemocytometer (Thermo Fisher Scientific, USA). 

Cells were harvested for 5 days post seeding.  

2.9.2 Colony formation assay 

Cells were transfected as required. 48 hour after transfection, cells were 

trypsinised and reseeded in a six well plate at 500 cells per well and left to incubate for 

14-21 days. Colonies were then stained using staining solution (1% crystal violet, 25% 

methanol) and colonies were counted manually. Each experiment was repeated at least 

3 times unless stated otherwise. 
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2.9.3 Soft agar assay 

Cells were transfected as required. 60mm dishes were coated with a layer of 1% 

agarose (Thermo Fisher Scientific, USA) in 2X DMEM (Thermo Fisher Scientific, USA) 

supplemented with 20% FBS and 100U/ml Pen/Strep. 48 hours after transfection, cells 

were trypsinised and cells were added to 0.7% agarose in 2X DMEM (Thermo Fisher 

Scientific, USA) supplemented with 20% FBS at 1000 cells/mL in a 1:1 ratio. Once set, 

normal DMEM was added. The plates were then incubated for 14-21 days. Each 

experiment was repeated at least three times unless stated otherwise. Visible colonies 

were counted manually. 

2.9.4 Wound healing assay 

Cells were seeded at a density of 5x105 and grown until fully confluent. When 

100% confluent cells were wounded with a p200 pipette tip. Media was then aspirated 

before cells were washed in PBS to remove any detached cells and fresh complete 

DMEM media was added before imaging using EVOS Auto 2 Microscope. Cells were 

the incubated for a further 24 hours before reimaging. Each condition was imaged 3 

times at each time point. Images were analysed in FIJI (FIJI Is Just Image J).  

2.9.5 Migration assay  

Cells were transfected as required. 48 hours post transfection, cells were 

trypsinised and reseeded at a density of 2.5 x104 in the cell culture insert of a Transwell 

assay in serum free media. Fresh complete DMEM media was added to the well (below 

the permeable membrane). Cells were then incubated a further 24 hours before all media 

was aspirated and all non-migrated cells (which remain above the membrane) were 

removed with a cotton swab without puncturing the membrane. Migrated cells were then 

stained before the membrane were imaged using EVOS. Images were analysed in FIGI.  

2.9.6 Invasion assay 

Cells were transfected as required. 48 hours post transfection, cells were 

trypsinised and reseeded at a density of 2.5 x104 in the cell culture insert of a Transwell 
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assay with matrix in serum free media. Fresh complete DMEM media was added to the 

well (below the permeable membrane). Cells were then incubated a further 24 hours 

before all media was aspirated and all non-invasive cells (which remain above the 

membrane) were removed with a cotton swab without puncturing the membrane. 

Invasive cells were then stained before the membrane were imaged using EVOS. 

Images were analysed in FIJI 

2.10 Small molecule inhibitors  

A list of inhibitors used can be found in the Appendix (table 6).  

2.11 Subcellular fractionation  

HeLa cells were seeded into 10cm dishes and grown to 70% confluency before 

harvested and washed with PBS. Cells were then incubated on ice in 150 µl of 

cytoplasmic lysis buffer 10 minutes before centrifugation at 800 g for 10 minutes. The 

supernatant was kept as the cytoplasmic fraction (20 mM Tris pH 7.5, 100 mM NaCl, 0.5 

mM EDTA, 0.5% NP-40, and protease inhibitor cocktail) and the pellet was resuspended 

and centrifuged at 800 g 3 times. Remaining pellet was lysed in 100 µl of RIPA buffer 

(50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 

protease inhibitor cocktail) with 1 µl of benzonase (EMD Millipore) for 30 minutes to 

obtain the nuclear fraction. 

2.12 Luciferase assay  

C33A, HeLa and CaSKi cells were seeded at the appropriate density for 70% 

confluence 24 hours post seeding in 12 well culture plates and were transfected using 

Lipofectamine (2.5.3) with a firefly reporter plasmid and a separate constitutively 

expressing Renilla luciferase plasmid for transfection efficiency. pEZX-PL01 plasmid 

vector contained both a firefly reporter plasmid and a constitutively expressing Renilla 

luciferase. psiCheck2 plasmids contained both Renilla luciferase reporter and a 

constitutively expressing firefly luciferase for transfection efficiency. Transfected cells 
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were incubated for the appropriate length of time before media was aspirated and cells 

were washed with PBS before aspirating followed by lysis Passive Lysis Buffer 

(Promega) (150 µl per well) at room temperature for 20 minutes, rocking. Samples were 

assayed for luciferase activities using Dual luciferase Stop and Glo reagent (Promega) 

and a luminometer (EG&G Berthold). Fold activity was calculated by dividing the relative 

luciferase activity of stimulated cells by that of mock-­treated cells 

2.13 HPV positive biopsy samples 

Archival paraffin-embedded cervical biopsy samples were obtained with informed 

consent. Subsequent analysis of these samples was performed in accordance with 

approved guidelines, which were approved by Glasgow Royal Infirmary: RN04PC003. 

HPV presence was confirmed by PCR using GP5+/GP6+ primers. RNA and protein was 

extracted by Trizol extraction.  

2.14 RNA sequencing  
2.14.1 Sample preparation and sequencing 

Total RNA was extracted for all 14 samples sent for sequencing. Samples 

consisted of 2 controls (NEG), 2 TAZ A KDs, 2 TAZ B KDs, 2 YAP A KDs, 2 YAP B KDs, 

2 Y/T KD, therefore each cell line was sequenced in duplicate. Library preparation and 

Human Whole Transcriptome Sequencing was performed by NovaSeq (PE150& SE5 for 

mRNA and lncRNA.  

2.14.2 RNAseq analysis  

Analysis of RNAseq was performed by Dr Chinedu Anene and Joseph Cogan. 

Trimmomatic was used to filter raw reads to remove low-quality reads and adaptors. 

These processed reads were aligned using human reference genome GRCh38/hg38 

assembly using HISAT (v2.1.0). Expression counts across genomic features were 

generated using HTSeq (v0.11.1) on human GRCh38 reference annotation (GENCODE 

release 32). Then R package edgeR was used to perform differential gene expression 
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analysis. Firstly raw expression counts were normalised for counts per million (CPM) 

using trimmed mean of M values (TMM) method. CPM of genes were filtered to remove 

genes with low expression across all samples. Next quasi-likelihood F-test for DGE 

analysis was performed by fitting generalised linear model (GLM). The Benjamini-

Hochberg method was used to calculate False Discovery Rates (FDR) and P-values 

were corrected for multiple testing. DGE analysis was performed on individual shRNA in 

the following contrasts: Neg vs TAZ-S1= A1, Neg vs TAZ-S2= A2, Neg vs YAP-S1= B1, 

Neg vs YAP-S2= B2 and Neg vs Y/T-S1=C. Extracted genes which were, significantly 

altered in both A1 and A2, and not significantly altered in B1 and B2 were identified for 

further analysis.  

2.15 Statistical analysis 

Statistical analysis was used where appropriate using two-tailed unpaired 

Student’s T-test. P value < 0.05 = *, P value < 0.01=**, P value < 0.005 = ***. Error bars 

were calculated using standard deviation. Error bars represent the mean +/- standard 

deviation. *P<0.05, **P<0.01, ***P<0.005 (Student’s t-test).  
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Chapter 3- STK4 is targeted by miR-18a in HPV+ 

cervical cancer  

3.1 Introduction 

The Hippo signalling pathway is a key regulator of organ size and development, 

controlling the transcription of genes involved in cell growth and proliferation. Although 

many inputs feed into the pathway, the core kinase cascade consists of STK4/3 and 

LATS1/2 (together with SAV1 and MOB1) and ends with phosphorylation and 

subsequent inactivation/degradation of YAP/TAZ (253). Research has highlighted the 

importance of this pathway in cancer with YAP found to be frequently overexpressed and 

aberrantly activated in many solid tumours including (184, 185, 254, 255). 

The current role of HR-HPV oncogenes in the disruption of the Hippo pathway is 

poorly understood. Recent studies have shown that both HR-HPV E6 and E7 promote 

YAP stabilisation and activation, highlighting the key role of YAP in cervical cancer (173, 

196). Additionally, HPV8 E6 (of the β genus) induces YAP dependent transcriptional 

activity, potentially through reducing activity of LATS of the Hippo pathway (256). 

Furthermore, Hippo pathway dysregulation in cervical cancer is a major driving feature 

of carcinogenesis as hyperactivation of YAP is sufficient to the drive development of 

cervical squamous cell carcinoma (CSCC) without the HPV oncoproteins (195). With 

YAP clearly displayed as a key oncogene in cervical cancer, understanding how HPV 

dysregulates other key pathway components is vital to understanding HPV-induced 

carcinogenesis.  

Preliminary data has identified STK4 as a novel host protein that is 

downregulated in cervical cancer, suggesting that E6 and E7 downregulate STK4 

expression to promote proliferation. This is of importance as it highlights STK4 as a 

tumour suppressor and as a potential therapeutic target in HPV-associated cancers 

(Figure 3.1). However, the mechanism of STK4 dysregulation remains unknown. 
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STK4 dysregulation has been reported to occur through multiple mechanisms 

including decreased expression due to DNMT1 activity and targeting by oncomiR miR-

18a in prostate cancer (237, 257). miR-18a is a member of the oncogenic miR17-92 

cluster with members known to play pivotal roles in range of cancers and have been 

found to be highly expressed in cervical cancer (240, 258). Although miR-18a has been 

shown to be highly expressed in cervical cancer and promote proliferation, the role of 

this miRNA remains poorly elucidated. Additionally, it remains unclear how miR-18a 

activity is driven by HPV, it is known that E6 and E7 are both capable of modulating 

miRNA expression.  

The aim of this chapter is to elucidate how STK4 expression is suppressed in 

cervical cancer through miR-18a and DNMT1 activity.  
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Figure 3.1 STK4 is downregulated in cervical cancer and reintroduction suppressed 

proliferation A) qRT-PCR analysis of STK4 expression in HPV-, HPV16+ or HPV18+ cell lines. 

U6 transcript levels were used as a loading control. B) qRT-PCR analysis of STK4 expression in 

panel of cytology samples. (Neg, CIN 1–3) U6 transcript levels were used as a loading control 

(Performed by Dr Ethan Morgan) C) Representative western blots of HeLa cell lysates with 

STK3/4 overexpression (24 hours). Cell lysates were probed for Myc (to show successful 

transfection and expression of myc tagged proteins), pMOB1 T35, total MOB1, pYAP1 S127 and 

total YAP1. GAPDH was used as a loading control. D) Growth curve analysis of HeLa cells 

transfected with STK3/4 (for 24 hours).   
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3.2 Results 

3.2.1 miR-18a is upregulated in cervical cancer  

Bioinformatics analysis of the STK4 3’UTR sequence revealed a putative miR-

18a binding site (pairing with the seed sequence of miR-18a) suggesting that miR-18a 

could regulate STK4 mRNA expression as previously seen in other cancer (237) (Figure 

3.2 A red indicates binding site). As the binding site is predicted to be a perfect match 

with no ‘wobble’ this is predicted to lead to the cleavage and degradation of STK4 mRNA 

(259). This could result in the downregulation of STK4 expression seen in HPV+ cervical 

cancer (Figure 3.1 A-B).  

To confirm the expression of mature miR-18a in cervical cancer cells, qRT-PCR 

was used to analyse expression levels in a panel of cervical cancer cell lines compared 

with NHK cells as a non-transformed control. The data showed that whilst there was no 

significant difference between NHK and the HPV- cervical cancer C33A cell line, both 

the HPV16+ and HPV18+ cell lines showed significantly increase levels of miR-18a 

(Figure 3.2 B). However, as these cell lines have been adapted to grow in tissue culture, 

miR-18a expression was analysed in cervical liquid cytology samples from patients with 

HPV16+ disease. These samples represented cervical disease progression from CIN1 

to CIN3 and were collected by the Scottish HPV archive alongside HPV- normal cervical 

tissue samples. Analysis of miR-18a levels by qRT-PCR showed a significant inverse 

correlation between disease progression and miR-18a expression (Figure 3.2 C). Further 

investigation of microarray datasets also revealed miR-18a expression was significantly 

increased in either cervical cancer or CIN 2-3 (HSIL) samples in both datasets used 

(Figure 3.2 D).  

Together these data suggests that mature miR-18a is overexpressed in HPV+ 

cervical cancer cell lines and expression correlates with disease progression in cervical 

disease.  
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Figure 3.2 miR-18a is upregulated in cervical cancer A) Schematic of STK4 3’UTR with miR-

18a binding site highlighted. B) Mature miR-18a expression analysed by miScript and qPCR in a 

panel of HPV- and HPV+ cervical cancer cell lines. snORD68 expression was used as a loading 

control. C) miScript and qPCR analysis of mature miR-18a expression in patient cervix liquid 

cytology samples from different CIN grades (n=5 from each grade) (performed by Dr Ethan 

Morgan and Emma Ryder). snORD68 was used as a loading control. D) Scatter plot from 

GSE86100 (normal cervix n=26 and cervical cancer n=30). Arbitrary expression values for miR-

18a was plotted for each sample. E) Scatter plot from GSE30656 (normal cervix n=10, CIN2-3 

n=18, cervical cancer n=19). Arbitrary expression values for miR-18a was plotted for each 

sample.   
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3.2.2 Only the mature form of miR-18a is upregulated  

miRNA processing is a complicated multi-step process with the potential for 

modulation of miRNA levels to occur at several stages. To investigate if the increase in 

mature miR-18a levels observed in cervical cancer was due to an increase in the 

transcription of the miRNA or changes in processing, levels of pre-miR18a, a partially 

processed intermediate product, were analysed using qRT-PCR. Interestingly, pre-

miR18a levels were significantly decreased in both the HPV16+ and HPV18+ cell lines, 

the opposite of mature miR-18a levels (Figure 3.3 A).  

As miR-18a is part of the miR17-92 cluster that is transcribed as a single pri-RNA 

transcript, levels of pre-miR92a were analysed. This miRNA was chosen as it has been 

previously shown that mature miR-92a is increased in cervical cancer (201). When 

expression of pre-miR92a were analysed using qRT-PCR, the same trend of expression 

was observed that was seen in pre-miR18a, with pre-miR92a significantly decreased in 

both HPV16+ and HPV18+ cell lines.  

Together this suggest that miR-18a levels are not increased due to an increase 

in the cluster transcription but likely to be due to increased processing of the pre-miR18a 

transcript. It is also likely that other members of the cluster such as miR-92a are 

regulated in a similar way.  
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Figure 3.3 pre-miRNA levels for miR17-92 cluster are not increased in HPV+ cervical cancer 

cell lines. A) qRT-PCR analysis of pre-miR18a transcript levels in a panel of HPV- and HPV+ 

cervical cancer cell lines. U6 transcript levels were used a loading control. B) qRT-PCR analysis 

of pre-miR92a transcript levels in a panel of HPV- and HPV+ cervical cancer cell lines. U6 

transcript levels were used a loading control.  
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3.2.3 miR-18a directly targets STK4 3’UTR 

Although miR-18a levels was increased in cervical cancer (Figure 3.2) and has 

been previously reported to target STK4, given that miRNAs are capable of targeting 

multiple and distinct mRNAs in different cell types it was important to verify if miR-18a 

was targeting STK4 in cervical cancer. Firstly, the expression of mature miR-18a and 

STK4 was compared in matched samples of cervical liquid cytology samples and were 

found to be inversely correlated (Figure 3.4 A), which suggested a possible functional 

link in their expression. 

To investigate if miR-18a activity was responsible for the downregulation of STK4 

observed in HPV+ cervical cancer cell lines, a miR-18a antagomir, which acts by 

sterically the interaction between blocking miR-18a’s with mRNA targets, was 

transfected into HeLa cells at doses ranging from 40 nM to 120 nM. Analysis by either 

qRT-PCR or western blotting showed inhibition of miR-18a activity led to a significant 

dose dependent increase in STK4 mRNA and protein expression respectively, (Figure 

3.4 B and C compare lane 2 to lanes 3-5).  

It was important to investigate if miR-18a was directly binding to the predicted 

binding site in the 3’UTR of STK4 to decrease expression. For this, a reporter construct 

was generated with the STK4 3’UTR fused after a renilla luciferase gene. A mutant 

variant, where the miR-18a binding site was disrupted was also created (Figure 3.4 D). 

Analysis of luciferase expression in either HeLa or CaSKi cells upon miR-18a activity 

inhibition showed a significant increase in luciferase expression (Figure 3.4 E and F 

compare black bars). This suggests that the 3’UTR of STK4 is no longer targeted for 

degradation. However, when the predicted binding site is mutated, luciferase expression 

is unaffected by inhibition of miR-18 activity.  

Further investigation revealed miR-18a only targets STK4 in HPV+ cervical 

cancer cells as qRT-PCR analysis of STK4 expression in C33A cells following 

transfection of the miR-18a inhibitor showed no significant change (Figure 3.4 G).  
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Taken together these data suggest that miR-18a is directly targeting the 3’UTR 

of STK4, via the predicted binding site, leading to its degradation.  
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Figure 3.4 miR-18a directly targets STK4. A) Graph showing correlation between miR-18a and 

STK4 expression in matched patient samples of cervical disease (n = 15) (Performed by Dr Ethan 

Morgan). B) qRT-PCR analysis of STK4 transcript levels in HeLa cells with increasing doses of 

miR-18a antagomir ranging from 40-120nM 24 hours post transfection. U6 transcript levels were 

used a loading control. C) Representative western blot of HeLa cell lysate with increasing doses 
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of miR-18a antagomir ranging from 40-120nM 24 hours post transfection. Lysates were probed 

for STK4. GAPDH was used as a loading control. D) Schematic of STK4 3’UTR with miR-18a 

binding site highlighted compared with the mutated STK4 3’UTR sequence. E) Luciferase reporter 

assay in HeLa cells. Cells were transfected with 120nM of miR-18a antagomir and either a wild-

type STK4 3’UTR reporter plasmid or a mutant that lacks the putative miR-18a binding site for 24 

hours. Internal firefly luciferase was used as a loading control. F) Luciferase reporter assay in 

CaSKi cells. Cells were transfected with 120nM of miR-18a antagomir and either a wild-type STK4 

3’UTR reporter plasmid or a mutant that lacks the putative miR-18a binding site for 24 hours. 

Internal firefly luciferase was used as a loading control. G) qRT-PCR analysis of STK4 transcript 

levels in C33A cells with 120nM of miR-18a antagomir 24 hours post transfection. U6 transcript 

levels were used a loading control.   
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3.2.4 E6/E7 suppression of STK4 expression is mediated by miR-18a 

 HPV-encoded oncoproteins E6 and E7 are the primary drivers of transformation 

in HPV+ cervical cancer cells and preliminary data ((174) Figure 5) suggested both 

oncoproteins were required for downregulation of STK4 expression. As, both E6 and E7 

have been linked to modulation of miRNA expression, it was hypothesised that 

oncoprotein regulation of STK4 was miR-18a-mediated. To investigate this, firstly we 

analysed expression of miR-18a upon E6/E7 knockdown in both HPV16+ (CaSKi) and 

HPV18+ (HeLa) cells transfected with a pool of siRNAs directly targeting E6 and E7. Not 

only were miR-18a levels significantly reduced but we confirmed that STK4 mRNA levels 

also significantly increased upon oncoprotein depletion. It was possible to recover 

suppression of STK4 expression by transfecting in 20 nM of a miR-18a mimic (a 

chemically modified double strand RNA molecule designed to mimic activity of 

endogenous miR-18a) (Figure 3.5 A and B). The same result was observed on protein 

level when analysed by western blotting in both HPV16+ and HPV18+ cell lines (Figure 

3.5 C and D).  

Next, it was important to confirm that the changes in STK4 expression observed 

was due to changes in the targeting of the 3’UTR. This was investigated utilising the 

STK4 3’UTR luciferase assay described in 3.2.3. When the oncoproteins were depleted 

with siRNA, there was a significant increase in luciferase expression, suggesting a 

decrease in targeting of the 3’UTR. Importantly, this increase in luciferase was ablated 

after re-introduction of miR-18a activity with the miR-18a mimic in both CaSKi and HeLa 

cells (Figure 3.5 E and F).  
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Figure 3.5 E6/E7 downregulation of STK4 is miR-18a mediated. A) Mature miR-18a 

expression analysed by miScript and qPCR in HeLa cells transfected with E6/E7 targeting siRNA 

(for 72 hours) with or without 20nM of miR-18a mimic (for 24 hours). snORD68 was used as a 

loading control. B) Mature miR-18a expression analysed by miScript and qPCR in CaSKi cells 

transfected with E6/E7 targeting siRNA (for 72 hours) with or without 20nM of miR-18a mimic (for 

24 hours). snORD68 was used as a loading control. C) Representative western blot of HeLa cell 

lysate with E6/E7 targeting siRNA (for 72 hours) with or without 20nM of miR-18a mimic (for 24 
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hours). Cell lysate was probed for STK4, HPV18 E6 and HPV18 E7 expression. GAPDH was 

used as a loading control. D) Representative western blot of CaSKi cell lysate with E6/E7 targeting 

siRNA (for 72 hours) with or without 20nM of miR-18a mimic (for 24 hours). Cell lysate was probed 

for STK4, HPV16 E6 and HPV16 E7 expression. GAPDH was used as a loading control. E) 

Luciferase reporter assay in HeLa cells. Cells were transfected with E6/E7 targeting siRNA (for 

72 hours) with or without 20nM of miR-18a mimic (for 24 hours) along with either a wild-type STK4 

3’UTR reporter plasmid or a mutant that lacks the putative miR-18a binding site for 24 hours. 

Internal firefly luciferase was used as a loading control. F) Luciferase reporter assay in CaSKi 

cells. Cells were transfected with E6/E7 targeting siRNA (for 72 hours) with or without 20nM of 

miR-18a mimic (for 24 hours) along with either a wild-type STK4 3’UTR reporter plasmid or a 

mutant that lacks the putative miR-18a binding site for 24 hours. Internal firefly luciferase was 

used as a loading control.  
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3.2.5 Inhibition of miR18a leads to activation of the Hippo signalling pathway in an 

STK4 dependent manner 

 STK4 is the key activator of the Hippo signalling pathway, a tumour suppressive 

pathway that leads to the phosphorylation and degradation of YAP and TAZ oncogenes. 

Preliminary data showed overexpression of either STK4 or paralogue STK3 (which 

shares many functions with STK4) led activated the pathway and inhibition of YAP 

transcriptional activity (Figure 3.1 C). As data suggested that miR-18a was a key 

regulator of STK4 expression, the effect of miR-18a on the Hippo signalling pathway was 

investigated. To assess pathway activation, phosphorylated MOB1 (T35), direct 

substrate of STK4 kinase activity was probed for. Downstream target phosphorylated 

YAP S127 was also probed for, as this phosphorylation is key in the regulation of the 

subcellular localisation of YAP (260). Total MOB1 and total YAP1 were also analysed so 

it could be ascertained if there were actual changes in the phosphorylated form of each 

protein and not just the total levels of the proteins. Antagomir-mediated inhibition of miR-

18a increased both MOB1 and YAP1 phosphorylation, indicating that Hippo signalling 

pathway is activated (Figure 3.6 A lane 2 compared with lane 3). As miR-18a is reported 

to target multiple genes, it was essential to confirm that the increased activity in the Hippo 

pathway we observed was because of the increase in STK4 expression and not 

mediated by an additional target. Depletion STK4 using a pool of siRNA in cells treated 

with the miR-18a antagomir reduced levels of both MOB1 and YAP1 phosphorylation in 

comparison with miR-18a antagomir treatment alone (Figure 3.6 A lane 3 compared with 

lane 4). This effect was observed in both HPV16+ and HPV18+ cell lines. This indicated 

that the Hippo pathway activation seen upon miR-18a inhibition is STK4-dependent. 

 As Hippo pathway activation leads to cytoplasmic YAP, YAP transcription activity 

was analysed following miR-18a antagomir treatment. Analysis of the expression levels 

of canonically YAP-dependent genes; AREG, CYR61, PROM1 and CCND1 by qRT-PCR 

revealed miR-18a depletion led to a significant decrease in expression (Figure 3.6 B). 
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Further investigation revealed that the loss of YAP-dependent gene expression was 

STK4 dependent as depletion of STK4 levels alongside miR-18a led to a recovery of 

gene expression in both HeLa and CaSKi cell lines (Figure 3.6 B).  

Together this suggests that miR-18a inactivates the Hippo signalling pathway in 

a STK4-dependent manner, leading to increased YAP transcriptional activity.  
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Figure 3.6 miR-18a inhibits Hippo pathway activation through targeting STK4. A) 

Representative western blots Hela or CaSKi cell lysate with 120nM of miR-18a antagomir (for 24 

hours) with or without STK4 targeting siRNA (for 72 hours). Cell lysates were probed for STK4, 

pMOB1 T35, total MOB1, pYAP1 S127 and total YAP1. GAPDH was used as a loading control. 

B) qRT-PCR analysis of YAP dependent gene transcripts (AREG, Cyr61, PROM1, and CCND1) 

in HeLa or CaSKi cells transfected with 120nM of miR-18a antagomir (for 24 hours) with or without 

STK4 targeting siRNA (for 72 hours) U6 transcript levels were used a loading control.  
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3.2.6 The proliferative defect upon miR-18a inhibition is partially dependent on increased 

STK4 protein expression 

 miR-18a has been frequently described in literature as an ‘oncomiR’, a miRNA 

that promotes cancerous phenotypes (235-237). Additionally, preliminary data 

suggested that reintroduction of STK4 into cervical cancer led to a reduction in 

proliferation and colony forming ability (Figure 3.1 C and (174) Figure 2). This, alongside 

the ability of miR-18a to inhibit the tumour suppressive Hippo signalling pathway, led it 

to be hypothesised that miR-18a promoted proliferation in cervical cancer cells. To 

investigate this a growth assay was used to measure the proliferative ability of cervical 

cancer cells upon inhibition of miR-18a activity. Both HeLa and CaSKi cells proliferation 

after miR-18a antagomir treatment (Figure 3.7 A and B). Depletion of STK4 with a pool 

of STK4-targting siRNA alongside inhibiting miR-18a led to a partial restoration in growth 

ability compared to miR-18a inhibition alone in both HPV16+ and HPV18+ cell lines 

(Figure 3.7 A and B).  

 Given the significant role of miR-18a on growth, the effect of miR-18a on colony 

forming ability in an anchorage-dependent manner in both HeLa and CaSKi cell lines 

was also investigated. Treatment with the miR-18a antagomir led to a reduction in the 

ability to form colonies in both cell lines (Figure 3.7 C and D). Furthermore, this was seen 

to be partially dependent on STK4 as transfection of a pool of siRNA targeting STK4 

alongside the miR-18a antagomir led to an increase in the number colonies (Figure 3.7 

C and D). A similar trend was observed in anchorage-independent colony forming ability. 

While inhibition of miR-18a activity alone led to a reduction in anchorage-independent 

colony formation, additional depletion of STK4 led to a partially recovery in colony 

forming ability (Figure 3.7 E and F). This was observed both in HeLa and CaSKi cells  

Together these data suggests that miR-18a promotes proliferation in HPV+ 

cervical cancer cells partially due to targeting STK4.  
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Figure 3.7 miR-18 promotes proliferation in a partially STK4-dependent manner A) Growth 

curve analysis of HeLa cells transfected with 120nM of miR-18a inhibitor (for 24 hours), with or 

without STK4 siRNA (for 72 hours). B) Growth curve analysis of CaSKi cells transfected with miR-

18a inhibitor (for 24 hours), with or without STK4 siRNA (for 72 hours). C) Colony formation assay 

(analysis anchorage dependent growth) of HeLa cells transfected with 120nM of miR-18a inhibitor 

(for 24 hours), with or without STK4-targeting siRNA (for 72 hours). D) Colony formation assay 

(analysis anchorage dependent growth) of CaSKi cells transfected with 120nM of miR-18a 

inhibitor (for 24 hours), with or without STK4-targeting siRNA (for 72 hours). E) Soft agar assay 

(analysis anchorage independent growth) of HeLa cells transfected with 120nM of miR-18a 

inhibitor (for 24 hours), with or without STK4-targeting siRNA (for 72 hours). F) Soft agar assay 

(analysis anchorage independent growth) of CaSKi cells transfected with 120nM of miR-18a 

inhibitor (for 24 hours), with or without STK4-targeting siRNA (for 72 hours).   
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3.2.7 DNMT1 activity may contribute to STK4 suppression in cervical cancer in a miR-

18a dependent manner  

 DNMT1 is a DNA-methyltransferase that transfers a methyl group to alternate 

cytosines predominantly at CpG islands. Epigenetic silencing of tumour suppressive 

genes through dysregulation of DNA methylation has been frequently observed in 

multiple types of cancer. It is common for tumour suppressive genes to have aberrantly 

hypermethylated CpG containing sequences resulting in gene silencing. Furthermore, 

this has been observed in cervical cancer and several candidate methylation markers 

suggested in both cervical squamous cell carcinoma and adenocarcinoma (261). In both 

HNSCC and soft tissue sarcoma, the promoter of STK4 has been observed to be 

hypermethylated. Therefore, it was hypothesised that DNMT1 activity may also 

contribute to the suppression of STK4 expression in cervical cancer.  

 To inhibit DNMT1 activity, HeLa and CaSKi cells were treated with DNA 

methyltransferase inhibitor 5-aza-2’-deoxycytidine (DAC). Successful DAC treatment 

was observed by the loss of DNMT1 protein expression and was observed by western 

blotting (Figure 3.8 A). DAC treatment in either HeLa or CaSKi cells led to a significant 

decrease in STK4 protein levels (Figure 3.8 A quantification in Figure 3.8 B). 

Furthermore, analysis of STK4 expression showed a significant increase in mRNA 

expression following DAC treatment in both HeLa and CaSKi cells (Figure 3.8 C).  

 Next, to confirm these results and to confirm that the observations were not due 

to any off-target effects following DAC treatment, a pool of siRNAs was used to deplete 

DNMT1 expression. Western blot analysis of cell lysates showed a significant increase 

of STK4 expression upon knockdown of DNMT1 (Figure 3.8 D). Quantification of 

densitometry showed that this was a significant increase in both HeLa and CaSKi cells 

(Figure 3.8 E quantification of Figure 3.8 D). Further investigation of STK4 mRNA 

expression upon DNMT1 siRNA-mediated knockdown showed significant increase.  
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 Little is known on the effect of DNA-methylation on miR-18a expression but one 

study has suggested an inverse correlation in hepatocellular carcinoma (262). To 

elucidate if the control of STK4 expression by DNMT1 was miR-18-dependent, mature 

miR-18a levels were analysed by qRT-PCR. Interestingly, treatment of HeLa cells with 

DAC led to a significant reduction in miR-18a expression (Figure 3.9 A).  

 Together these data suggests DNMT1 contributes to the suppression of STK4 in 

HPV+ cervical cancer, potentially through regulation of mature miR-18a expression.  
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Figure 3.8 Inhibition of DNMT1 activity rescues STK4 expression. A) Representative western 

blots Hela or CaSKi cell lysate after DNA methylation inhibitor 5-aza-2’-deoxycytidine DAC 

treatment (for 72 hours). Cell lysates were probed for STK4 and DNMT1. Expression of DNMT1 

was probed for a positive control of DNMT1 inhibition. GAPDH was used as a loading control. B) 

Quantification of A from three independent experiments. C) qRT-PCR analysis of STK4 transcript 

in HeLa or CaSKi cells after 72 hour DAC treatment. U6 transcript levels were used as a loading 

control. D) Representative western blots Hela or CaSKi cell lysate after transfection of DNMT1 

specific siRNA (72 hours). Cell lysates were probed for STK4 and DNMT1. Expression of DNMT1 

was probed for a positive control of DNMT1 knockdown. GAPDH was used as a loading control. 

E) Quantification of D from three independent experiments. F) qRT-PCR analysis of STK4 

transcript in HeLa or CaSKi cells after transfection of DNMT1 specific siRNA (72 hours). U6 

transcript levels were used as a loading control.   
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Figure 3.9 Inhibition of DNMT1 activity reduces miR-18a expression. A) Mature miR-18a 

expression analysed by miScript and qPCR in HeLa cells after DAC treatment (72 hrs). snORD68 

expression was used as a loading control.   
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3.2.8 Genotoxic stress does not induce STK4 expression 

 Inhibition of either E6 or E7 is known to lead to the induction of apoptosis. 

Furthermore, as both miR-18a and DNMT1 are both promoters of proliferation, loss of 

either of their activity could also lead to apoptosis. STK4 is a key mediator of apoptosis 

and activates DNA damage response pathways and therefore, it is possible that STK4 

was simply increased upon depletion of E6/E7, inhibition of miR-18a or inhibition of 

DNMT1 as a response to genotoxic stress. To confirm whether was the case, apoptosis 

and DNA damage pathways were induced and STK4 mRNA expression was assessed. 

STK4 protein expression was not assessed as STK4 protein is cleaved upon induction 

of apoptosis and therefore would be expected to decrease with genotoxic stress.  

Firstly, staurosporine was used to induce apoptosis. qRT-PCR analysis showed 

that there was no significant change in STK4 expression with staurosporine treatment 

(Figure 3.10 A). Next, DNA damage was induced in HeLa cells with treatment of H2O2 

and no significant change was observed in STK4 when mRNA was analysed (Figure 

3.10 B). Furthermore, analysis of STK4 mRNA showed no significant change in 

expression following low dose etoposide treatment to induce senescence following DNA 

damage (Figure 3.10 C). Additionally, p53 overexpression led to no significant change in 

STK4 mRNA (Figure 3.9 D). 

Collectively, these data suggests that the upregulation of STK4 expression 

observed upon depletion of E6/E7, inhibition of miR-18a or DNMT1 does not occur 

simply due to genotoxic stress. 
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Figure 3.10 Genotoxic stress does not increase STK4 expression. A) qRT-PCR analysis of 

STK4 transcript in HeLa cells after 48 hour Staurosporine (50 µM) treatment. U6 transcript levels 

were used as a loading control. B) qRT-PCR analysis of STK4 transcript in HeLa cells after 48 

hour H2O2 (200 µM) treatment. U6 transcript levels were used as a loading control. C) qRT-PCR 

analysis of STK4 transcript in HeLa cells after 48 hour Etoposide (2 µM) treatment. U6 transcript 

levels were used as a loading control. D) qRT-PCR analysis of STK4 transcript in HeLa cells after 

48 hour post transfection with pcDNA3-p53. U6 transcript levels were used as a loading control. 

Representative western blot of HeLa cells 48 hour post transfection with pcDNA3-p53. Cell 

lysates were probed for the expression of p53. GAPDH was used as a loading control.   
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3.3 Discussion 

 This study identifies miR-18a as an upregulated miRNA in cervical cancer. 

Relative expression of mature miR-18a was measured using a combination of miScript 

and qPCR to confirm previous studies suggesting miR-18a is highly expressed in 

invasive cervical cancer. Our data suggests miR-18a is significantly overexpressed in 

both HPV16+ and HPV18+ cell lines compared to HPV- cell lines. Our data also suggests 

that miR-18a is overexpressed in clinical biopsies of CIN2 and CIN3 patient samples but 

not in CIN1. This confirmed that miR-18a is upregulated in clinically relevant samples 

and not just in cell lines adapted for tissue culture growth. Further analysis of online 

microarray datasets agreed with this, with miR-18a significantly increased in cervical 

cancer in GSE86100 and in both CIN2-3 and cervical cancer in GSE30656. Taken 

together it was concluded that miR-18a is upregulated in cervical cancer.  

 The biogenesis pathway of miRNAs is complex and has multiple steps before 

mature miRNA is produced. To investigate the mechanism behind the upregulation of 

miR-18a, pre-miR18a levels were assessed via qRT-PCR. Interestingly, pre-miR18a 

level were found to be decreased in all HPV+ cell lines tested and furthermore pre-

miR92a, another member for the miR17-92 cluster previously seen to be increased in 

cervical cancer, showed a similar trend. This suggests that the increase in mature miR-

18a observed is not due to an increase in transcription of the cluster, but likely due to 

increased processing of the cluster however this should be confirmed by investigating 

pri-miRNA levels. Although several components of the miRNA biogenesis pathway are 

reported to be dysregulated in cervical cancer, several host cell factors play roles 

specifically in processing of the miR17-92 cluster. For example, Heterogeneous nuclear 

ribonucleoprotein A1 (hnRNP A1) has been shown to facilitate processing of pre-miR18a 

and therefore cell factors such as this should be investigated in the context of cervical 

cancer (247).  
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Figure 3.11 Summary of miR-18a/STK4. HPV oncoproteins upregulate mature miR-18a to 

target STK4, preventing Hippo pathway activation and therefore promoting proliferation (created 

with biorender). 
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When patient samples were matched, miR-18a was found to inversely correlate 

with STK4 expression. As miR-18a is not changed in CIN1 compared to higher CIN 

grades, this suggests that while miR-18a is upregulated in cervical cancer, levels are not 

significantly changed with HPV infection alone, suggesting miR-18a overexpression is a 

cancer-specific phenotype.  

Our data suggests that despite miR-18a having multiple targets, STK4 is an 

important target of miR-18a in cervical cancer as not only does inhibition of miR-18a 

using an antagomir lead to restoration of STK4 gene expression, but this occurs 

specifically through the predicted binding site. Although this was confirmed with a 

luciferase reporter assay, RNA immunoprecipitation pulldown of miR-18a could have 

been used to confirm STK4 as a miR-18a target. This same method could be used in the 

future to identify further miR-18a targets in the context of HPV+ cervical cancer. In 

contrast, STK4 was only determined to be a target of miR-18a in HPV-driven cervical 

cancer, as inhibition of miR-18a in C33A cells led to no changes in STK4 expression, 

demonstrating cell specific effects of the miRNA.  

Although an in-depth mechanism was not investigated, it was determined that 

miR-18a was responsible for E6/E7 control of STK4 expression. While E6 and E7 are 

well known to target tumour suppressors p53 and Rb respectively, our data alongside 

other studies demonstrates loss of these tumour suppressors alone insufficient for 

transformation, and also that virus-mediated cervical cancer progression is more 

complex. Not only does this suggest that perturbation of multiple host factors is needed 

for cervical cancer transformation but that this perturbation occurs through multiple 

mechanisms, such as via control of miRNA expression or by dysregulation of DNMT1 

activity, which we also demonstrate to be a regulator of STK4 expression. Even though 

it has been reported that certain host cell factors are targeted by multiple mechanisms in 

cervical cancer, our data suggest a potentially complex pathway with E6 and E7 

potentially regulating mature miR-18a expression through DNMT1 activity. As we 
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determined miR-18a to not be dysregulated on a transcriptional level, DNMT1 is likely to 

be controlling a host cell factor involved in processing of miR-18a, but further 

investigation is required to confirm this.  

The data demonstrates a clear functional depletion of STK4 by miR-18a. 

Inhibition of miR-18a led to the restoration of STK4 expression and therefore activation 

of the Hippo pathway, loss of YAP activity and subsequent reduction in proliferation in 

both HPV16 and HPV18+ cervical cancer cells. Even though it has been reported that 

HPV oncoproteins increase YAP activity in cervical cancer through separate 

mechanisms, the suppression of Hippo pathway signalling by miR-18a highlights the 

pathways importance in cervical cancer.  

 Interestingly, it is likely that miR-18a has multiple targets in cervical cancer cells, 

as depletion of STK4 after miR-18a inhibition did not fully restore the loss of proliferation. 

Further investigation should be undertaken to identify additional tumour suppressors 

targeted by miR-18a. 

Together this study identifies STK4 as a prominent target of miR-18a in cervical 

cancer. While seemingly not upregulated in HPV infection (CIN1), miR-18a plays a key 

role in HPV-driven cervical cancer. It also highlights the oncogenic ability of miR-18a in 

cervical cancer is partially dependent on the depletion of STK4. This study also suggests 

DNMT1 plays a role in the regulation of miR-18a expression by HPV oncoproteins E6 

and E7.  
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Chapter 4- TAZ expression is increased by the E7 

oncoprotein in HPV18+ cervical cancers using an EGFR-

SP1 signalling pathway 

4.1 Introduction  

The previous chapter studied upstream regulation of the Hippo pathway and the 

effects upon the most well-characterised effector and transcriptional regulator 

downstream of the pathway, YAP. In contrast to YAP, less is known about the role of the 

YAP paralogue TAZ in cancers, as until recently it had been assumed to play a redundant 

role to YAP in driving pro-oncogenic transcription. However, as more recent studies have 

identified ever increasing YAP-independent functions of TAZ, the need to understand 

this oncogene is clear. 

 Whilst a small number of previous studies have analysed the role of TAZ in 

cervical cancer, their findings are controversial. Some studies have shown that TAZ 

expression is decreased in cervical cancer compared with normal tissue (197). In 

contrast, others suggest that TAZ is oncogenic and regulates proliferation, invasion and 

apoptosis whilst upregulating PD-L1, a prominent regulator of T-cell evasion (198). In 

addition to these contrasting findings, no study has explained how TAZ expression is 

regulated in cervical cancer.  

 This chapter aims to clarify how TAZ expression is regulated in cervical cancer 

and begin to elucidate a mechanism for its regulation.  

  



122 
 

4.2 Results 

4.2.1  TAZ expression is increased in HPV18+ cervical cancer  

 TAZ protein expression was analysed in a panel of cervical cancer cell lines. This 

panel included HPV- HaCaT (immortalized human keratinocytes) and C33a cells, 

HPV16+ SiHa and CaSKi cells and HPV18+ SW756, HeLa, C4-I and MS751 cells. We 

have previously been reported that YAP protein expression was increased in all cell lines 

(174), but interestingly TAZ protein was only increased in the HPV18+ cell lines (Figure 

4.1 A).  

 Previous studies have shown that the increase in YAP increased in HPV-driven 

cancers is due to an increase in protein stability (173, 196) . To investigate if TAZ protein 

was likewise stabilised, a cycloheximide (CHX) chase was performed over an 8-hour 

period to measure the half-life of TAZ in HPV18+ HeLa cells. Past studies have 

suggested the unstabilised TAZ has a half-life of roughly 2 hours (263, 264). The half-

life of TAZ was also measured in HPV16+ SiHa cells for comparison. Analysis of YAP 

expression with CHX treatment revealed very little change in expression in both cell lines 

with CHX treatment, agreeing with reports on its increased stability. In contrast, TAZ 

protein expression was lost upon CHX treatment with densitometry analysis suggesting 

a half-life of roughly 3 hours in both HPV16+ and HPV18+ cells (Figure 4.1 B with 

densitometry analysis in Figure 4.1 C). As there was no difference in TAZ half-life 

between HPV16+ and HPV18+ cells despite increased TAZ expression in the HPV18+ 

cells, this suggested TAZ was unlikely to be stabilised on a protein level like YAP. The 

slight increase in both HeLa and SiHa cells compared to other studies may due to little 

normal Hippo pathway activation due to the loss of STK4 expression (174). 

 Further investigation revealed that TAZ was degraded in a proteasomal-mediated 

manner as CHX treatment followed by treatment with the proteasome inhibitor MG132 

restored TAZ protein levels. Treatment with the lysosome inhibitor following CHX 
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treatment led to no change in TAZ levels indicating TAZ was not degraded in a lysosome-

mediated manner (Figure 4.1 D).  

 As TAZ was not stabilised on a protein level, the levels of WWTR1, (the gene 

encoding TAZ) mRNA were examined. Analysis showed WWTR1 mRNA expression was 

not significantly changed in the HPV16+ cell lines while SW756, HeLa and MS756 cells 

all had significantly increased WWTR1 mRNA expression compared to HaCaT cells. C4-

1 also showed increased WWTR1 mRNA, although this was not significant (Figure 4.1 

E).  

 Together these data suggested that TAZ was increased on an mRNA level in 

HPV18+ cervical cancer cell lines. However, as these cell lines were adapted for tissue 

culture growth, WWTR1 mRNA expression was investigated in a panel of cervical liquid 

cytology samples. Samples were obtained from the Scottish HPV archive and taken from 

patients with a healthy cervix as well as from HPV16+ and HPV18+ positive patients 

representing cervical disease progression from CIN1 to CIN3. qRT-PCR analysis 

showed significantly increase WWTR1 mRNA in CIN2 and CIN3 from HPV18+ patients 

only (Figure 4.2 A). These data allied with an analysis of WWTR1 mRNA expression in 

an online dataset of cervical cancer samples (Figure 4.2 B). Analysis of WWTR1 mRNA 

expression between cervix squamous epithelium and cervical adenocarcinoma (a 

cervical cancer subset predominantly caused by HPV18) also showed significantly 

increased expression (Figure 4.2 C). Analysis of the Cervical Squamous Cell Carcinoma 

and Endocervical Adenocarcinoma (TCGA, Firehose Legacy) dataset using cBioportal 

showed WWTR1was frequently altered in cervical cancer (in 20%). Interestingly, YAP 

and TAZ were found to be altered in different samples (Figure 4.2 D). Further analysis 

of the TCGA dataset for multiple cancers suggested TAZ was frequently altered in many 

cancers, but most often in squamous cell carcinomas (Figure 4.2 E). Together these data 

suggested TAZ was increased in cervical cancer on an mRNA level. 
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Figure 4.1 TAZ is overexpressed in HPV18+ cervical cancer cells A) Representative western 

blot of lysate from HPV-, HPV16+ and HPV18+ cell lines. Lysates were probed for TAZ and YAP, 

GAPDH was used as a loading control. B) Representative western blot of HeLa and SiHa lysate 

over a time course of 8 hours following treatment with CHX. Lysates were probed for TAZ and 

YAP. E7 was used as a positive control of CHX treatment. GAPDH was used as a loading control. 
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C) Densitometry analysis of TAZ expression in B from 3 independent repeats. D) Representative 

western blot of HeLa lysates 8 hours post treatment with a combination of DMSO, CHX, MG132 

or CQ. Lysates were probed for TAZ. GAPDH was uses as a loading control. E) qRT-PCR 

analysis of WWTR1 or YAP expression in HPV-, HPV16+ or HPV18+ cell lines. U6 transcript 

levels were used as a loading control.  
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Figure 4.2 TAZ is overexpressed in cervical cancer A) qRT-PCR analysis of WWTR1 

expression in negative, HPV16 or HPV18+ patient cervix liquid cytology samples from different 

CIN grades (n=4 from each grade). U6 was used as a loading control. B) Scatter plot from 

GSE9750. Arbitrary expression values for WWTR1 was plotter for each sample. C) Scatter plot 

of GSE6791. Arbitrary expression values for WWTR1 was plotter for each sample. D) WWTR1 

and YAP1 expression in Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma 

(TCGA, Firehose Legacy) dataset for mutations, putative copy-number alterations, mRNA 

expression z-scores relative to diploid samples (RNA Seq V2 RSEM) and Protein expression z-

scores (RPPA). E) WWTR1 expression in Pan-cancer analysis of whole genomes (ICGC/TCGA, 

Nature 2020) for Consensus putative gene level copy-number calls.   
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4.2.2 Knockdown of E6/E7 in HPV18+ cells decreases TAZ expression  

 To investigate if E6 and E7 were responsible for the upregulation of TAZ, E6 and 

E7 expression was knocked down in HPV18+ cells using a pool of siRNA and this 

resulted in a decrease in TAZ mRNA and protein expression (Figure 4.3 A-B). An 

approach to target both E6 and E7 together was taken as knockdown of one often leads 

to knockdown of the other. 

 As many factors can regulate mRNA levels including transcription and mRNA 

stability, WWTR1 mRNA transcript stability was measured. Actinomycin D (an inhibitor 

of transcription) treatment was performed over a course of 24 hours and both TAZ protein 

and mRNA levels were investigated. Treatment led to reduction in TAZ protein levels 

and WWTR1 mRNA expression (Figure 4.3 C-D). As WWTR1 mRNA was not stabilised, 

further analysis was performed to study if the WWTR1 promoter was activated by HPV. 

For this a reporter plasmid was generated in which the WWTR1 promoter was cloned 

upstream of firefly luciferase. In these assays, a plasmid encoding renilla luciferase was 

used as a transfection control. Knockdown of HPV18 E6 and E7 in HeLa cells 

significantly reduced firefly luciferase levels, suggesting a reduction in WWTR1 promoter 

activity. Together these data suggests that E6/E7 upregulate WWTR1 promoter activity 

in HPV18+ cervical cancer cells though as neither E6 nor E7 have DNA binding activity 

this is indirect.  
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Figure 4.3 HPV18 E6/E7 knockdown reduces TAZ promoter activity A) Representative 

western blot of HeLa cell lysate with E6/E7 targeting siRNA (for 72 hours). Cell lysates were 

probed for TAZ. HPV18 E6 and HPV18 E7 were probed for to show successful knockdown of E6 

and E7. GAPDH was used as a loading control. B) qRT-PCR analysis of WWTR1 expression in 

HeLa cells with E6/E7 targeting siRNA (for 72 hours). U6 was used as a loading control. C) 

Representative western blot of HeLa cell lysate following Act D treatment over a 24 hour time 

course. Cell lysates were probed for TAZ. HPV18 E7 was probed for to show successful Act D 



129 
 

treatment. GAPDH was used as a loading control. D) qRT-PCR analysis of WWTR1 expression 

in HeLa cells following Act D treatment over a 24 hour time course. 18S expression was used to 

show successful ActD treatment. U6 was used as a loading control (n=2). E) Luciferase reporter 

assay in HeLa cells with E6/E7 targeting siRNA (for 72 hours) and then WWTR1-promoter 

luciferase reporter (for 24 hours). Internal renilla luciferase was used as a loading control.  
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4.2.3 HPV18 E7 upregulates TAZ expression 

 As the siRNA used in Figure 4.3 target both HPV18 E6 and E7, further 

investigations were carried out to determine which oncoprotein was responsible. HA-

tagged HPV18 E6 or HPV18 E7 were stably overexpressed in HPV- C33A cells in a 

puromycin resistant vector and WWTR1 promoter activity was assessed using the 

WWTR1 luciferase reporter outlined in 4.2. Only HPV18 E7 expression led to a 

significant increase in luciferase activity (Figure 4.4 A). WWTR1 mRNA expression was 

also increased by HPV18 E7 compared to the empty vector control (Figure 4.4 B). 

Crucially, HPV18 E7 expression also led to a significant increase in TAZ protein 

expression. Oncoprotein expression was confirmed by western blotting and probing for 

HPV18 E6 or HPV18 E7 (Figure 4.4 C).  

 To confirm that the expression of HPV18 E7 was leading to increase WWTR1 

promoter activity and not increased protein stability, the mechanism seen in regulation 

of YAP, HPV18 E7-expressing C33A cells were treated with CHX and TAZ protein 

expression was analysed. CHX treatment led to a reversal of the increase in TAZ 

expression seen with HPV18 E7 expression alone (Figure 4.4 D lane 3 compared with 

lane 2) suggesting HPV18 E7 did not lead to stabilisation of TAZ protein degradation.  

 Furthermore, to confirm HPV18 E7 was not stabilising WWTR1 mRNA, HPV18 

E7 expressing C33A cells were treated with actinomycin D and WWTR1 mRNA 

expression was analysed using qRT-PCR. Analysis showed that treatment with 

actinomycin D led to a reversal of the increase in WWTR1 mRNA expression seen with 

HPV18 E7 expression. Even though it was not a complete reversal, the increase between 

the empty vector and HPV18 E7 expressing cells after actinomycin D treatment was not 

significant. Similarly, treatment reverse the increase in TAZ protein observed with HPV18 

E7 expression. 
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  As increased TAZ expression was only seen in HPV18+ cell lines (4.2.1), it was 

hypothesised that HPV16 E7 would lack the ability to increase TAZ levels. To investigate 

this, C33A cells were generated stably expressing HA-tagged HPV16 E7 and WWTR1 

promoter activity was measured using the WWTR1-promoter luciferase reporter. 

Importantly, these assays demonstrated clearly that HPV16 E7 was not able to increase 

WWTR1 promoter activity compared with HPV18 E7 (Figure 4.5 A). Furthermore, 

analysis of WWTR1 mRNA and TAZ protein expression confirmed that expression of 

HPV16 E7 did not lead to any significant change (Figure 4.5 B-C). HPV16 E7 was probed 

to confirm successful expression, the double band observed is likely due to cleavage of 

the HA tag (Figure 4.5 C). 

 To confirm these results observed were not a cell type specific phenotype to 

C33A cells, HPV18 E7 was expressed in the immortalised keratinocyte HaCaT cell line. 

Measuring promoter activity showed HPV18 E7 was still able to increase WWTR1 

promoter activity (Figure 4.6 A). Furthermore HPV18 E7 also significant increased 

WWTR1 mRNA expression and TAZ protein expression (Figure 4.6 B-C). As this 

matched the data observed in C33A, it was concluded that the effects seen were not a 

cell specific phenotype. Together, these data suggest HPV18 E7 increase WWTR1 

promoter activity leading to an increase in both mRNA and protein levels.  
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Figure 4.4 HPV18 E7 upregulates TAZ promoter activity A) Luciferase reporter assay in C33A 

cells stably expressing either HA-HPV18 E6 or HA-HPV18 E7 transfected with WWTR1-promoter 

luciferase reporter (for 24 hours). Internal renilla luciferase was used as a loading control. B) qRT-

PCR analysis of WWTR1 expression in C33A cells stably expressing either HA-HPV18 E6 or HA-

HPV18 E7. U6 was used as a loading control. C) Representative western blot of C33A cell lysate 

stably expressing either HA-HPV18 E6 or HA-HPV18 E7. Cell lysate was probed for TAZ. HPV18 

E6 and HPV18 E7 were probed for to confirm successful expression. GAPDH was used as a 

loading control. D) Representative western blot of C33A stably expressing HA-HPV18 E7 with or 

without treatment of CHX. Cell lysate was probed for TAZ. GAPDH was used as a loading control. 

E) qRT-PCR analysis of WWTR1 expression in C33A stably expressing HA-HPV18 E7 with or 
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without treatment of Act D. U6 was used as a loading control. F) Representative western blot of 

C33A stably expressing HA-HPV18 E7 with or without treatment of Act D. Cell lysate was probed 

for TAZ. GAPDH was used as a loading control.  
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Figure 4.5 HPV16 E7 does not increase WWTR1 promoter activity A) Luciferase reporter 

assay in C33A cells stably expressing either HA-HPV16 E7 or HA-HPV18 E7 transfected with 

WWTR1-promoter luciferase reporter (for 24 hours). Internal renilla luciferase was used as a 

loading control. B) qRT-PCR analysis of WWTR1 expression in C33A cells stably expressing 

either HA-HPV16 E7 or HA-HPV18 E7. U6 was used as a loading control. C) Representative 

western blot of C33A cell lysate stably expressing either HA-HPV18 E6 or HA-HPV18 E7. Cell 

lysate was probed for TAZ. HPV16 E7 and HPV18 E7 were probed for to confirm successful 

expression. GAPDH was used as a loading control.  
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Figure 4.6 HPV18 E7 in HaCaT increases WWTR1 promoter activity A) Luciferase reporter 

assay in HaCaT cells stably expressing HA-HPV18 E7 transfected with WWTR1-promoter 

luciferase reporter (for 24 hours). Internal renilla luciferase was used as a loading control. B) qRT-

PCR analysis of WWTR1 expression in HaCaT cells stably expressing HA-HPV18 E7. U6 was 

used as a loading control. C) Representative western blot of HaCaT cell lysate stably expressing 

HA-HPV18 E7. Cell lysate was probed for TAZ. HPV16 E7 and HPV18 E7 were probed for to 

confirm successful expression. GAPDH was used as a loading control (n=2).  
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4.2.4 Transcription factor specificity protein 1 (SP1) controls TAZ expression 

 As HPV18 E7 does not have any DNA binding ability, it was hypothesised that 

the upregulation of WWTR1 promoter activity seen must be through a host transcription 

factor. Online analysis of the WWTR1 promoter region revealed 2 SP1 binding sites 

(Figure 4.7 A). Previous studies showed that SP1 plays a crucial role in HPV18-mediated 

transformation and high SP1 correlates with metastasis and invasion in cervical cancer 

(265). Therefore it was hypothesised that HPV18 E7 could be driving the increase the 

WWTR1 promoter activity through SP1. 

 To investigate the effect of SP1 on TAZ expression, a small molecular inhibitor 

Mithramycin A (Mith A) which acts by displacing SP1 from binding sites was used (266). 

Treatment of HeLa cells led to a dose-dependent decrease in both WWTR1-promoter 

driven luciferase levels and mRNA expression (Figure 4.7 B-C). CCND1 expression was 

used to confirm successful Mith A treatment (267). Crucially, Mith A treatment caused a 

dose-dependent decrease in TAZ protein expression (Figure 4.7 D). To confirm SP1 was 

binding to the WWTR1 promoter through the predicted SP1 binding sites (Figure 4.7 A), 

site directed mutagenesis was used to delete each of the binding sites. Deletion of either 

of the binding sites led to a significant decrease in promoter activity in HeLa cells (Figure 

4.7 E). 

 Together this, suggests SP1 regulates TAZ expression in HeLa cells. To confirm 

this was not a HeLa-specific phenotype, two additional HPV18+ cell lines were treated 

with Mith A and analysis revealed this led to a significant dose-dependent reduction in 

WWTR1 mRNA in both SW756 (Figure 4.8 A) and MS751 (Figure 4.8B) cells. YAP 

mRNA was assessed in both these cell lines following Mith A treatment, as qRT-PCR 

analysis showed no significant change in YAP expression, it was concluded this was a 

mechanism specifically for regulation of TAZ expression.  
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 Inhibitors such as Mith A often have off-target effects, so to confirm specifically 

that SP1 inhibition leads to a reduction in TAZ expression, an SP1 mutagenesis strategy 

was performed in parallel. For this, an expression plasmid was generated containing a 

truncated Flag tagged SP1 (Trunc SP1) that is capable of binding to SP1 binding sites 

in target promoters but that cannot activate transcription, therefore acting as a dominant 

negative (Figure 4.9 A). Expression of Trunc SP1 led to a significant decrease in 

WWTR1-promoter luciferase reporter levels, WWTR1 mRNA expression and TAZ 

protein expression in HeLa cells. (Figure 4.9 B-D). 

  As HPV18 E7 increase WWTR1 promoter activity, it was hypothesised that 

HPV18 E7 was acting through SP1. To investigate this GFP-HPV18 E7 was transfected 

into C33A cells. GFP-HPV18 E7 was used as Mith A treatment did not affect the 

expression of the construct. Mith A treatment of GFP-HPV18 E7 transfected C33A cells 

led to a reversal of significant increase in WWTR1 promoter activity seen with GFP-

HPV18 E7 transfection alone (Figure 4.10 A). Furthermore, treatment with Mith A 

reversed the significant increase in WWTR1 mRNA expression seen with GFP-HPV18 

E7 overexpression alone (Figure 4.10 B) and the same trend was observed TAZ protein 

expression. Probing for GFP confirmed Mith A treatment did not affect GFP-HPV18 E7 

expression (Figure 4.10 C). These data suggests that HPV18 E7 upregulates TAZ 

expression in a SP1-dependent manner.  
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Figure 4.7 SP1 controls TAZ expression A) Schematic of WWTR1 promoter with predicted SP1 

binding sites highlighted. B) Luciferase reporter assay in HeLa cells following Mith A treatment 

(24 hours) and transfection of WWTR1-promoter luciferase reporter (48 hours). Internal renilla 

luciferase was used as a loading control. C) qRT-PCR analysis of WWTR1 expression in HeLa 

cells following Mith A treatment. CCND1 transcript levels were used to show successful Mith A 

treatment. U6 was used as a loading control. D) Representative western blot of HeLa cells 

following Mith A treatment. Cell lysate was probed for TAZ. Cyclin D was probed for to show 

successful Mith A treatment. GAPDH was used as a loading control. E) Luciferase reporter assay 

in HeLa cells following transfection of the WWTR1-promoter luciferase reporter or SP1 binding 

site 1 or binding site 2 mutants (24 hours). Internal renilla luciferase was used as a loading control.  
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Figure 4.8 Inhibition of SP1 leads to a reduction in WWTR1 expression in other HPV18+ 

cell lines A) qRT-PCR analysis of WWTR1 expression in SW756 cells following Mith A treatment. 

U6 was used as a loading control. B) qRT-PCR analysis of WWTR1 expression in MS751 cells 

following Mith A treatment. U6 was used as a loading control. 

  



140 
 

 

Figure 4.9 Dominant negative SP1 inhibits TAZ expression A) Schematic demonstrating 

Trunc SP1 feature compared to full length SP1. B) Luciferase reporter assay in HeLa cells 

following transfection of Trunc SP1 and WWTR1-promoter luciferase reporter (24 hours). Internal 

renilla luciferase was used as a loading control. C) qRT-PCR analysis of WWTR1 expression in 

HeLa cells following transfection of Trunc SP1 (24 hours). U6 was used as a loading control. D) 

Representative western blot of HeLa cells following transfection of Trunc SP1 (24 hours). Cell 

lysate was probed for TAZ. FLAG was probed for to show successful transfection of Trunc SP1. 

GAPDH was used as a loading control.  
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Figure 4.10 Upregulation of TAZ by HPV18 E7 is SP1-dependent A) Luciferase reporter assay 

in C33A cells following transfection of GFP-HPV 18 E7 and WWTR1-promoter luciferase reporter 

(48 hours) with or without Mith A treatment (24 hours). B) qRT-PCR analysis of WWTR1 

expression in C33A cells following transfection of GFP-HPV 18 E7 (48 hours) with or without Mith 

A treatment (24 hours). U6 was used as a loading control. C) Representative western blot of C33A 

lysate following transfection of GFP-HPV 18 E7 (48 hours) with or without Mith A treatment (24 

hours). Cell lysate was probed for TAZ. GFP was probed for to show successful transfection of 

GFP-HPV 18 E7. GAPDH was used as a loading control.  
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4.2.5 The ERK1/2 signalling pathway regulates TAZ expression 

 Literature suggests SP1 activity is regulated by phosphorylation by many 

kinases. However, two phosphorylation sites, T453 and T739 (Figure 4.11 A), have been 

linked to ERK1/2 signalling activity, which is a pathway aberrantly activated by HPV E7 

(268, 269). Therefore, it was hypothesised that ERK1/2 signalling is involved in the 

regulation of TAZ expression.  

 ERK1/2 signalling was inhibited by treatment with U0126, an MKK1/2 inhibitor, 

preventing ERK1/2 phosphorylation and activation (270). Treatment with U0126 led to a 

significant dose-dependent reduction in WWTR1 promoter activity and WWTR1 

expression (Figure 4.11 B-C). Analysis of YAP mRNA showed no significant change in 

expression, demonstrating this mechanism of regulation is specific to TAZ (Figure 4.11 

C).  

To investigate if E7 was activating ERK1/2 in the context of SP1 driven TAZ 

expression HPV18 E7 stable expressing C33A cells were treated with U0126. Analysis 

of the WWTR1-promoter luciferase reporter assay revealed a complete reversal of 

luciferase expression, indicating inhibition of ERK1/2 reversed the increase in WWTR1 

promoter activity seen with HPV18 E7 expression. Furthermore, U0126 treatment 

reversed the increase in WWTR1 mRNA seen with HPV18 E7 overexpression alone 

(Figure 4.11 E). 

SP1 is not solely activated by ERK, other MAPK pathways such as JNK are 

known regulators and is aberrantly activated in HPV+ cancer (271). Interestingly, 

treatment with JNK signalling inhibitor JNK-IN-8 actually increased WWTR1 promoter 

activity, indicting it is not a regulator of WWTR1 expression (Figure 4.11 F). Taken 

together, these data suggests ERK1/2 signalling is a regulator of TAZ expression.  
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Figure 4.11 HPV 18 E7 control of WWTR1 expression is ERK1/2 signalling dependent A) 

Schematic demonstrating SP1 phosphorylation sites phosphorylated by ERK1/2 signalling. B) 

Luciferase reporter assay in HeLa cells following U0126 treatment (24 hours) and transfection of 

WWTR1-promoter luciferase reporter (48 hours). Internal renilla luciferase was used as a loading 

control. C) qRT-PCR analysis of WWTR1 and YAP expression in HeLa cells following Mith A 

treatment. U6 was used as a loading control. D) Luciferase reporter assay in C33A cells following 

transfection of GFP-HPV 18 E7 and WWTR1-promoter luciferase reporter (48 hours) with or 

without U0126 treatment (24 hours). E) qRT-PCR analysis of WWTR1 expression in C33A cells 

following transfection of GFP-HPV 18 E7 (48 hours) with or without U0126 treatment (24 hours). 

U6 was used as a loading control. F) Luciferase reporter assay in HeLa cells following JNK-IN-8 

treatment (24 hours) and transfection of WWTR1-promoter luciferase reporter (48 hours). Internal 

renilla luciferase was used as a loading control.   
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4.2.6 HPV18 E7 regulates WWTR1 mRNA expression in a EGFR-ERK1/2-dependent 

manner 

 EGFR signalling is a major activator of ERK1/2 signalling and also is regularly 

seen to be activated by E7 (272). Furthermore, in glioblastoma, EGFR signalling also 

increased TAZ expression (273). Therefore, it was hypothesised that EGFR was 

activating the ERK1/2 signalling pathway leading to increase TAZ expression.  

 Firstly, it was investigated if activation of EGFR signalling led to an increase in 

TAZ by stimulating serum-starved HeLa cells with EGF. Analysis revealed EGF-

stimulation of serum starved HeLa cells led to an increase WWTR1 mRNA expression 

over the 8 hour time course (Figure 4.12 A). 

 Next, the effect of inhibiting the EGFR signalling pathway was investigated using 

PD153035 (PD) (274). PD treatment in HeLa cells showed EGFR inhibition led to a 

significant dose-dependent decrease in WWTR1 promoter activity (Figure 4.12 B) and 

WWTR1 mRNA expression. Additionally, analysis of YAP mRNA expression showed no 

significant changes, highlighting that this mechanism was TAZ specific (Figure 4.12 C).  

 As E7 is both a known regulator of EGFR signalling and the regulator of TAZ in 

HPV18+ cells, it needed to be determined if the effect of HPV18 E7 on TAZ was EGFR-

dependent. PD treatment reversed the increase WWTR1 promoter activity seen with 

HPV18 E7 expression alone (Figure 4.12 D). Likewise, PD treatment reversed the 

increase in WWTR1 mRNA seen with HPV18 E7 expression alone, suggesting HPV18 

E7 regulates TAZ expression in an EGFR-dependent manner (Figure 4.12 E).  

To assess if the effect of EGFR signalling on TAZ is through activation of ERK1/2 

signalling, serum starved HeLa cells were stimulated with EGF and then treated with 

U0126. Analysis showed U0126 treatment reversed the increase in both promoter 

activity and mRNA expression seen with EGF stimulation (Figure 4.12 F-G) 
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 As ERK1/2 phosphorylates SP1 at two key residues indicated in Figure 4.11 A, 

an SP1 mutagenesis strategy was performed in parallel with both sites were mutated to 

be phosphomimetic, producing a constituently active SP1 that does not require ERK1/2 

activation known as SP1 2TD. Depletion of HPV18 E6 and E7 in HeLa cells followed by 

expression of SP1 2TD restored WWTR1 expression (Figure 4.13 A). E6 and E7 mRNA 

expression was analysed by qRT-PCR to show changes in WWTR1 mRNA expression 

following SP1 2TD were not due to changes in oncogene expression (Figure 4.13 B-C). 

Together these data identify that HPV18 drives TAZ expression through a 

pathway requiring the growth factor dependent activation of the SP-1 transcription factor.   
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Figure 4.12 HPV 18 E7 control of WWTR1 expression is dependent on EGFR-ERK1/2 

signalling axis A) qRT-PCR analysis of WWTR1 expression in HeLa cells following EGF 

stimulation (4 and 8 hrs). U6 was used as a loading control. B) Luciferase reporter assay in HeLa 

cells following PD treatment (24 hours) and transfection of WWTR1-promoter luciferase reporter 

(48 hours). Internal renilla luciferase was used as a loading control. C) qRT-PCR analysis of 

WWTR1 and YAP expression in HeLa cells following PD treatment. U6 was used as a loading 

control. D) Luciferase reporter assay in C33A cells following transfection of GFP-HPV 18 E7 and 

WWTR1-promoter luciferase reporter (48 hours) with or without PD treatment (24 hours). E) qRT-

PCR analysis of WWTR1 expression in C33A cells following transfection of GFP-HPV 18 E7 (48 

hours) with or without PD treatment (24 hours). U6 was used as a loading control. F) Luciferase 

reporter assay in HeLa cells following EGF stimulation and transfection of WWTR1-promoter 

luciferase reporter (24 hours) with or without U0126 treatment (24 hours). G) qRT-PCR analysis 

of WWTR1 expression in HeLa cells following EGF stimulation with or without U0126 treatment 

(24 hours) (n=2).  
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Figure 4.13 Active SP1 rescues loss of WWTR1 expression after E6/E7 knockdown A) qRT-

PCR analysis of WWTR1 expression in HeLa cells with E6/E7 targeting siRNA (for 72 hours) with 

or without SP1 2TD transfection (24 hours). HPV 18 E6 (B) and HPV 18 E7 (C) levels were 

analysed to confirm successful knockdown. U6 was used as a loading control. 
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4.2.7 EGFR-ERK1/2 signalling regulates TAZ in a SP1 dependent manner. 

 Next, it was investigated if EGFR and ERK1/2 signalling were regulating TAZ 

expression through SP1 activity. Serum starved HeLa cells stimulated with EGF and then 

treated with Mith A showed Mith A treatment reversed the significant increase in 

promoter activity caused by EGF stimulation (Figure 4.14 A). Similar results were 

observed upon transfection of Trunc SP1 with transfection reversing the increase in 

WWTR1 promoter activity seen with EGF stimulation alone (Figure 4.14 B). Additionally, 

the phosphomimetic SP1, SP1 2TD, was able to increase WWTR1 promoter activity 

without need for EGFR/ERK1/2 signalling (Figure 4.14 C). 

 It was next assessed if SP1 2TD could rescue the loss of TAZ promoter activity 

seen after treatment with PD. SP1 2TD led to a complete recovery of WWTR1 promotor 

activity in PD treated HeLa cells (Figure 4.14 D). Additionally, SP1 2TD transfection in 

PD treated HeLa cells recovered the decrease in WWTR1 mRNA expression seen with 

PD treatment alone (Figure 4.14 E) indicating SP1 activity is necessary for EGF-induced 

WWTR1 expression. 

 Lastly it was investigated if SP1 activity could recover the loss in WWTR1 

expression seen after ERK1/2 signalling inhibition. Expression of SP1 2TD in U0126-

treated HeLa cells led to a recovery of WWTR1 promoter activity (Figure 4.14 F) and 

subsequently led to a complete recovery of the reduction of WWTR1 expression (Figure 

4.14 G). This suggested SP1 activity is crucial for ERK-mediated regulation of WWTR1 

expression  

 Together these data suggests that EGFR and ERK1/2 signalling are regulating 

TAZ expression through SP1 activity.  
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Figure 4.14 EGFR/ERK1/2 regulation of WWTR1 expression is SP1-dependent A) Luciferase 

reporter assay in HeLa cells following EGF stimulation and transfection of WWTR1-promoter 

luciferase reporter (24 hours) with or without Mith A treatment (24 hours). B) Luciferase reporter 

assay in HeLa cells following EGF stimulation and transfection of WWTR1-promoter luciferase 

reporter (24 hours) with or without Trunc SP1. Internal renilla luciferase was used as a loading 

control. C) Luciferase reporter assay in serum-starved HeLa cells following transfection of SP1 

2TD and WWTR1-promoter luciferase reporter (24 hours). D) Luciferase reporter assay in HeLa 

cells following PD treatment (24 hours) and transfection of WWTR1-promoter luciferase reporter 

(24 hours) with or without SP1 2TD transfection (24 hours). Internal renilla luciferase was used 

as a loading control. E) qRT-PCR analysis of WWTR1 expression in HeLa cells following PD 

treatment (24 hours) with or without SP1 2TD transfection (24 hours). U6 was used as a loading 

control. F) Luciferase reporter assay in HeLa cells following U0126 treatment (24 hours) and 

transfection of WWTR1-promoter luciferase reporter (24 hours) with or without SP1 2TD 

transfection (24 hours). Internal renilla luciferase was used as a loading control. G) qRT-PCR 

analysis of WWTR1 expression in HeLa cells following U0126 treatment (24 hours) with or without 

SP1 2TD transfection (24 hours). U6 was used as a loading control.   
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4.3 Discussion 

 This chapter aimed to investigate levels of TAZ expression in HPV+ cervical 

cancer and the mechanism of regulation. While YAP is known to be overexpressed in 

both HPV16 and HPV18+ cervical cancer, analysis of cervical cancer cell lines revealed 

TAZ was only overexpressed in HPV18+ cell lines. Furthermore, we demonstrated clear 

differences between YAP and TAZ regulation by HPV. While YAP protein is increased in 

cervical cancer by protein stabilisation, we clearly established TAZ was not stabilised in 

HPV18+ cells as when analysed the half-life of TAZ was similar to that in HPV16+ cells. 

Furthermore, we confirmed that TAZ was degraded in a proteasome-mediated manner 

in these cells. Investigation revealed WWTR1 mRNA to be increased not only in HPV18+ 

cell lines but also in CIN 2 and CIN3 patient samples from HPV18+ patients. Analysis of 

online datasets agreed with our data, suggesting TAZ is overexpressed in cervical 

cancer. Interestingly, analysis of the TCGA dataset suggested YAP and TAZ were largely 

overexpressed in different samples. Although this is not a phenotype we observe in 

cervical cancer cell lines, further analysis of YAP1 expression the panel of patient 

samples could be undertaken to see if this can be replicated.  

 Intriguingly, we did not see a significant change in WWTR1 mRNA in our panel 

of patient samples in CIN1 despite confirmed HPV expression in these samples. This 

suggests the upregulation of TAZ does not occur in HPV infection but is a cancer-specific 

phenotype. This phenotype should be further investigated by comparing WWTR1 and 

TAZ expression in NHK cells with and without the HPV18 genome. 

 It was determined that HPV18 E7 was responsible for upregulating the 

expression of TAZ through increasing promoter activity. We did not observe any 

stabilisation of TAZ protein expression, agreeing with the unchanged TAZ half-life 

between HPV16+ and HPV18+ cells. This was surprising as E7 has been shown to 

stabilise YAP expression by targeting PTPN14 for degradation in HNSCC. Furthermore, 

we did not see any stabilisation of TAZ mRNA expression with E7 expression, supporting 
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our hypothesis that the upregulation in TAZ stems from an increase in promoter activity. 

HPV18 E7 was found to be able to increase WWTR1 promoter activity in both C33A and 

HaCaT cells. Results could have been further validated in NHKs but it was determined 

HaCaTs were a better option due to simpler growth requirements. Furthermore HPV18 

E7 was established to increase WWTR1 promoter activity through an EGFR-ERK1/2-

SP1 signalling axis.  

SP1 was determined to be a major regulator of TAZ expression as inhibition of 

SP1 activity through multiple ways led to a significant loss of TAZ expression, WWTR1 

mRNA and promoter activity across multiple HPV18+ cervical cancer cell lines. 

Furthermore, deletion of SP1 binding sites led to a reduction in basal WWTR1 promoter 

activity in HeLa cells. In addition to this constituently active SP1 (SP1 2TD) restored 

WWTR1 expression in E6/E7 knockdown cells. Even though various MAPK signalling 

pathways have been reported to activate SP1, we determined that activation of SP1 by 

E7 was largely due to ERK1/2 signalling as inhibition of JNK signalling did not lead to a 

loss of WWTR1 promoter activity. JNK signalling is largely E6 regulated and therefore 

unsurprisingly does not regulated WWTR1 promoter activity in this system, however it 

may play a role in other cancers. Furthermore, inhibition of ERK1/2 signalling following 

E7 expression led to a near complete reversal of WWTR1 promoter activity and. similar 

results were observed with EGFR signalling, with inhibition of ERK1/2 also completely 

reversing the increased promoter activity. Although PD153035 is a well characterised 

EGFR inhibitor, as targeting of EGFR is recently a common therapeutic option for cancer 

treatments, the effects of other, more clinically relevant EGFR inhibitors should be 

investigated (275). It is worth noting that as the change in WWTR1 promoter activity is 

relatively small (but consistent) there may be other unknown mechanisms of TAZ 

regulation occurring. 

Even though other studies have reported phosphorylation of SP1 at residues 

T453 and T739 by ERK1/2, further investigations should be carried out to confirm HPV18 
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E7 expression leads to increased phospho-SP1 and therefore increased SP1 activity. 

Additionally, despite the luciferase data remaining consistent with our hypothesis, our 

results could be confirmed utilising Chromatin Immunoprecipitation (ChIP). This could be 

used to confirm SP1 binding at the regions in the WWTR1 promoter specified.  

HPV16 E7 expression did not led to changes in TAZ expression, agreeing the 

lack of changes in TAZ expression in both HPV16+ cervical cancer cell lines and patient 

samples. This also explains why many online datasets did not show an increase in TAZ 

expression as many of these datasets are skewed to HPV16+ samples, especially in 

cervical squamous cell carcinoma.  

 Even though our data is clear that HPV18 E7 is regulating TAZ through this 

EGFR-ERK1/2-SP1 signalling axis, it is currently unknown why HPV16 E7 cannot 

increase TAZ expression. Many studies have documented the ability of HPV16 to 

activate these same pathways, making it unclear how HPV18 E7 only does this. Further 

investigation into this should be undertaken and the ability of other both high and low 

HPV E7s to upregulate TAZ should be assessed. Although to sequence analysis reveals 

subtle difference between HPV16 and HPV18 E7, the functional differences between the 

two are unclear. Generating a panel of HPV16/18 E7 chimeras could be used to clarify 

which region of HPV18 E7 specifically is needed to regulate TAZ.  
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Chapter 5- TAZ is essential and promotes proliferation 

in a YAP-independent manner in cervical cancer  

5.1 Introduction  

 Identifying novel therapeutic targets, such as oncogenes, is a priority for HPV-

driven cancers. Although YAP has been shown to be clearly oncogenic in cervical 

cancer, TAZ has been reported to both be oncogenic and tumour suppressive in cervical 

cancer and therefore further elucidation is needed. Additionally a detailed investigation 

comparing the role of YAP and TAZ in cervical cancer is currently lacking. This need is 

highlighted given the differences in YAP and TAZ expression highlighted in chapter 4. 

YAP and TAZ are the targets of various therapeutics currently in clinical trials, with the 

mechanism of action generally focusing on disrupting YAP/TAZ/TEAD interactions. 

Therefore, if the role of YAP/TAZ is better understood, there is a potential for these 

therapeutics to be used in HPV-driven cervical cancer. 

In this chapter the effect of TAZ on proliferation and EMT was investigated in both 

HPV16 and HPV18+ cervical cancer cell lines. Furthermore, it was assessed if YAP and 

TAZ played non-redundant roles in the regulation of proliferation.  
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5.2 Results 

5.2.1 TAZ promotes proliferation in HeLa cells  

 To begin to investigate its role in HPV18+ cervical cancer cells, HeLa cells were 

treated with two TAZ inhibitors. The first inhibitor, 6079510, was characterised to prevent 

the nuclear localisation of TAZ by promoting an interaction between importin α5 and 

CSE1L, preventing the binding of importin α5 to TAZ (276). Ivermectin was used to inhibit 

both YAP and TAZ nuclear import and is thought to act in a similar manner, by inhibiting 

importins (277). As both inhibitors are acting on cellular factors other than YAP and TAZ, 

immunofluorescence was used to confirm the ability of both drugs to regulate YAP and 

TAZ in the assumed manner. Imaging showed while treatment of Ivermectin led to a loss 

of both YAP and TAZ nuclear localisation, 6079510 treatment only resulted in the loss of 

nuclear TAZ, leaving YAP unaffected (Figure 5.1 A and B). As the images suggested 

that TAZ was not just relocalised to the cytoplasm, but levels were generally lower, 

western blotting and probing for TAZ was used to assess overall protein levels. Analysis 

showed TAZ expression was slightly decreased with either inhibitor treatment while 

analysis of YAP levels showed no change. Both inhibitors were taken forward for further 

investigations due to the clear effects observed by immunofluorescence (Figure 5.1 C).

 As TAZ has been linked to promoting proliferation in multiple cancers, the effect 

of TAZ inhibition was assessed with a growth assay. Treatment of HeLa cells with either 

inhibitor led to a significant reduction in growth over the 5 days of the assay (Figure 5.1 

D). Analysis showed a slight additional reduction in growth when both YAP and TAZ 

were inhibited compared to inhibition of TAZ alone. Given the significant results 

observed, the effect of TAZ inhibition was assessed for colony forming ability. 

Investigation of both anchorage-dependent and anchorage-independent colony forming 

ability showed a significant reduction in the ability of HeLa cells to form colonies following 

treatment of either inhibitor (Figure 5.1 E and F).  
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 As neither of the inhibitors used acted on TAZ or YAP directly, it was possible 

that the results observed were due to off-target effects. Therefore, TAZ expression was 

knocked down with stable expression of short hairpin RNAs (shRNAs) in HeLa cells in a 

puromycin resistant vector. qRT-PCR analysis was used to confirm a stable reduction in 

WWTR1 expression without reducing YAP1 expression when compared to a non-

targeting control (NEG) (Figure 5.2 A). The ability of two shRNAs targeting different 

sequences to target WWTR1 was assessed and both were confirmed to reduce WWTR1 

expression below 50%. To ensure consistent knockdown of WWTR1, the cell lines used 

were grown from a single cell in each case (making the cell lines monoclonal). Analysis 

showed YAP1 expression was actually increased in both TAZ KD cell lines, inversely 

correlating with WWTR1 expression levels. This suggested a possible feedback between 

TAZ and YAP expression.  

 It was also confirmed that this led to a significant reduction in TAZ protein 

expression in both TAZ KD cell lines. Further probing for HPV18 E6 and E7 showed little 

change in expression of either oncoprotein (Figure 5.2 B). This result was not surprising 

as previous work in the group showed activation of the Hippo signalling pathway led to 

no changes in expression of either oncoprotein (Data generated by MBiol student not 

shown). Next the proliferative ability of the TAZ KD cells was assessed. A growth assay 

showed knockdown of TAZ led to a significant reduction in growth over 5 days. Further 

analysis of colony forming ability showed TAZ knockdown led to a significant reduction 

in the ability of HeLa cells to form both anchorage-dependent and anchorage-

independent colonies.  

 Together this suggested inhibition of TAZ activity led to a significant reduction in 

proliferation.   



156 
 

 

Figure 5.1 Inhibition of TAZ or YAP/TAZ reduces proliferation in HeLa cells A) 

Immunofluorescence microscopy analysis loss of nuclear TAZ (green) in HeLa cells with 

treatment of either 6079510 or Ivermectin. DAPI stained nuclei (blue). Scale bar 10 µm. B) 

Immunofluorescence microscopy analysis loss of nuclear YAP (green) in HeLa cells with 

treatment of Ivermectin only. DAPI stained nuclei (blue). Scale bar 10 µm. C) Representative 

western blot of HeLa cell lysates following treatment with either 6079510 (16 hours) or Ivermectin 

(24 hours). Cells lysate was probed for TAZ or YAP. GAPDH was used as a loading control (n=2). 

D) Growth curve analysis of HeLa cells treated with either 6079510 (16 hours) or Ivermectin (24 

hours). E) Colony formation assay (analysis of anchorage dependent growth of HeLa cells treated 

with either 6079510 (16 hours) or Ivermectin (24 hours) (n=2).   
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Figure 5.2 Knockdown of TAZ using shRNA in HeLa cells reduces proliferative ability A) 

qRT-PCR analysis of WWTR1 or YAP1 expression in monoclonal shRNA-mediated TAZ 

knockdown HeLa cells. U6 was used as a loading control. B) Representative western blot of 

monoclonal shRNA-mediated TAZ knockdown HeLa cells. Cell lysates were probed for TAZ, 

HPV18 E6 or HPV18 E7. GAPDH was used as a loading control. C) Growth curve analysis of 

monoclonal shRNA-mediated TAZ knockdown HeLa cells. D) Colony formation assay (analysis 

anchorage dependent growth) monoclonal shRNA-mediated TAZ knockdown HeLa cells. E) Soft 

agar assay (analysis anchorage-independent growth) in monoclonal shRNA-mediated TAZ 

knockdown HeLa cells. 



158 
 

5.2.2 TAZ knockdown reduces proliferation in other HPV18+ cell lines and plays a key 

role in E7-mediated proliferation 

 Even though it was clear TAZ promoted proliferation in HeLa cells, this may have 

been a cell-specific phenotype and not a true representative of the function of TAZ in 

HPV18+ cervical cancer. Therefore the role of TAZ in two other HPV18+ cervical cancer 

cell lines, SW756 and MS751 was investigated. Both these cell lines were chosen as 

they showed consistent high TAZ expression (Chapter 4 Figure 1). Polyclonal TAZ 

knockdown cell lines were generated using the same two shRNA plasmids used in HeLa 

cells. Successful knockdown of WWTR1 expression was confirmed with qRT-PCR 

analysis in both SW756 and MS751 cells when compared to the NEG cell line in each 

case (Figure 5.3 A and B). Analysis of YAP mRNA expression showed little change upon 

WWTR1 knockdown. Western blotting and probing for TAZ protein levels was used to 

demonstrate the loss of WWTR1 led to a loss of TAZ protein expression in SW756 and 

MS751 cells when compared to the NEG cell line in each case (Figure 5.3 C and D).  

 After it was confirmed that polyclonal TAZ KD SW756 and MS751 cell lines were 

generated, the proliferative ability was investigated. Assessment of growth showed a 

significant reduction upon TAZ knockdown in both KDs in each cell line after 5 days 

(Figure 5.3 E and F). Furthermore, both the ability for form anchorage-dependent 

colonies was reduced upon TAZ knockdown in both SW756 and MS751 cells (Figure 5.3 

G and H). Anchorage independent colony forming ability was not assessed due to poor 

ability of both SW756 and MS751 to form colonies under normal conditions. 

 Together this data suggests TAZ promotes proliferation in HPV18+ cell lines, 

beyond HeLa cells. 

 As results in Chapter 4 showed TAZ expression is regulated by HPV18 E7, it was 

hypothesised that TAZ played a role in the cancerous phenotype promoted by HPV18 

E7. To investigate this, anchorage dependent colony forming ability was assessed in 
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C33A cervical cancer cells stably expressing HPV18 E7 with and without treatment with 

6079510 to inhibit TAZ activity. Analysis showed while expression of HPV18 E7 alone 

roughly double the number of colonies, treatment with 6079510 led to a strong but not 

complete reversal of the increase (Figure 5.4 A). Similar results were observed in HaCaT 

keratinocyte cells expressing HPV18 E7 with and without treatment with 6079510 (Figure 

5.4 B). This suggested that TAZ plays a key role in HPV18 E7-mediated colony forming 

ability.  

  



160 
 

 

Figure 5.3 Knockdown of TAZ using shRNA in other HPV18+ cervical cancer cells reduces 

proliferation A) qRT-PCR analysis of WWTR1 or YAP1 expression in polyclonal shRNA-

mediated TAZ knockdown SW756 cells. U6 was used as a loading control. B) qRT-PCR analysis 

of WWTR1 or YAP1 expression in polyclonal shRNA-mediated TAZ knockdown SW756 cells. U6 

was used as a loading control C) Representative western blot of polyclonal shRNA-mediated TAZ 
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knockdown SW756 cells. Cell lysates were probed for TAZ and YAP. GAPDH was used as a 

loading control. D) Representative western blot of polyclonal shRNA-mediated TAZ knockdown 

MS751 cells. Cell lysates were probed for TAZ and YAP. GAPDH was used as a loading control 

E) Growth curve analysis of polyclonal shRNA-mediated TAZ knockdown SW756 cells. F) Growth 

curve analysis of polyclonal shRNA-mediated TAZ knockdown MS751 cells. G) Colony formation 

assay (analysis anchorage dependent growth) polyclonal shRNA-mediated TAZ knockdown 

SW756 cells. H) Colony formation assay (analysis anchorage dependent growth) polyclonal 

shRNA-mediated TAZ knockdown SW756 cells.  
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Figure 5.4 Inhibition of TAZ reduce HPV18 E7-mediated colony formation A) Colony 

formation assay (analysis anchorage dependent growth) in C33A cells stably expressing HA-

HPV18 E7 with or without 6079510 treatment (16 hours). B) Colony formation assay (analysis 

anchorage dependent growth) in HaCaT cells stably expressing HA-HPV18 E7 with or without 

6079510 treatment (16 hours).  
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5.2.3 TAZ is tumour suppressive in HPV16+ cell lines 

 Given the effect of TAZ inhibition in HPV18+ cells, the role of TAZ in HPV16+ 

SiHa cells that expressed low levels of TAZ was investigated. Firstly, SiHa cells were 

treated with both 6079510 and Ivermectin and growth was assessed. Treatment with 

Ivermectin, inhibiting both YAP and TAZ nuclear localisation, led to a reduction in growth 

over 5 days when compared to a DMSO control, inhibiting TAZ alone with 6079510 had 

no significant effect, likely was TAZ expression in low in these cells (Figure 5.5 A). 

Further investigation revealed Ivermectin reduced the ability to form anchorage 

dependent colonies while 6079510 treatment actually increased colony forming ability 

(Figure 5.5 B). As this was such a distinct effect to what was observed in HPV18+ cells, 

this was investigated further by overexpressing YAP or TAZ.  

 Firstly, the effect of overexpressing either YAP or TAZ in HeLa was assessed. 

Western blotting and probing for the FLAG epitope used to confirm successful 

expression of FLAG-YAP or FLAG-TAZ (Figure 5.6 A). Analysis of growth over a 5-day 

period showed overexpression of either YAP or TAZ led to a small but significant 

increase in growth in HeLa cells (Figure 5.6 B). Further investigation also showed 

overexpression of either YAP or TAZ led to the increased ability to form anchorage 

dependent or independent colonies (Figure 5.6 C and D).  

 However, this was not the case in SiHa cells. When growth was analysed over a 

5-day period, analysis showed while YAP overexpression (Successful expression was 

confirmed in Figure 5.7 A) led to a similar significant increase in growth as seen in HeLa 

cells, overexpression of TAZ led to a significant reduction in growth (Figure 5.7 B). 

Furthermore, while YAP overexpression increased colony forming ability, TAZ 

overexpression reduced it (Figure 5.7 C-D).  

 To further investigate the role of YAP and TAZ in SiHa cells, a panel of 

monoclonal knockdown cell lines were generated with shRNAs targeting TAZ, YAP or 
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both YAP/TAZ simultaneously (termed Y/T) stably expressed in a puromycin-resistant 

vector. Appropriate successful knockdown of TAZ and YAP was confirmed by using qRT-

PCR to analyse WWTR1 and YAP1 mRNA levels (Figure 5.8 A). Then the proliferative 

ability of TAZ, YAP and dual knockdown SiHa was assessed using growth and colony 

formation assays. Analysis of growth over a 5-day period showed that while knockdown 

of YAP alone or in combination with TAZ led to a significant reduction in growth, 

knockdown of TAZ alone led to significant increase (Figure 5.8 B). Further investigation 

demonstrated a similar trend in the ability of SiHa cells to form both anchorage 

dependent or independent colonies (Figure 5.8 C-D).  

These findings suggest that while TAZ is oncogenic in HPV18+ cells, it may 

possibly be tumour suppressive in HPV16+ SiHa cells. Crucially, analysis of online 

datasets supports the hypothesis that TAZ may only be oncogenic in HPV18+ cells, with 

high WWTR1 correlating with poor overall survival only in HPV18+ cervical cancers. 

Conversely, there was little change with high WWTR1 expression in non-HPV18+ 

cervical cancers (Figure 5.9).  
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Figure 5.5 Inhibition of TAZ in SiHa does not reduce proliferation A) Growth curve analysis 

of SiHa cells treated with either 6079510 (16 hours) or Ivermectin (24 hours). B) Colony formation 

assay (analysis of anchorage dependent growth of SiHa cells treated with either 6079510 (16 

hours) or Ivermectin (24 hours).  
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Figure 5.6 Overexpression of either YAP or TAZ is HeLa cells increases proliferation A) 

Representative western blot of HeLa cells transfected with FLAG-TAZ or FLAG-YAP (48 hours). 

Cell lysates were probed for FLAG. GAPDH was used as a loading control. B) Growth curve 

analysis of HeLa cells transfected with FLAG-TAZ or FLAG-YAP (48 hours). C) Colony formation 

assay (analysis anchorage dependent growth) of HeLa cells transfected with FLAG-TAZ or FLAG-

YAP (48 hours) (n=2). D) Soft agar assay (analysis anchorage-independent growth) in HeLa cells 

transfected with FLAG-TAZ or FLAG-YAP (48 hours).  
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Figure 5.7 Overexpression of TAZ in SiHa cells decreases proliferation A) Representative 

western blot of SiHa cells transfected with FLAG-TAZ or FLAG-YAP (48 hours). Cell lysates were 

probed for FLAG. GAPDH was used as a loading control. B) Growth curve analysis of SiHa cells 

transfected with FLAG-TAZ or FLAG-YAP (48 hours). C) Colony formation assay (analysis 

anchorage dependent growth) of SiHa cells transfected with FLAG-TAZ or FLAG-YAP (48 hours) 

(n=2). D) Soft agar assay (analysis anchorage-independent growth) in SiHa cells transfected with 

FLAG-TAZ or FLAG-YAP (48 hours) (n=1).  
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Figure 5.8 Knockdown of YAP but not TAZ reduces proliferation in SiHa cells A) qRT-PCR 

analysis of WWTR1 or YAP1 expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ 

(Y/T) knockdown SiHa cells. U6 was used as a loading control. B) Growth curve analysis of 

monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown SiHa cells. C) Colony 

formation assay (analysis anchorage dependent growth) of shRNA-mediated TAZ, YAP or YAP/ 

TAZ (Y/T) knockdown SiHa cells. D) Soft agar assay (analysis anchorage-independent growth) 

of monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown SiHa cells.   
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Figure 5.9 High TAZ correlated with reduced survival in HPV18+ cervical cancer. Kaplan-

Meier curves showing overall survival in cervical cancer stratified by HPV18+ or non-HPV18+. 

Survival was compared using the log-rank test (performed by Dr Ethan Morgan) 
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5.2.4 TAZ is required for epithelial to mesenchymal transition in HPV18+ cervical 

cancer cells  

 TAZ has been linked to invasion in many types of cancer (278-280) so it was 

investigated if TAZ is required for the invasive phenotype of HPV18+ cervical cancer 

cells. Firstly, the expression of a panel of common EMT markers was analysed by qRT-

PCR. Analysis showed while expression of EMT-associated transcription factors such as 

SNAIL, SLUG and TWIST1 increased with TAZ knockdown in HeLa cells, expression of 

mesenchymal markers vimentin (VIM) and N-cadherin (CDH2) decreased. In opposition, 

epithelial marker ZO-1 (TJP1) increased with TAZ knockdown (Figure 5.10 A). Analysis 

of protein levels of Snail, Slug and vimentin via western blotting was consistent with 

mRNA levels (Figure 5.10 B).  

 Both Slug and Snail are known to interact with TAZ to promote transcription. 

Therefore, it was hypothesised that although levels of both were increased with TAZ 

knockdown, activity may not be. To investigate this, mRNA levels of two Snail/Slug 

dependent genes, SPARC and MMP2, were analysed and showed TAZ knockdown led 

to significant decreases in both SPARC and MMP2 expression, suggesting a decrease 

in Snail/Slug activity (Figure 5.10 C and D). Although Slug and Snail activity still requires 

further investigation, data overall suggested a decrease in EMT-potential with TAZ 

knockdown, so therefore wound healing ability was investigated.  

 When wound healing ability was analysed with scratch assays, it was observed 

TAZ knockdown led to a significant decrease in the percent of wound healed after 24 

hours (Figure 5.10 E with analysis in Figure 5.10 F). Next, migration and invasion ability 

were investigated using Transwell assays with (to test invasion) and without matrix (to 

test migration). Analysis showed TAZ knockdown led to a significant reduction in the 

ability of HeLa cells to migrate or invade (Figure 5.10 G and H). 
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As it was clear there was a loss of metastatic phenotype with TAZ, it was 

hypothesised that there may be a disruption of the actin cytoskeleton reorganisation that 

is associated with cell motility. To investigate this, cells were stained with Rhodamine-

Phalloidin which selectively binds to F-actin allowing structures such as filopodia (Thin 

structures consisting of tight bundles of F-actin) to be visualised. Staining of TAZ 

knockdown HeLa cells followed by imaging and analysis revealed TAZ knockdown 

reduces both the length of filopodia-like structures and the overall number per cell (Figure 

5.11 A-C).  

Together, these data suggest TAZ is a key regulator of EMT and cell motility in 

HPV18+ cervical cancer cells. 
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Figure 5.10 TAZ knockdown in HeLa cells reduces EMT potential A) qRT-PCR analysis of 

SNAIL, SLUG, TWIST1, VIM, CDH2 and TJP1 mRNA expression in monoclonal shRNA-mediated 

TAZ knockdown HeLa cells. U6 was used as a loading control. B) Representative western blot of 

monoclonal shRNA-mediated TAZ knockdown HeLa cell lysate. Cell lysates were probed for TAZ, 
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Slug, Snail and Vimentin. GAPDH was used as a loading control. C) qRT-PCR analysis of SPARC 

mRNA expression in monoclonal shRNA-mediated TAZ knockdown HeLa cells. D) qRT-PCR 

analysis of MMP2 mRNA expression in monoclonal shRNA-mediated TAZ knockdown HeLa cells. 

E) EVOS analysis of scratch assays. Confluent monolayers of monoclonal shRNA-mediated TAZ 

knockdown HeLa cells were scratched with a pipette tip and imaged. Cells were then reimaged 

after 24 hours (images shown). Black line indicates edge of wound. F) Analysis of % wound 

closure calculate from (E). G) Transwell migration assay of monoclonal shRNA-mediated TAZ 

knockdown HeLa cells. H) CHEMICON Cell Invasion assay of monoclonal shRNA-mediated TAZ 

knockdown HeLa cells.  
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Figure 5.11 TAZ knockdown reduces filopodia length and number in HeLa cells A) 

Immunofluorescence microscopy analysis of Rhodamine-Phalloidin staining (red) monoclonal 

shRNA-mediated TAZ knockdown HeLa cells. DAPI stained nuclei (blue). Scale bar 10 µm. B) 

Measurement of filopodia length in monoclonal shRNA-mediated TAZ knockdown HeLa cells. C) 

Average number of filopodia per cell in monoclonal shRNA-mediated TAZ knockdown HeLa cells.   
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5.2.5 YAP and TAZ both promote proliferation in HPV18+ cells 

 Both YAP and TAZ have oncogenic potential in many cancer types. While it was 

clear from these studies that TAZ played a role in promoting proliferation in HPV18+ 

cells, YAP expression is also high and has been previously shown to be essential for 

cervical cancer (173, 195, 196). The role of YAP compared to TAZ in promoting 

proliferation was investigated in HeLa cells through generating stable monoclonal 

knockdowns of YAP and dual YAP/TAZ (termed Y/T) through use of shRNAs in a 

puromycin-resistant vector. To confirm successful appropriate knockdowns, qRT-PCR 

was used to analysed WWTR1 and YAP1 mRNA levels. Analysis showed successful 

knockdown of YAP alone (each knockdown had YAP expression of below 50%), 

however, knockdown of both YAP and TAZ together led a poorer knockdown of each 

(Figure 5.12 A). These cell lines were still taken forward for use as it was hypothesised 

this dual knockdown would be hard to achieve if both YAP and TAZ were required for 

growth. Successful knockdown of YAP and TAZ protein was confirmed through use of 

western blotting (Figure 5.12 B).  

 After it was confirmed that successful knockdowns were generated, the 

proliferative ability of the cells was assessed using a combination of growth and colony 

formation assays. Analysis of cell growth over a 5-day period showed knockdown of 

either YAP or TAZ alone or in combination led to a significant reduction in growth. 

However, there was no observable combined effect after YAP and TAZ simultaneous 

knockdown (Figure 5.12 C). Analysis of both anchorage dependent and independent 

colony forming ability showed knockdown of either YAP or TAZ led to a significant loss 

in the ability to form colonies. Yet again, there was no observable combined effect of 

upon simultaneous knockdown of YAP and TAZ (Y/T).  

 These results suggested both YAP and TAZ promoted growth in HeLa cells.  
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Figure 5.12 Knockdown of either YAP or TAZ reduces proliferation in HeLa cells A) qRT-

PCR analysis of WWTR1 or YAP1 expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ 

TAZ (Y/T) knockdown HeLa cells. U6 was used as a loading control. B) Representative western 

blot of in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cell lysate. 

Cell lysate was probed for TAZ and YAP. GAPDH was used as a loading control. C) Growth curve 

analysis of monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells. D) 

Colony formation assay (analysis anchorage dependent growth) of shRNA-mediated TAZ, YAP 

or YAP/ TAZ (Y/T) knockdown HeLa cells. E) Soft agar assay (analysis anchorage-independent 

growth) of monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells.  
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5.2.6 YAP and TAZ play non-redundant roles in promoting proliferation 

 As it was observed that both YAP and TAZ can promote proliferation in HeLa 

cells and as paralogues, are often reported to play the same role in cells, it was 

investigated if YAP and TAZ do actually play non-redundant functions. For this, FLAG-

tagged TAZ and YAP were overexpressed in TAZ knockdown HeLa cells (Figure 5.13 

A). Firstly it was investigated if YAP or TAZ could recover the loss of proliferation seen 

with TAZ knockdown. Analysis of growth over a 5-day period showed that 

overexpression of TAZ in the TAZ knockdown cells led to an almost complete recovery 

of growth (Figure 5.13 B, green line is TAZ overexpression in TAZ knockdown cells 

compared to black line of NEG cells transfected with pcDNA3). In contrast, YAP 

overexpression in the TAZ knockdown cells had no effect on growth compared to 

pcDNA3 expression alone (Figure 5.13 B, red line is YAP overexpression in TAZ 

knockdown cells, blue line is pcDNA3 in TAZ knockdown cells). Further investigation 

demonstrated a similar trend in the ability of cells to form both anchorage-dependent and 

independent colonies (Figure 5.13 C and D).  

 The need for TAZ-TEAD interactions was also investigated with the 

overexpression of a mutant TAZ without the ability to bind to TEAD. Analysis of growth 

over a 5-day period showed little change between the growth of TAZ knockdown cells 

with or without the expression of the TEAD binding defective TAZ (Figure 5.13 B yellow 

line). Additionally, there was little recovery of growth following transfection of TAZ S89D 

(a TAZ mutant incapable of nuclear import) in TAZ knockdown cells. Additionally, while 

expression of TAZ S89D led to no significant recovery in either anchorage-dependent or 

anchorage independent colony forming ability, there was a slight recovery when TEAD 

binding defective TAZ was expressed, although this was very little when compared to 

the WT TAZ (Figure 5.13 C-D).  

 In summary, TAZ and YAP play non-redundant roles by promoting proliferation. 

Furthermore, TAZ promotes proliferation in a largely TEAD-dependent manner.  
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Figure 5.13 YAP or TEAD-defective binding TAZ cannot rescue loss of proliferation seen 

with TAZ knockdown in HeLa cells A) Representative western blot of monoclonal shRNA-

mediated TAZ knockdown HeLa cell lysates transfected with either pcDNA3, FLAG-WT TAZ, 

FLAG-WT YAP, FLAG-TAZ TEAD binding mutant and FLAG-TAZ S89D (48 hours). Cell lysate 
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was probed for TAZ and FLAG. GAPDH was used as a loading control. B) Growth curve analysis 

of monoclonal shRNA-mediated TAZ knockdown HeLa cell lysates transfected with either 

pcDNA3, FLAG-WT TAZ, FLAG-WT YAP, FLAG-TAZ TEAD binding mutant and FLAG-TAZ 

S89D (48 hours). C) Colony formation assay (analysis anchorage dependent growth) of 

monoclonal shRNA-mediated TAZ knockdown HeLa cell lysates transfected with either pcDNA3, 

FLAG-WT TAZ, FLAG-WT YAP, FLAG-TAZ TEAD binding mutant and FLAG-TAZ S89D (48 

hours). D) Soft agar assay (analysis anchorage-independent growth) of monoclonal shRNA-

mediated TAZ knockdown HeLa cell lysates transfected with either pcDNA3, FLAG-WT TAZ, 

FLAG-WT YAP, FLAG-TAZ TEAD binding mutant and FLAG-TAZ S89D (48 hours). 
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5.2.7 YAP and TAZ promote transcription of distinct transcriptional programmes  

 As results suggested YAP and TAZ were promoting proliferation through different 

mechanisms, it was hypothesised this was because they were promoting the 

transcription of distinct target genes. Investigation showed that YAP knockdown (either 

alone or alongside TAZ) led to a significant decrease in the expression of a panel of 

canonically YAP-dependent genes (AREG, CCND1, CD133 and CYR61) (Figure 5.14 

A-D). Interestingly, knockdown of TAZ alone actually led to a significant increase in all 4 

genes assessed (Figure 5.14 A-D).  

 Figure 5.13 suggested TEAD was important for TAZ-dependent proliferation, so 

it was further investigated if TAZ was still able to promote transcription of TEAD 

dependent genes in HeLa cells. Cells treated with either 6079510 or Ivermectin were 

transfected with a TEAD luciferase reporter plasmid (8xGTIIC-luciferase). This plasmid 

contains multiple TEAD binding sites (ACATTCCA) preceding a firefly luciferase gene. 

Analysis showed inhibition of TAZ or YAP/TAZ led to a significant decrease in luciferase 

expression, suggesting a loss of TEAD transcription activity (Figure 5.14 E). This was 

confirmed by transfecting the TEAD luciferase reporter plasmid into TAZ, YAP or 

YAP/TAZ knockdown HeLa cells. Analysis of luciferase expression showed significant 

decreases in all knockdown cell lines, suggesting all had reduced TEAD transcriptional 

activity (Figure 5.14 F).  

 These studies suggests that while TAZ likely promotes a different transcriptional 

profile to that of YAP, this is not due to failing to promote transcription of TEAD-

dependent genes.  
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Figure 5.14 TAZ does not promote transcription of YAP dependent genes but still promotes 

TEAD dependent gene transcription A) qRT-PCR analysis of AREG expression in monoclonal 

shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells. U6 was used as a loading 

control. B) qRT-PCR analysis of CCND1 expression in monoclonal shRNA-mediated TAZ, YAP 

or YAP/ TAZ (Y/T) knockdown HeLa cells. U6 was used as a loading control. C) qRT-PCR 

analysis of CD133 expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) 

knockdown HeLa cells. U6 was used as a loading control. D) qRT-PCR analysis of CYR61 

expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells. 

U6 was used as a loading control. E) Luciferase reporter of HeLa cells treated with 6079510 (16 

hours) or Ivermectin (24 hours). Cells were transfected with 8xGTIIC-luciferase plasmid for 24 

hours. pRL-TK (Renilla) was transfected in as a loading control.  
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5.3 Discussion  

 This chapter aimed to investigate the role of TAZ in HPV+ cervical cancer. While 

it is known that YAP strongly promotes an oncogenic phenotype in cervical cancer cells, 

reports on the function of TAZ have been conflicting. Through use of small molecule 

inhibitors it was demonstrated that TAZ promotes proliferation in HPV18+ cervical cancer 

cell line HeLa cells. Furthermore, this was confirmed with use of shRNA knockdowns in 

HeLa cells as well as two other HPV18+ cell lines. Further analysis of available online 

data also revealed high TAZ expression correlates with to reduced survival in HPV18+ 

cervical cancer. 

The results in this chapter also demonstrate that both YAP and TAZ promote 

proliferation in HeLa cells while only YAP promotes proliferation in SiHa cells. TAZ 

shRNA-mediated knockdown led to an increase of proliferation in SiHa cells and 

conversely, TAZ overexpression inhibited growth. It is unclear why TAZ is playing a 

tumour suppressive role in SiHa cells, one possible explanation is that TAZ serves as a 

negative regulator for YAP. This is supported by data showing that TAZ knockdown led 

to increased YAP expression (non-significant in SiHa cells but significant in HeLa cells). 

As TAZ was lowly expressed in SiHa cells compared with HPV18+ cells, the cells do not 

rely on any TAZ-specific activity and therefore when TAZ is overexpressed it could be 

simply reducing YAP activity. This could be tested by investigating if the TAZ-TEAD 

binding mutant negatively affects YAP activity. Presumably if it is due to competition, this 

TAZ mutant will not serve as a tumour suppressor. Another possible explanation is TAZ 

interacts with different transcription factors in SiHa cells and HeLa cells and therefore 

promotes different transcription profiles in each cell line, an oncogenic profile in HeLa 

cells and a tumour suppressive profile in SiHa cells. This theory could be tested by using 

proteomics to elucidated TAZ interactors and comparing the cell lines or by comparing 

the transcriptome resulting from TAZ knockdown in SiHa to HeLa cells. On the other 

hand, TAZ may be promoting the same transcription profile in HeLa cells and SiHa cells 
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but TAZ-dependent genes are tumour suppressive in SiHa cells. Further investigations 

are needed to determine which explanation is more likely and could include comparing 

the transcriptional profile of TAZ-dependent genes in SiHa cells and HeLa cells. 

Furthermore, analysis of TAZ binding proteins could be compared between cell lines 

using immunoprecipitation and mass spectrometry.  

One important conclusion that can be drawn from the findings of this chapter is 

YAP and TAZ play non-redundant roles in HPV18+ cervical cancer cell lines. This is key 

as much of the YAP and TAZ literature implies they have the same function or that TAZ 

has lesser of a role than YAP. Not only does the data show TAZ is a strong promoter of 

proliferation in HPV18+ cervical cancer, but overexpressing YAP in TAZ knockdown cells 

does not recover any function that was tested in this study, leading us to conclude TAZ 

has key YAP-independent functions in HPV18+ cervical cancer cells. Further 

investigations could involve used of YAP/TAZ chimeras, panels of YAP/TAZ mutants 

with domains between the two swapped to identify which domain of TAZ is important for 

YAP distinct function.  

Analysis of proliferation between TAZ, YAP and YAP/TAZ knockdown cells 

initially seems to contradict this, as there was no additional reduction of proliferation upon 

simultaneous knockdown of YAP and TAZ compared to each oncogene alone. However, 

analysis of TAZ and YAP levels reveals the simultaneous knockdown of both YAP and 

TAZ does not achieve as successful of a knockdown as knocking down each individually. 

This may be due to multiple reasons including target sequences for shRNA to target both 

YAP and TAZ were hard to design as the mRNA sequences vary largely between the 

oncogenes despite high similarities in the protein sequences or simply the cells with the 

best knockdown of YAP and TAZ do not survive in the long term. This second theory is 

supported with the use of Ivermectin, which was found to be much more toxic to the cells 

than treatment with 6079510. Either way, the less than ideal knockdown of TAZ and YAP 

levels in the dual knockdowns compared to the control is theorised to be the main reason 
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why a combined effect on proliferation is not observed. Future investigation should try 

using siRNA to knockdown both YAP and TAZ simultaneously in a short term manner, 

which may enable a more successful knockdown of both. 

The effect of TAZ on proliferation in these cells is not simply due to changes in 

E6 and E7 expression as levels of both remained unchanged with TAZ knockdown. 

Although this may seem unusual at first, this is in line with previous data suggesting the 

Hippo signalling pathway does not affect expression of either E6 or E7. Furthermore, as 

TAZ knockdown does not lead to a reduction in canonical YAP-dependent gene 

expression, the genes which TAZ promotes the transcription of to promote proliferation 

remain unknown and require further investigation to elucidate. Furthermore, despite the 

indicating TAZ plays a YAP-independent role, the ability of TAZ to interact with TEAD 

remains critical for TAZ-mediated proliferation. This can be concluded from results 

showing TEAD-defective TAZ cannot fully rescue the loss of proliferation seen with TAZ 

knockdown and TAZ knockdown leading to a reduction in TEAD transcription activity. 

However, it is possible that because the TEAD binding-defective TAZ mutant has 

multiple point mutations, these mutations are disrupting other interactions.  

Additionally, apart from promoting proliferation, the results in this chapter show 

TAZ also plays a key role in EMT. Analysis of EMT markers suggested while TAZ 

knockdown causes a loss of mesenchymal markers such as Vimentin and N-cadherin 

and a corresponding increase in epithelial marker ZO-1, this is not due to changing levels 

of EMT-associated transcription factors. However, while there is not a loss of Snail or 

Slug expression, there may be a loss of activity as Snail/Slug/YAP/TAZ complex have 

been seen to be key in regulate gene expression. Analysis of two Snail/Slug dependent 

genes supports this both SPARC and MMP2 expression were significantly decreased 

with TAZ knockdown. TAZ knockdown not only led to changes in expression of EMT-

markers but also led to reduced wound healing, migration and invasion. It is 

hypothesised this could be due to loss of filopodia-like structures both in length and 
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overall number per cell. How TAZ is linked to the regulation of filopodia has yet to be 

elucidated and requires further investigation.  

Overall, this chapter demonstrated TAZ is an oncogene in HPV18+ cervical 

cancer cells and plays essential roles in promoting proliferation and EMT in a YAP-

independent manner.  

  



186 
 

Chapter 6- TAZ has novel YAP-independent targets in 

HPV18+ cervical cancer that are important for 

proliferation and EMT 

6.1 Introduction  

This chapter aims to elucidate TAZ-only target genes and the role they play in 

proliferation to clarify the distinct way TAZ promotes proliferation independently of YAP. 

Although most previous studies have considered YAP and TAZ to be functionally 

redundant this study, alongside recent others, shows this to be incorrect. The distinct 

transcriptional profile of TAZ compared to YAP is poorly understood and it is unknown 

which targets make contributions towards the oncogenic phenotype observed in HPV18+ 

cervical cancer. This chapter aims to not only identify novel TAZ target genes but to also 

elucidate the role they play in TAZ-mediated proliferation. 

One way which TAZ regulates proliferation independently of YAP is through 

paraspeckles. TAZ interacts with paraspeckle protein NONO to achieve liquid-liquid 

phase separation to compartmentalise transcription factors/enhancers for transcription. 

Although YAP can bind to NONO it does not promote liquid-liquid phase separation 

(182). Therefore, as a TAZ-specific method of transcription regulation, this chapter also 

investigates if TAZ performs this role in HPV18+ cervical cancer cells and if this regulates 

TAZ-dependent genes. As this TAZ-NONO interaction regulates TEAD transcription, it 

may provide an explanation of how TEAD is necessary for TAZ-dependent proliferation 

despite YAP also interacting with TEAD. 
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6.2 Results 
 

6.2.1 RNA sequencing analysis identifies distinct YAP and TAZ driven transcriptional 

profiles  

To investigate how YAP and TAZ were promoting proliferation, the panel of 

shRNA TAZ and YAP and Y/T (YAP/TAZ) knockdown cell lines were sent for 

mRNA/lncRNA sequencing. Two different cell lines (with the target knocked down with 

two different shRNAs) for TAZ, YAP and Y/T and each cell line was sequenced in 

duplicate and compared to the NEG control (HeLa cells stable expressing a non-

targeting control shRNA). Z-score analysis of the RNA-seq revealed large changes in 

the transcriptome between NEG, TAZ KD and YAP KD cell lines. It was clear that while 

YAP knockdown leads to large scale downregulation of genes, TAZ knockdown seems 

to lead to more upregulated genes, indicating TAZ plays a larger role in transcriptional 

repression. Surprisingly, there seemed to be few genes that were regulated by both YAP 

and TAZ and furthermore there seems to be more YAP-specific genes than TAZ-specific 

genes (Figure 6.1 A).  

Genes were then separated into groups according to if they were TAZ or YAP 

specific, for example an upregulated TAZ-specific gene is a gene that is significantly up 

compared to the NEG control in at least 1 of the TAZ knockdown cell lines (in both 

repeats) but not in either of the YAP knockdown cell lines. It was decided that genes 

didn’t have to be significantly changed in both the TAZ knockdown cell line in this 

example to allow for more potential TAZ-specific genes. When genes were sorted into 

these groups, 87 upregulated and 21 downregulated potential TAZ specific genes were 

identified (Figure 6.1 B). Further investigation of the functions of upregulated TAZ-

specific genes showed potential roles in wound healing, extracellular matrix organisation, 

skin development, defence response to viruses and cell-substrate junction organisation 

to name a few (Table 6.1). In fact, many of the gene ontology groups suggested that 

TAZ-specific upregulated genes may play a role in EMT, aligning with  
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Description p.adjust Count 

endodermal cell differentiation 0.004227765 4 

endoderm formation 0.004227765 4 

wound healing, spreading of epidermal cells 0.004227765 3 

wound healing 0.004227765 8 

endoderm development 0.011177447 4 

skin development 0.016202744 6 

epiboly 0.016202744 3 

positive regulation of receptor-mediated endocytosis 0.028802548 3 

cell-substrate adhesion 0.028802548 6 

MDA-5 signaling pathway 0.028802548 2 

positive regulation of phagocytosis, engulfment 0.028802548 2 

positive regulation of membrane invagination 0.028802548 2 

positive regulation of epithelial cell differentiation 0.030518752 3 

negative regulation of peptidase activity 0.031375814 5 

glycerolipid metabolic process 0.031375814 6 

positive regulation of vascular endothelial growth factor 
receptor signaling pathway 

0.034036995 2 

positive regulation of hair follicle development 0.039113274 2 

defense response to virus 0.05113354 5 

defense response to symbiont 0.05113354 5 

regulation of apoptotic cell clearance 0.05113354 2 

positive regulation of release of cytochrome c from 
mitochondria 

0.066045572 2 

epidermal growth factor receptor signaling pathway 0.067439218 3 

epidermis development 0.067439218 5 

collagen metabolic process 0.067439218 3 

blood coagulation 0.067439218 4 

negative regulation of hydrolase activity 0.067439218 5 

anoikis 0.067439218 2 

ERBB signaling pathway 0.067439218 3 

coagulation 0.067439218 4 

regulation of hair cycle 0.067439218 2 

hemostasis 0.067439218 4 

regulation of body fluid levels 0.067439218 5 

response to virus 0.085874573 5 

 

Table 6.1- Upregulated TAZ-specific gene ontology analysis (performed by Joseph Cogan). 
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results from 5.2.4 in which it was showed TAZ knockdown lead to a reduction in EMT 

potential. Gene ontology analysis was not performed on the TAZ-specific downregulated 

genes due to the lower number of potential targets.  

 Although several genes were tested (data not shown), three genes were chosen 

for further analysis based upon the trend in expression in the knockdown cell lines and 

known biological function of encoded proteins. TOGARAM2 was chosen as a 

downregulated-TAZ specific gene as it was identified to be TAZ-specific in both TAZ A 

KD and TAZ B KD cell lines. Additionally, it had not been linked to either YAP or TAZ 

previously. Furthermore, it was a very poorly characterised gene, as of time of writing, 

there had been no molecular studies on the potential functions of TOGARAM2, including 

in the context of cancer. However a study has suggested that TOGARAM2 (aka 

FAM179A) was significantly overexpressed in relapsing ALK-Positive Anaplastic Large 

Cell Lymphoma. SSTR5 was chosen as an upregulated TAZ-specific gene as it has not 

been linked to either YAP or TAZ activity and has been suggested to be tumour 

suppressive or downregulated in multiple types of cancer including adrenocortical 

carcinoma and laryngeal squamous cell carcinoma (281). Moreover, although there are 

studies in cervical cancer focused on the lncRNA derived from SSTR5 (lncSSTR5-AS1), 

SSTR5 itself has not been investigated. Firstly both genes were confirmed to be TAZ-

specific genes using qRT-PCR. Analysis showed, compared to the NEG control, HeLa 

cells with TAZ knockdown (both individually and dual KD) expressed very little 

TOGARAM2, while HeLa cells with YAP knockdown actually showed a significant 

increase in expression (Figure 6.2 A). Analysis of SSTR5 expression in showed TAZ 

knockdown in HeLa cells led to a significant decrease in expression while YAP 

knockdown led to no significant change (Figure 6.2 B).  

 Another potential upregulated gene IFIT2 was investigated. Although analysis of 

the RNA sequencing suggested IFIT2 may be regulated by both YAP and TAZ, qRT-
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PCR analysis showed while knocking down either YAP or TAZ led to an increase in IFIT2 

expression, TAZ knockdown led to a far greater upregulation. Given TAZ knockdown 

(both individually and with YAP) led to a significant increase in IFIT2 compared to YAP 

alone, it was still taken forward as a TAZ-specific gene (Figure 6.2 C). Taken together, 

these results suggest TAZ promotes a different transcription profile to that of YAP in 

HeLa cells and TOGARAM2, SSTR5 and IFIT2 are potential novel TAZ-dependent 

genes.  
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Figure 6.1 TAZ and YAP have different transcription profiles in HPV18+ cervical cancer 

cells A) Heat map of differentially expressed mRNAs and lncRNAs in TAZ KD (A and B KD cell 

lines) and YAP KD (A and B KD cell lines) HeLa cell lines (n=2) with T-test analysis. B) Venn 

diagram of TAZ-specific and YAP-specific genes from A. C) Volcano plot of TAZ knockdown RNA-

seq in HeLa cells at adjusted P value < 0.05 with TOGARAM2, SSTR5 and IFIT2 highlighted. 

TAZ-specific genes are highlighted in blue. D) Volcano plot of YAP knockdown RNA-seq in HeLa 

cells at adjusted P value < 0.05. YAP-specific genes are highlighted in blue. Analysis was 

performed by Joseph Cogan.  
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Figure 6.2 Validation of TAZ-specific genes suggested by RNA-seq analysis A) qRT-PCR 

analysis of TOGARAM2 expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) 

knockdown HeLa cells. U6 was used as a loading control. B) qRT-PCR analysis of SSTR5 

expression in monoclonal shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells. 

U6 was used as a loading control. C) qRT-PCR analysis of IFIT2 expression in monoclonal 

shRNA-mediated TAZ, YAP or YAP/ TAZ (Y/T) knockdown HeLa cells. U6 was used as a loading 

control.  
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6.2.2 TOGARAM2 expression is controlled by TAZ in HPV18+ cervical cancer  

 The potential for TOGARAM2 to be a TAZ-dependent gene was further 

investigated. Firstly, the expression of TOGARAM2 mRNA in the panel of cervical cancer 

cell lines was assessed using qRT-PCR. Analysis showed TOGARAM2 was significantly 

overexpressed in all HPV18+ cell lines tested while expression did not differ significantly 

from the control in either HPV16+ cell lines (Figure 6.3 A). As this pattern of expression 

was very similar to that observed for TAZ, further analysis revealed when TOGARAM2 

expression was compared to WWTR1 expression in each sample, there was a significant 

positive correlation (Figure 6.3 B). As all of these cell lines have been adapted for tissue 

culture use, the expression of TOGARAM2 was investigated in a panel of cervical liquid 

cytology samples. These samples represented cervical disease progression from CIN1 

to CIN3 and were collected from patients with either HPV16+ or HPV18+ disease 

alongside HPV- normal cervical tissue samples. TOGARAM2 expression was 

significantly increase in CIN2 and 3 of HPV18+ patients (Figure 6.3 C). Furthermore, 

TOGARAM2 was found to significantly positively correlate with WWTR1 expression in 

matched samples (Figure 6.3 D).  

 To confirm that TOGARAM2 was not just a TAZ-dependent gene in HeLa cells, 

TOGARAM2 expression was investigated in other HPV18+ cervical cancer cell lines; 

SW756 and MS751. TAZ knockdown led to a significant reduction in TOGARAM2 

expression compared to the NEG control in both cell lines (Figure 6.3 E and F). 

Additionally, TOGARAM2 expression significantly decreased upon inhibition of TAZ 

activity with 6079510 or Ivermectin treatment, showing that the decrease in TOGARAM2 

expression was not an off-target effect of shRNA treatment (Figure 6.3 G).  

 Given TAZ was found to be regulated by HPV18E7, it was hypothesised that 

TOGARAM2 was as well. Firstly, it was investigated if depletion of HPV18 E6/E7 with in 

siRNAs led to a decrease in TOGARAM2 expression. qRT-PCR analysis revealed 

TOGARAM2 expression was significantly decrease following E6/E7 knockdown (Figure 
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6.3 H). Additionally, TOGARAM2 mRNA levels significantly increase following HPV18 

E7 expression (Figure 6.3 I).  

 TOGARAM2 may be regulated by multiple mechanism, so it was investigated if 

the increase in TOGARAM2 with HPV18 E7 expression was TAZ-dependent. HPV18 E7 

was stable overexpression in C33A cells before treatment with 6079510. Led to a 

significant increase in TOGARAM2 (Figure 6.3 J).  

 Finally, as results previously showed TAZ-promotes proliferation in a largely 

TEAD-dependent manner, it was investigated if TOGARAM2 was TEAD dependent. 

Investigation revealed TOGARAM2 expression was significantly decreased in HeLa cells 

treated with verteporfin (a well characterised TEAD inhibitor) (Figure 6.3 K).  

 Together these results suggest TOGARAM2 is a TAZ-dependent gene in 

HPV18+ cervical cancer that is regulated by TAZ in a TEAD-dependent manner.  
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Figure 6.3 TOGARAM2 is a TAZ-dependent gene A) qRT-PCR analysis of TOGARAM2 mRNA 

expression in HPV-, HPV16+ or HPV18+ cell lines. U6 transcript levels were used as a loading 
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control. B) Graph showing correlation between TOGARAM2 and WWTR1 expression from A. C) 

qRT-PCR analysis of TOGARAM2 expression in negative, HPV16 or HPV18+ patient cervix liquid 

cytology samples from different CIN grades (n=4 from each grade). U6 was used as a loading 

control. D) Graph showing correlation between TOGARAM2 and WWTR1 expression from C. E) 

qRT-PCR analysis of TOGARAM2 mRNA expression in polyclonal shRNA-mediated TAZ 

knockdown SW756 cells. U6 was used as a loading control. F) qRT-PCR analysis of TOGARAM2 

mRNA expression in polyclonal shRNA-mediated TAZ knockdown MS751 cells. U6 was used as 

a loading control. G) qRT-PCR analysis of TOGARAM2 expression in HeLa cells following either 

DMSO, 6079510 (16 hours) or Ivermectin (24 hours) treatment. . U6 was used as a loading 

control. H) qRT-PCR analysis of TOGARAM2 expression in HeLa cells with E6/E7 targeting 

siRNA (for 72 hours). U6 was used as a loading control. I) qRT-PCR analysis of TOGARAM2 

expression in HaCaT cells stably expressing HA-HPV18 E7. U6 was used as a loading control. 

J) qRT-PCR analysis of TOGARAM2 expression in C33A cells stably expressing HA-HPV18 E7 

with or without 6079510 treatment (16 hours). U6 was used as a loading control. K) qRT-PCR 

analysis of TOGARAM2 expression in HeLa cells following either DMSO or verteporfin (24 hours) 

treatment. . U6 was used as a loading control.  
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6.2.3 TOGARAM2 is a novel oncogene in HPV18+ cells and promotes filopodia 

formation 

Although little is known of the biological function of TOGARAM2, what is known 

has been partially elucidated by comparison to TOGARAM1 (aka Crescerin or FAM179B, 

the closest relative to TOGARAM2) and its C.elegans counterpart CHE-12. The recent 

study identified TOGARAM1 as a key regulator of primary cilia, using TOG domains to 

promote MT polymerisation. Each TOG domain consists of 6 HEAT repeats, pairs of 

antiparallel α-helices. Regions between HEAT repeats consist of loops used to bind 

tubulin. In CLASP the TOG domain is trimeric and functions to stabilise MT whereas in 

ch-TOG, the TOG domain is pentameric and promotes MT polymerisation (282, 283). 

Specifically, TOG2 and TOG4 domains increase MT polymerisation rates. As 

TOGARAM2 TOG4 domains shares a high similarity to that of TOGARAM1, it is 

predicted to share similar functions but as time of writing, there is no molecular studies 

focusing on TOGARAM2 (284). Although information is limited, recently TOGARAM2 

was found to be among genes significantly overexpressed in relapsing ALK-Positive 

Anaplastic Large Cell Lymphoma (285). Moreover, TOGARAM2 was been identified to 

form a novel, rare fusion gene, FAM179A-ALK, with variants detected in NSCLC and 

brain cancer metastasis (286, 287). Other related proteins such as chTOG have been 

linked to poor prognosis in hepatocellular carcinoma (288).  

Given what is known and the results that suggested TOGARAM2 expression was 

promoted by TAZ in HPV18+ cervical cancer, it was proposed that TOGARAM2 was an 

oncogene. Polyclonal TOGARAM2 knockdown cell lines were generated using two 

individual shRNAs in HeLa cells (Figure 6.4 A). Whilst the reduction of TOGARAM2 was 

relatively poor but still consistent, these cell lines were taken forward for phenotype 

analysis.  
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 TOGARAM2 knockdown led to a significant reduction in growth over a 5 day 

period (Figure 6.4 B) and furthermore, led to a significant reduction in the formation of 

anchorage-dependent and anchorage-independent colonies in HeLa cells (Figure 6.4 C 

and D). This suggested TOGARAM2 promotes proliferation and therefore is a potential 

novel oncogene.  

 Other proteins related to TOGARAM2 such as TOGARAM1, CLASP1 and 

chTOG all have microtubule binding domains imparted by their TOG domains. 

TOGARAM2 is also predicted to have TOG domains, and our predicted structure agrees 

with is as regions of repeated α-helices with loops between them are clearly visible, 

alongside large disordered regions (Figure 6.5 A and B). Therefore as it is predicted TOG 

domains can bind microtubules, it was hypothesised that TOGARAM2 could play a role 

in the formation of structures such as filopodia. TOGARAM2 knockdown in HeLa cells 

led to a decrease in the length of filopodia and the overall number, similar to the observed 

effects of TAZ knockdown (Figure 6.5 C-D).  

 As TOGARAM2 expression was low in HPV16+ cells, it was hypothesised 

TOGARAM2 was only oncogenic in HPV18+ cells. To investigate this, FLAG-

TOGARAM2 was overexpressed in HeLa cells and western blotting was used to confirm 

successful expression (Figure 6.6 A). Analysis of growth over 5 days showed 

TOGARAM2 overexpression led to a significant increase in growth and both anchorage-

dependent and independent colony formation (Figure 6.6 B- D). Next, FLAG-

TOGARAM2 was expressed in SiHa cells with western blotting used to confirm 

successful transfection (Figure 6.6 E). The overexpression of FLAG-TOGARAM2 led to 

a significant decrease in growth over a 5 day period and reduced the ability of SiHa cells 

to from both anchorage-dependent and independent colonies (Figure 6.6 F-H). 

Furthermore, analysis of online data showed high TOGARAM2 led to reduced survival 

compared to low TOGARAM2 expression only in HPV18+ cervical cancer supporting the 

in vitro data observed (Figure 6.7). Taken together these data suggest TOGARAM2 is a 
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novel oncogene in HPV18+ cervical cancer cells and promotes filopodia formation. 

However, it also suggests TOGARAM2 is tumour suppressive in HPV16+ cells.  

  



200 
 

 

Figure 6.4 TOGARAM2 knockdown reduces proliferation in HeLa cells A) qRT-PCR analysis 

of TOGARAM2 mRNA expression in polyclonal shRNA-mediated TOGARAM2 knockdown HeLa 

cells. U6 was used as a loading control. B) Growth curve analysis of monoclonal shRNA-mediated 

TOGARAM2 knockdown HeLa cells. C) Colony formation assay (analysis anchorage dependent 

growth) monoclonal shRNA-mediated TOGARAM2knockdown HeLa cells. D) Soft agar assay 

(analysis anchorage-independent growth) in monoclonal shRNA-mediated TOGARAM2 

knockdown HeLa cells.  
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Figure 6.5 TOGARAM2 knockdown impedes filopodia formation A) Predicted structure of 

TOGARAM2 using Alphafold. α-helices are highlighted in red, disordered region regions such as 
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coiled coils are highlighted in blue (Generated by Elena Harrington). B) Schematic of TOGARAM2 

structure with α-helices/TOG domains are highlighted in red, disordered region regions such as 

coiled coils are highlighted in blue. C) Immunofluorescence microscopy analysis of Rhodamine-

Phalloidin staining (red) polyclonal shRNA-mediated TOGARAM2 knockdown HeLa cells. DAPI 

stained nuclei (blue). Scale bar 10 µm. D) Measurement of filopodia length in polyclonal shRNA-

mediated TOGARAM2 knockdown HeLa cells. E) Average number of filopodia per cell in 

polyclonal shRNA-mediated TOGARAM2 knockdown HeLa cells.  
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Figure 6.6 TOGARAM2 is not oncogenic in HPV16+ cervical cancer cells A) Representative 

western blot of HeLa cells transfected with FLAG-TOGARAM2 (48 hours). Cell lysates were 

probed for FLAG. GAPDH was used as a loading control. B) Growth curve analysis of HeLa cells 

transfected with FLAG-TOGARAM2 (48 hours). C) Colony formation assay (analysis anchorage 

dependent growth) of HeLa cells transfected with FLAG-TOGARAM2 (48 hours). D) Soft agar 
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assay (analysis anchorage-independent growth) in HeLa cells transfected with FLAG-

TOGARAM2 (48 hours). E) Representative western blot of SiHa cells transfected with FLAG-

TOGARAM2 (48 hours). Cell lysates were probed for FLAG. GAPDH was used as a loading 

control. F) Growth curve analysis of SiHa cells transfected with FLAG-TOGARAM2 (48 hours). 

G) Colony formation assay (analysis anchorage dependent growth) of SiHa cells transfected with 

FLAG-TOGARAM2 (48 hours). H) Soft agar assay (analysis anchorage-independent growth) in 

SiHa cells transfected with FLAG-TOGARAM2 (48 hours).  
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Figure 6.7 High TOGARAM2 expression correlates with reduced survival in HPV18+ cervical 

cancer. Kaplan-Meier curves showing overall survival in cervical cancer stratified by HPV18+ or 

non-HPV18+. Survival was compared using the log-rank test (performed by Dr Ethan Morgan) 
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6.2.4 TOGARAM2 plays a key role in TAZ-dependent proliferation and EMT  

 As TOGARAM2 expression was shown to be TAZ-dependent and also oncogenic 

in HPV18+ cells, it was proposed that TOGARAM2 played a role in TAZ-mediated 

proliferation. TOGARAM2 expression was firstly restored in TAZ knockdown HeLa cells 

by transfecting in FLAG-TOGARAM2 (Figure 6.8 A). This led to a partial but significant 

rescue of growth over a 5 day period when compared to TAZ knockdown cells alone and 

partial rescue of both anchorage-dependent and independent colony forming ability 

(Figure 6.8 B-D).  

 Given the effect of TOGARAM2 knockdown on filopodia, it was hypothesised 

TOGARAM2 played a role in TAZ-mediated EMT. Analysis of TAZ knockdown cells with 

TOGARAM2 expression restored showed an almost complete rescue of both migration 

and invasion compared to TAZ knockdown alone (Figure 6.8 E and F). Taken together, 

these results suggest TOGARAM not only plays a key role in TAZ-mediated proliferation 

but is a major mediator of TAZ-mediated EMT.  
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Figure 6.8 TOGARAM2 is critical for TAZ-mediated proliferation and EMT A) Representative 

western blot of monoclonal shRNA-mediated TAZ knockdown HeLa cell lysates transfected with 
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either pcDNA3 or FLAG-TOGARAM2 (48 hours). Cell lysate was probed for TAZ and FLAG. 

GAPDH was used as a loading control. B) Growth curve analysis of monoclonal shRNA-mediated 

TAZ knockdown HeLa cell lysates transfected with either pcDNA3 or FLAG-TOGARAM2 (48 

hours). C) Colony formation assay (analysis anchorage dependent growth) of monoclonal 

shRNA-mediated TAZ knockdown HeLa cell lysates transfected with either pcDNA3 or FLAG-

TOGARAM2 (48 hours). D) Soft agar assay (analysis anchorage-independent growth) of 

monoclonal shRNA-mediated TAZ knockdown HeLa cell lysates transfected with either pcDNA3 

or FLAG-TOGARAM2 (48 hours). Transwell migration assay of monoclonal shRNA-mediated 

TAZ knockdown HeLa cells transfected with either pcDNA3 or FLAG-TOGARAM2 (48 hours). F) 

CHEMICON Cell Invasion assay of monoclonal shRNA-mediated TAZ knockdown HeLa cells 

transfected with either pcDNA3 or FLAG-TOGARAM2 (48 hours).  
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6.2.5 SSTR5 expression is regulated by TAZ in HPV18+ cervical cancer 

  

Despite the significant results observed with TOGARAM2, several other genes 

were shown to be dysregulated by TAZ knockdown and it was clear that other targets 

were also involved in TAZ-mediated proliferation. Therefore, further investigations were 

carried out on SSTR5, another gene suggested to be TAZ-dependent.  

 SSTR5 expression in the panel of cervical cancer cell lines showed all HPV16+ 

and HPV18+ cell lines tested had significantly reduced expression compared to HaCaT 

cells. Interestingly, C33A cells also had significantly reduced SSTR5 expression 

compared to HaCaT cells (Figure 6.9 A). Similarly, SSTR5 expression was reduced in 

both HPV16+ and HPV18+ samples in CIN 1-3 (Figure 6.9 B). When the expression of 

SSTR5 was compared to WWTR1 expression in matched patient samples, it was found 

that expression was only inversely correlated in HPV18+ patient samples (Figure 6.9 C-

D). This together with the cell line data suggests while SSTR5 expression is repressed 

by TAZ in HPV18+ cells, there is a different method of regulation in the HPV16+ cells.  

 To confirm that SSTR5 was not just TAZ-dependent in HeLa cells, expression 

was investigated in other HPV18+ TAZ KD cell lines. TAZ knockdown led to a significant 

increase in both SW756 and MS751 (Figure 6.9 E and F). Furthermore, it was confirmed 

that the increase in SSTR5 expression was not an off-target effect of TAZ-targeting 

shRNAs as treatment of HeLa cells with either 6079510 or Ivermectin to inhibit TAZ 

activity led to a significant increase in SSTR5 expression (Figure 6.9 G). 

 It was hypothesised that SSTR5 expression should be the inverse of HPV18 E7 

expression as TAZ in turn is regulated by HPV18E7. HPV18 E6 and E7 depletion in HeLa 

cells led to a significant increase in SSTR5 expression (Figure 6.9 H). HPV18 E7 stable 

expression in HaCaT cells also led to a significant decrease in SSTR5 expression (Figure 

6.9 I). Furthermore, C33A cells stably expressing HPV18 E7 treated with 6079510 

showed a reversal in the decrease of SSTR5 levels with HPV18 E7 expression alone 
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(Figure 6.9 J). Therefore, it was proposed that HPV18 E7 regulates SSTR5 in a TAZ 

dependent manner.  

 Previous chapters suggested TAZ acts in a largely TEAD-dependent manner, 

and therefore it was not surprising when verteporfin-treated HeLa cells showed a 

significant dose-dependent increase in SSTR5 expression (Figure 6.9 K). This 

demonstrates TAZ represses SSTR5 expression in a TEAD dependent manner. Taken 

together, this suggested SSTR5 is a novel TAZ-dependent gene and is repressed in a 

TEAD-dependent manner.  
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Figure 6.9 SSTR5 is a TAZ-dependent gene A) qRT-PCR analysis of SSTR5 mRNA expression 

in HPV-, HPV16+ or HPV18+ cell lines. U6 transcript levels were used as a loading control. B) 

qRT-PCR analysis of SSTR5 expression in negative, HPV16 or HPV18+ patient cervix liquid 
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cytology samples from different CIN grades (n=4 from each grade). U6 was used as a loading 

control. C) Graph showing correlation between SSTR5 and WWTR1 expression in HPV16+ 

patient samples from B. D) Graph showing correlation between SSTR5 and WWTR1 expression 

in HPV18+ patient samples from B. E) qRT-PCR analysis of SSTR5 mRNA expression in 

polyclonal shRNA-mediated TAZ knockdown SW756 cells. U6 was used as a loading control. F) 

qRT-PCR analysis of SSTR5 mRNA expression in polyclonal shRNA-mediated TAZ knockdown 

MS751 cells. U6 was used as a loading control. G) qRT-PCR analysis of SSTR5 expression in 

HeLa cells following either DMSO, 6079510 (16 hours) or Ivermectin (24 hours) treatment. . U6 

was used as a loading control. H) qRT-PCR analysis of SSTR5 expression in HeLa cells with 

E6/E7 targeting siRNA (for 72 hours). U6 was used as a loading control. I) qRT-PCR analysis of 

SSTR5 expression in HaCaT cells stably expressing HA-HPV18 E7. U6 was used as a loading 

control. J) qRT-PCR analysis of SSTR5 expression in C33A cells stably expressing HA-HPV18 

E7 with or without 6079510 treatment (16 hours). U6 was used as a loading control. K) qRT-PCR 

analysis of SSTR5 expression in HeLa cells following either DMSO or verteporfin (24 hours) 

treatment. . U6 was used as a loading control.  
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6.2.6 SSTR5 is a tumour suppressor in HPV18+ cervical cancer cells and TAZ-

mediated proliferation is partially dependent on SSTR5 repression  

SSTR5 encodes Somatostatin receptor type 5 (SSTR5) (sometimes referred to 

in literature as SST5). SSTR5 is part of a small group of G protein couple receptors called 

SSTs which is further split into Somatostatin 1 and 2 (SRIF1 and SRIF2) based on 

octreotide (SRIF analogue) with SSTR5 being a SRIF1 member (289). 

 Although data is limited, it has been reported that SSTR5 acts as a tumour 

suppressor in laryngeal squamous cell carcinoma, therefore it was proposed that SSTR5 

acts as a tumour suppressor in HPV18+ cervical cancer cells (281). Investigations 

revealed that FLAG-SSTR5 overexpression in HeLa cells (Figure 6.10 A) led to a 

significant decrease in growth over a 5 day period (Figure 6.10 B). Furthermore, there 

was also a significant decrease in both anchorage-dependent and independent colony 

forming ability (Figure 6.10 C-D). This suggested that SSTR5 was tumour suppressive 

in cervical cancer cells but it was important to then determine if the repression of SSTR5 

was important for TAZ-mediated proliferation. 6079510 treated HeLa cells were treated 

with shRNA targeting SSTR5 (qRT-PCR was used to confirm shRNA treatment reversed 

the increase in SSTR5 following 6079510 treatment (Figure 6.11 A)) to determine the 

role of SSTR5 in TAZ-mediated proliferation. Repression of SSTR5 in 6079510 treated 

HeLa cells led to a partial recovery in growth and both anchorage-dependent and 

independent colony forming ability (Figure 6.11 B-D). This suggested repression of 

SSTR5 is a necessary step for promotion of proliferation by TAZ. Together these results 

show SSTR5 have novel tumour suppressive activity in HPV18+ cervical cancer cell and 

repression is key for TAZ-mediated proliferation. 
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Figure 6.10 SSTR5 is a novel tumour suppressor in HPV18+ cervical cancer cells A) 

Representative western blot of HeLa cells transfected with FLAG-SSTR5 (48 hours). Cell lysates 

were probed for FLAG. GAPDH was used as a loading control. B) Growth curve analysis of HeLa 

cells transfected with FLAG-SSTR5 (48 hours). C) Colony formation assay (analysis anchorage 

dependent growth) of HeLa cells transfected with FLAG-SSTR5 (48 hours). D) Soft agar assay 

(analysis anchorage-independent growth) in HeLa cells transfected with FLAG-SSTR5 (48 

hours).  
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Figure 6.11 SSTR5 repression plays a key role in TAZ-mediated proliferation A) qRT-PCR 

analysis of SSTR5 expression of HeLa cells treated with 6079510 (16 hours) with or without stable 

expression of SSTR5-targeting shRNAs (polyclonal). Cell lysates were probed for FLAG. GAPDH 

was used as a loading control. B) Growth curve analysis of HeLa cells treated with 6079510 (16 

hours) with or without stable expression of SSTR5-targeting shRNAs (polyclonal). C) Colony 

formation assay (analysis anchorage dependent growth) of HeLa cells treated with 6079510 (16 

hours) with or without stable expression of SSTR5-targeting shRNAs (polyclonal). D) Soft agar 

assay (analysis anchorage-independent growth) in HeLa cells treated with 6079510 (16 hours) 

with or without stable expression of SSTR5-targeting shRNAs (polyclonal).  
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6.2.7 IFIT2 is repressed by TAZ in HPV18+ cervical cancer 

   

Despite IFIT2 being suggested as a YAP and TAZ dependent gene, qRT-PCR 

data suggested while knockdown of YAP and TAZ led to an increase in IFIT2 expression, 

knockdown of TAZ had a much more profound effect. Therefore, it was further 

investigated if IFIT2 was a TAZ-dependent gene in HPV18+ cervical cancer.  

 Firstly, analysis of IFIT2 mRNA expression in the panel of cervical cancer cell 

lines revealed significant reduction in IFIT2 in all HPV+ cell lines tested. Additionally, 

IFIT2 expression was also significantly decreased in HPV- cervical cancer cell line C33A 

compared to HaCaT cell (Figure 6.12 A). Similar to the cell lines, IFIT2 expression was 

reduced in both HPV16+ and HPV18+ samples in CIN 1-3 (Figure 6.12 B). When the 

expression of IFIT2 was compared to WWTR1 expression in the patient samples, it was 

found that expression was only inversely correlated in HPV18+ patient samples while no 

correlation was seen in HPV16+ patient samples (Figure 6.12 C-D). Taken together 

these data suggest that while IFIT2 is repressed by TAZ in HPV18+ cervical cancer, 

there is likely another method of regulation in HPV16+ cervical cancer.  

 To confirm that IFIT2 repression TAZ-dependency was not a HeLa specific 

phenotype, IFIT2 expression was investigated following TAZ knockdown in other 

HPV18+ cell lines. TAZ knockdown in both SW756 cells and MS751 cells led to a 

significant increase in IFIT2 expression (Figure 6.12 E and F). 6079510 and Ivermectin 

treated HeLa cells showed significantly reduced IFIT2 expression, confirming the 

reduction is IFIT2 was not an off-target effect of shRNA treatment. Interestingly, a more 

profound effect was observed upon inhibition of both YAP and TAZ (figure 6.12 G).  

 It was hypothesised that if IFIT2 was TAZ-dependent, expression should be 

affected by HPV18 E7 expression. Depletion of HPV18 E6 and E7 in HeLa cells utilising 

E6/E7 targeting siRNA led to a significant increase in IFIT2 expression (Figure 6.12 H). 

Conversely, stable expression of HPV18 E7 in HaCaT cells led to a significant decrease 
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in IFIT2 expression (Figure 6.12 I). The effect of HPV18 E7 was determined to be due to 

TAZ as C33A cells stably expressing HPV18 E7 were treated with 6079510 showed a 

reversal in IFIT2 suppression (Figure 6.12 J). This highlighted that HPV18E7 suppresses 

IFIT2 expression in a TAZ-dependent manner. Finally it was investigated if TAZ-mediate 

IFIT2 expression was TEAD dependent. qRT-PCR analysis of HeLa cells showed 

verteporfin treatment led to no significant change in IFIT2 expression suggesting TAZ 

regulates IFIT2 in a TEAD-independent manner (Figure 6.12 K).  

Taken together these results demonstrate IFIT2 is repressed by TAZ in HPV18+ cervical 

cancer but in a TEAD-independent manner.  
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Figure 6.12 IFIT2 is a TAZ-dependent gene A) qRT-PCR analysis of IFIT2 mRNA expression 

in HPV-, HPV16+ or HPV18+ cell lines. U6 transcript levels were used as a loading control. B) 
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qRT-PCR analysis of IFIT2 expression in negative, HPV16 or HPV18+ patient cervix liquid 

cytology samples from different CIN grades (n=4 from each grade). U6 was used as a loading 

control. C) Graph showing correlation between IFIT2and WWTR1 expression in HPV16+ patient 

samples from B. D) Graph showing correlation between IFIT2 and WWTR1 expression in 

HPV18+ patient samples from B. E) qRT-PCR analysis of IFIT2 mRNA expression in polyclonal 

shRNA-mediated TAZ knockdown SW756 cells. U6 was used as a loading control. F) qRT-PCR 

analysis of IFIT2 mRNA expression in polyclonal shRNA-mediated TAZ knockdown MS751 cells. 

U6 was used as a loading control. G) qRT-PCR analysis of IFIT2 expression in HeLa cells 

following either DMSO, 6079510 (16 hours) or Ivermectin (24 hours) treatment. . U6 was used as 

a loading control. H) qRT-PCR analysis of IFIT2 expression in HeLa cells with E6/E7 targeting 

siRNA (for 72 hours). U6 was used as a loading control. I) qRT-PCR analysis of IFIT2 expression 

in HaCaT cells stably expressing HA-HPV18 E7. U6 was used as a loading control. J) qRT-PCR 

analysis of IFIT2 expression in C33A cells stably expressing HA-HPV18 E7 with or without 

6079510 treatment (16 hours). U6 was used as a loading control. K) qRT-PCR analysis of IFIT2 

expression in HeLa cells following either DMSO or verteporfin (24 hours) treatment. . U6 was 

used as a loading control.  
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6.2.8 IFIT2 is tumour suppressive in HPV18+ cervical cancer cells and repression in 

crucial for TAZ-mediated proliferation  

  IFIT2 encodes for the protein IFIT2, a member of the Interferon-induced protein 

with tetratricopeptide repeats family (IFIT). Unlike, the other potential TAZ-dependent 

genes investigated in this chapter, the role of IFIT2 in cancer is slightly more elucidated. 

In gastric cancer, decreased IFIT2 expression was associated with poor prognosis and 

increase cell survival (290). Other studies have shown increased IFIT2 expression 

inhibits cancer cell proliferation and migration. Additionally, inhibition of IFIT2 

degradation led to its aggregation in the cell centrosome, inducing apoptosis (291, 292).  

HPV E1 inhibits IFIT2 expression, likely to dysregulated the immune response but the 

role IFIT2 in cervical cancer is unknown (293). Given the results showed TAZ repressed 

IFIT2 expression, it was hypothesised that IFIT2 was tumour suppressive in cervical 

cancer and is repressed by TAZ.  

 FLAG-IFIT2 overexpression in HeLa cells led to significant decrease in growth 

and colony forming ability in anchorage dependent or independent manners, indicating 

IFIT2 is tumour suppressive in HeLa cells (Figure 6.13 A-D). Next, it was investigated if 

IFIT2 played a role in TAZ-mediate proliferation. To do this, 6079510-treated HeLa cells 

were treated with an IFIT2-targeting shRNA (qRT-PCR was used to show successful 

repression of IFIT2 usually seen to be increased following TAZ inhibition (Figure 6.14 A)) 

and growth was assessed over a 5 day period. IFIT2 suppression following 6079510 

treatment led to a partial recovery of growth compared to 6079510 treatment alone 

(Figure 6.14 B). Similar effects were seen on both anchorage-dependent and 

independent colony forming ability (Figure 6.14 C and D) suggesting repression of IFIT2 

is needed for TAZ-mediated proliferation. Taken together these results demonstrate 

IFIT2 has novel tumour suppressive functions in HPV18+ cervical cancer and repression 

is crucial for TAZ-mediated proliferation.   
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Figure 6.13 IFIT2 is a novel tumour suppressor in HPV18+ cervical cancer cells A) 

Representative western blot of HeLa cells transfected with FLAG-IFIT2 (48 hours). Cell lysates 

were probed for FLAG. GAPDH was used as a loading control. B) Growth curve analysis of HeLa 

cells transfected with FLAG- IFIT2 (48 hours). C) Colony formation assay (analysis anchorage 

dependent growth) of HeLa cells transfected with FLAG- IFIT2 (48 hours). D) Soft agar assay 

(analysis anchorage-independent growth) in HeLa cells transfected with FLAG- IFIT2 (48 hours).  
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Figure 6.14 IFIT2 repression plays a key role in TAZ-mediated proliferation A) qRT-PCR 

analysis of IFIT2 expression of HeLa cells treated with 6079510 (16 hours) with or without stable 

expression of IFIT2-targeting shRNAs (polyclonal). Cell lysates were probed for FLAG. GAPDH 

was used as a loading control. B) Growth curve analysis of HeLa cells treated with 6079510 (16 

hours) with or without stable expression of IFIT2-targeting shRNAs (polyclonal). C) Colony 

formation assay (analysis anchorage dependent growth) of HeLa cells treated with 6079510 (16 

hours) with or without stable expression of IFIT2-targeting shRNAs (polyclonal). D) Soft agar 

assay (analysis anchorage-independent growth) in HeLa cells treated with 6079510 (16 hours) 

with or without stable expression of IFIT2-targeting shRNAs (polyclonal).  
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6.2.9 SSTR5 and IFIT2 are regulated by YAP in HPV16+ cervical cancer cell and are 

tumour suppressive 

Both SSTR5 and IFIT2 expression was significantly reduced in HPV16+ cervical 

cancer cell lines, which have low TAZ expression (Figure 6.9 A and Figure 6.12 A). 

Additionally, there was only an inverse correlation with WWTR1 expression in HPV18+ 

patient samples (Figure 6.9 C-D and Figure 6.12 C-D). Therefore, it was proposed 

SSTR5 and IFIT2 expression was regulated by other factors such as YAP in HPV16+ 

cervical cancer cells while TOGARAM2 expression was solely regulated by TAZ.  

TAZ and YAP overexpression in SiHa cells revealed TOGARAM2 only increased 

with TAZ and not YAP overexpression, as expected for a TAZ-dependent gene but YAP, 

but not TAZ overexpression led to a significant reduction in SSTR5 and IFIT2 (Figure 

6.15 A-C). Therefore, this suggested that while SSTR5 and IFIT2 were TAZ dependent 

in HPV18+ cervical cancer cells, both are repressed by YAP in HPV16+ cells.  

It was then investigated if SSTR5 was tumour suppressive in HPV16+ cells. 

When growth was assessed over 5 days, SSTR5 overexpression led to a significant 

reduction in growth and further investigations there was also a significant reduction in 

both anchorage dependent and independent colony forming ability (Figure 6.16 A-D). 

This indicates that SSTR5 is a novel tumour suppressor in HPV16+ cervical cancer. 

IFIT2 was also revealed to suppress proliferation in SiHa cells. Overexpression 

of FLAG-IFIT2 in SiHa led to a significant reduction in growth and both anchorage 

dependent and independent colony formation (Figure 6.16 E- H) suggesting IFIT2 plays 

a novel tumour suppressive role in these cells. Together this shows both SSTR5 and 

IFIT2 are tumour suppressive in HPV16+ cells and are likely regulated by YAP in these 

cells not TAZ.  
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Figure 6.15 SSTR5 and IFIT2 are YAP-dependent genes in HPV16+ cells A) qRT-PCR 

analysis of TOGARAM2 expression in SiHa cells transfected with either FLAG-TAZ or FLAG-

YAP. U6 was used as a loading control. B) qRT-PCR analysis of SSTR5 expression in SiHa cells 

transfected with either FLAG-TAZ or FLAG-YAP. U6 was used as a loading control. C) qRT-PCR 

analysis of IFIT2 expression in SiHa cells transfected with either FLAG-TAZ or FLAG-YAP. U6 

was used as a loading control.  
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Figure 6.16 SSTR5 and IFIT2 are tumour suppressive in SiHa cells A) Representative western 

blot of SiHa cells transfected with FLAG-SSTR5 (48 hours). Cell lysates were probed for FLAG. 

GAPDH was used as a loading control. B) Growth curve analysis of SiHa cells transfected with 

FLAG- SSTR5 (48 hours). C) Colony formation assay (analysis anchorage dependent growth) of 

SiHa cells transfected with FLAG- SSTR5 (48 hours). D) Soft agar assay (analysis anchorage-

independent growth) in SiHa cells transfected with FLAG- SSTR5 (48 hours). E) Representative 



226 
 

western blot of SiHa cells transfected with FLAG-IFIT2 (48 hours). Cell lysates were probed for 

FLAG. GAPDH was used as a loading control. F) Growth curve analysis of SiHa cells transfected 

with FLAG- IFIT2 (48 hours). G) Colony formation assay (analysis anchorage dependent growth) 

of SiHa cells transfected with FLAG- IFIT2 (48 hours). H) Soft agar assay (analysis anchorage-

independent growth) in SiHa cells transfected with FLAG- IFIT2 (48 hours).  

 

  



227 
 

6.2.10 TAZ phase separation is critical for transcription of TAZ-dependent TOGARAM2 

expression  

  One question that arose from the differences in TAZ and YAP transcriptional 

profiles was how was TAZ promoting transcription in a YAP-independent manner? When 

YAP and TAZ were observed with immunofluorescence microscopy, clear differences in 

nuclear distribution was observed. Whereas YAP expression was diffuse across the 

nucleus, TAZ was seen to form puncta (Figure 6.17 A). TAZ is known in other cancers 

to form liquid-liquid phase separation (LLPS) condensates in the nucleus which are 

enriched with transcription factors to promote transcription (182). Therefore, it was 

hypothesised that TAZ could be promoting TAZ-specific transcription through these 

puncta. To confirm that TAZ was able to form these puncta in HeLa cells, FLAG-tagged 

TAZ and YAP were transfected into HeLa cells at concentrations that would enable low-

level expression and imaged by immunofluorescence microscopy. Analysis of these 

images showed that low levels of TAZ overexpression, but not YAP overexpression, led 

to puncta formation in HeLa cells (Figure 6.17 B). 

 To confirm that the puncta formed by TAZ where acting like LLPS condensates, 

low levels of FLAG-TAZ were expressed into HeLa cells and liquid-liquid phase 

interactions were disrupted by 1,6-Hexanediol treatment. Immunofluorescence 

microscopy revealed treatment led to a complete loss of the TAZ puncta seen in the non-

treated cells. Additionally, these puncta were very quickly recovered when the drug was 

removed, highlighting the dynamic nature of liquid-liquid phase interactions (Figure 

6.18). The same pattern was also seen when endogenous TAZ was stained for and 

imaged with immunofluorescence microscopy. Again, 6-Hexanediol treatment led to a 

disruption of TAZ puncta which were very quickly recovered with removal of the drug and 

were also protected if cells were fixed with paraformaldehyde (PFA) before treatment 

(Figure 6.19). 
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 The interaction between TAZ and paraspeckle protein NONO has been shown to 

be essential for TAZ LLPS activity (182). Therefore it was investigated if NONO was 

required for transcription of TAZ-dependent genes in cervical cancer cells. Firstly, NONO 

expression was knocked down in HeLa cells through stable expression of 2 different 

NONO-targeting shRNAs (confirmed by qRT-PCR (Figure 6.20 A)). As it was theorised 

NONO was important for the formation of TAZ-puncta, TAZ nuclear localisation was 

analysed through immunofluorescence microscopy. Imaging showed NONO knockdown 

led to a significant loss of nuclear TAZ and therefore TAZ puncta (Figure 6.20 B). 

Furthermore, qRT-PCR analysis showed NONO knockdown led to a significant decrease 

in TOGARAM2 expression (Figure 6.20 C). Taken together, these results show TAZ 

forms puncta with LLPS condensate properties that may be important for regulation of 

TAZ-specific transcription.  
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Figure 6.17 TAZ forms puncta in HPV18+ cervical cancer cells A) Immunofluorescence 

analysis of endogenous TAZ or YAP (green) nuclear localisation. Nuclei were visualised using 

DAPI. Scale bare 10 µm. B) Immunofluorescence analysis of HeLa cells transfected with either 

FLAG-TAZ or FLAG-YAP. Coverslips were stained for FLAG (green). Nuclei were visualised using 

DAPI. Scale bare 10 µm. 
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Figure 6.18 Disruption of liquid-liquid interactions prevents exogenous TAZ puncta 

formation. Immunofluorescence analysis of HeLa cells transfected with low levels of FLAG-TAZ 

before either 6-Hexanediol treatment or treatment then 30 minutes recovery. Coverslips were 

stained for FLAG (green). Nuclei were visualised using DAPI. Scale bare 1 µm. 
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Figure 6.19 Disruption of liquid-liquid interactions prevents endogenous TAZ puncta 

formation. Immunofluorescence analysis of HeLa cells before either 6-Hexanediol treatment, 

treatment then 30 minutes recovery or PFA fixation and then treatment. Coverslips were stained 

for TAZ (green). Nuclei were visualised using DAPI. Scale bare 2 µm.  
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Figure 6.20 NONO knockdown inhibits TAZ nuclear localisation and TOGARAM2 

expression A) qRT-PCR analysis of NONO mRNA expression in polyclonal shRNA-mediated 

NONO knockdown HeLa cells. U6 was used as a loading control. B) Immunofluorescence 

analysis of polyclonal shRNA-mediated NONO knockdown HeLa cells. Coverslips were stained 

for TAZ (green). Nuclei were visualised using DAPI. Scale bare 10 µm. C) qRT-PCR analysis of 

TOGARAM2 mRNA expression in polyclonal shRNA-mediated NONO knockdown HeLa cells.  
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6.3 Discussion  

 This chapter aimed to elucidate novel TAZ-dependent genes and the role they 

play in cervical cancer. As qRT-PCR analysis of YAP-dependent genes showed TAZ did 

not promote their expression, this indicated TAZ promoted a transcriptome distinct to 

that of YAP. The differences in transcriptomes was unveiled using RNA-sequencing. 

Analysis revealed multiple TAZ-specific genes which were either promoted or repressed 

by TAZ. Interestingly, TAZ knockdown led to increased expression of a larger number of 

genes than were suppressed, indicating that in cervical cancer TAZ may play a larger 

role in repressing mRNA expression than promoting it. This could be due to TAZ forming 

inhibitory complexes with transcription factors such as TEAD. It is also possible that TAZ 

is promoting the expression of miRNAs that normally target these genes for degradation. 

This possibility could be easily investigated through use of miRNA-sequencing.  

 YAP and TAZ transcriptional repression is a poorly investigated area, however 

mechanistically, it is known that YAP and TAZ alongside TEAD bind to the Nucleosome 

Remodeling and Deacetylase (NuRD) complex to deacetylate histones and alters 

nucleosome occupancy leading to reduced recruitment of RNA Pol II (294). SSTR5 and 

IFIT2 were both repressed by TAZ, and so could be tested for repression by NuRD. 

However, intriguingly, the results show that IFIT2 repression was not TEAD-dependent, 

and the literature suggests that TEAD is required to recruit NuRD to TAZ-repressed 

promoters. Therefore, this offers the exciting possibility that TAZ may be repressing 

targets such as IFIT2 through another mechanism. Additionally, lncSSTR5-AS1 is a 

major mechanism for SSTR5 repression observed in cancer and therefore, further 

investigations should be carried out first to decide if TAZ is repressing SSTR5 in a post-

translational manner. To investigate if TAZ forms these repression complexes, more 

TAZ-specific upregulated genes that are TEAD dependent should be identified.  

 This chapter identifies TOGARAM2 as not only a novel TAZ-dependent gene but 

also as a novel oncogene, specifically in HPV18+ cervical cancer. Interestingly, 
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TOGARAM2 inhibited proliferation in HPV16+ cervical cancer but the exact mechanism 

of its tumour suppressive activities remain elusive. TOGARAM2 is part of a family of 

proteins expressed in human cells including; TOGARAM1, chTOG and CLASP1 and 

further investigations could be undertaken to investigate if one of these relatives plays 

an important role in HPV16+ cells in place of TOGARAM2.  

 This chapter focuses specifically on cervical cancer but other cancers such as 

lung squamous cell carcinoma and breast cancer in particular have high TAZ expression. 

It is possible that TOGARAM2 is a TAZ-dependent oncogene in other high-TAZ cancers 

and further studies should be undertaken to investigate this possibility. Furthermore, the 

results propose TOGARAM2 as a novel regulator of EMT, particularly a regulator of 

filopodia formation. Future studies should investigate the mechanism for how this occurs 

in more mechanistic detail. Other TOG domain containing proteins have microtubule 

binding abilities and it is hypothesised that this is essential for the control of filopodia by 

TOGARAM2. Mutating the TOG domains may help elucidate this. Interestingly, 

TOGARAM2 encodes fewer TOG domains than its related proteins, instead containing 

an extended disordered. Why TOGARAM2 requires fewer TOG domains and the 

function of this disordered region remains to be determined. One approach would be to 

undertake quantitative mass spectrometry approaches to determine the interactome of 

TOGARAM2 in cervical cancer cells.  

 This chapter briefly investigates the mechanism of TOGARAM2 regulation by 

TAZ and results show paraspeckle protein NONO and LLPS are involved. It is 

hypothesised that TAZ forms “puncta” in the nucleus of cells which contain NONO and 

transcription factors to promote transcription of TAZ-specific genes. This would explain 

how only TAZ promotes TOGARAM2 expression and not YAP despite being TEAD-

dependent. These puncta do not act as normal paraspeckles despite needing NONO, 

being small and too numerous in nature in cells, but likely hijack the protein for this 

function. It is hypothesised that TAZ uses NONO to interact with different transcription 
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factors or enhancers that TAZ cannot canonically interact with through direct interactions. 

This would lead to the transcription of TAZ-specific genes. To investigate this, proteomic 

analysis of TAZ-NONO interactors could be carried out.  

 SSTR5 was another gene determined to be a novel TAZ-dependent gene. 

Furthermore, results in this study demonstrate SSTR5 plays a novel tumour suppressive 

role in cervical cancer. Unlike TOGARAM2, SSTR5 functions similarly in both HPV16+ 

and HPV18+ cells, and therefore the function of SSTR5 should be investigated in other 

HPV16+ cancers such as oral and anal carcinoma. Although clearly regulated by TAZ in 

a TEAD-dependent manner in HPV18+ cervical cancer cells, SSTR5 is potentially 

regulated by YAP in HPV16+ cells. Although the role of SSTR5 in cancer is poorly 

elucidated, in normal physiology, SSTR5 agonists have been linked inhibition of 

phospholipase C activity, though the mechanism of how this occurs is unclear (295). The 

role of phospholipase C is controversial in cancer, but there is evidence that activity is 

oncogenic and therefore this may explain the tumour suppressive activity of SSTR5. 

Future studies should aim to explore this connection further to elucidate the function of 

SSTR5.  

 This chapter also demonstrates that IFIT2 is a TAZ-dependent gene in HPV18+ 

cervical cancer. Similar to SSTR5, IFIT2 was found to be tumour suppressive in both 

HPV16+ and HPV18+ cervical cancer cells with preliminary evidence suggesting it to be 

YAP-dependent in HPV16+ cells. Therefore, the investigations into IFIT2 functions could 

be expanded to include other predominantly HPV16+ cancer such as oral carcinoma. 

Interestingly, IFIT2 was found to be TEAD-independent and therefore the question of 

how IFIT2 expression is repressed remains. Although not investigated in this present 

study, as IFIT2 plays roles in EMT, drug resistance and apoptosis, the effect of IFIT2 on 

these areas should be investigated in cervical cancer (296).  
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This chapter focuses on three TAZ-specific genes suggested by RNA-seq 

analysis but there were many other genes identified in the study. None of these analysed 

fully rescued the loss of proliferation seen with TAZ knockdown, supporting the 

hypothesis that TAZ acts through multiple genes. Gene ontology analysis of upregulated 

TAZ-specific genes reveals TAZ plays role in areas other than chemoresistance and 

apoptosis which are commonly reported. The group with the highest number of 

dysregulated genes is wound healing, agreeing with results from the previous chapter 

suggesting TAZ plays a key role in the regulation of it and EMT. Several other interesting 

areas appear in the gene ontology analysis including epithelia differentiation. As this 

function in particular is very important in HPV lifecycle and cancer, these TAZ-specific 

genes should be the focus of future studies.  
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Chapter 7- Final Discussion and Summary  

 The work presented in this thesis provides a mechanism for the decreased Hippo 

pathway activation observed in cervical cancer, via the down-regulation of the STK4 

protein and represents the most detailed study of TAZ function in cervical cancer to date.  

 HPV requires the manipulation of host signalling pathways for its replication. In 

cancers, this leads to aberrant activation or targeting of such pathways including IL-6 - 

STAT3 and MAPK signal transduction, resulting in the promotion of cancerous 

phenotypes such as increased proliferation. Although past studies have highlighted YAP 

as an important oncogene in cervical cancer, it was not fully understood how the Hippo 

signalling pathway was targeted. This study characterises a mechanism for targeting of 

STK4 by miR-18a, preventing activation of the Hippo pathway and therefore allowing 

YAP to remain nuclear. However, this study only touches on the possible function of miR-

18a in cervical cancer, with our data hinting at a broader range of targets. Furthermore, 

although only the mature form of miR-18a was found to be increased, perhaps through 

changes in processing, the exact mechanism behind this increase remains unknown. 

This is of importance as it is possible other members of the miR17-92 cluster, which are 

also oncomiRs, are regulated in a similar manner. Identifying other targets of the cluster 

could unveil novel tumour suppressors and therefore novel therapeutic targets for the 

treatment of cervical cancer. To elucidate miR-18a regulation, firstly the role of DNMT1 

activity should be confirmed. Previously identified miR-17-92 cluster regulatory factors 

such as SRSF3 should be priorities in follow-up investigations (297). 

 The majority of this study focuses on the role of the oncogene TAZ in cervical 

cancer (Summarised in Figure 7.1). Previous studies are contradictory and despite 

detailed characterisation of its paralog YAP, the role of TAZ remained elusive. For the 

first time, this study shows TAZ is an oncogene only in HPV18+ cervical cancer where 

its expression is increased at the mRNA level. We saw that TAZ was not stabilised a 
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protein level as has been previously reported with YAP in HPV+ cell lines. Two different 

mechanisms have been reported for the stabilisation of YAP; degradation of PTPN14 (a 

YAP inhibitor) induced by E7 and then binding of YAP by E6. It would be interesting to 

confirm why TAZ isn’t stabilised by investigating if these interactions are YAP-specific. 

Using an orthogonal approach with target knockdown, use of small molecule inhibitors 

and overexpression of mutant forms of targets, we identify that the host EGFR/SP1 

signalling pathway is responsible for increasing TAZ expression in cervical cancer and 

that this is controlled by the HPV18 E7 oncoprotein. Fascinatingly, this mechanism of 

regulation was restricted to TAZ, as YAP expression was unaffected by loss of the 

signalling pathway. This highlights that despite similarities in protein sequence, the YAP 

and TAZ promoters are likely under the control of different transcription factors. In this 

study we suggest that the TAZ promoter is under the control of SP1, with two binding 

sites predicted. Although the exact binding sites of SP1 in the TAZ promoter were 

confirmed with a mutation study of the promoter, they should be further validated with 

ChIP.   
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Figure 7.1- Summary of TAZ regulation and activity in HPV18+ cervical cancer. HPV18 E7 activates TAZ 

promoter activity through EGFR/ER/SP1 signalling. TAZ then upregulates TOGARAM2 through NONO and 

TEAD and suppresses IFIT2 and SSTR5 expression (created in biorender).  

 Currently it is unclear why YAP and TAZ are seemingly regulated by two different 

mechanisms. One possibility is that TAZ is hard to stabilise on a protein level. Multiple 

studies report the dynamic nature of the protein, and therefore numerous cell factors 

control its stability whereas YAP appears more stable, in this instance dysregulating the 

upstream signalling pathway controlling its proteasomal degradation appears to have a 

major effect. Additionally, perhaps the difference in YAP and TAZ regulation stems from 

where their activity is necessary. As YAP seemingly plays a more essential role in HPV 

infection and the initiation of cervical cancer, TAZ may be critical for the development of 

cancer, particular in adenocarcinoma, a predominantly HPV18+ cancer. Clarifying the 

role of TAZ in squamous compared to adenocarcinoma is a priority as adenocarcinomas 

have a higher mortality rate and a poorer response to treatment.  

Although we show in this study that HPV18 E7 controls TAZ expression through 

an EGFR/SP1 axis, it is unclear why HPV16 cannot perform the same role. HPV16 E7 

promotes SP1 activity to increase expression of lncMALAT1 so it is unclear why this 

does not happen with WWTR1 (298). Perhaps other factors play an unknown role in this. 

ChIP-sequencing could be used to get insight into the differences in SP1 activity between 

HPV16+ and HPV18+ cells.  

 Functionally, we demonstrated that TAZ has oncogenic activity only in HPV18+ 

cervical cancer, with the interesting observation that TAZ overexpression actually 

reduced proliferation in HPV16+ cervical cancer cells. The reasons for this are unclear. 

The simplest explanation, is that TAZ competes with YAP for transcription factors such 

as TEAD, as frequently we observed that shRNA-mediated knockdown of one paralogue 

led to increased expression of the other. Additionally, it could be due to TAZ-dependent 

genes playing tumour suppressive roles in HPV16+ but not in HPV18+ cells. We suggest 
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this is the case for TOGARAM2, which displayed tumour suppressive functions in SiHa 

cells. The reason for this is unclear but as other proteins such as TOGARAM1 could be 

expressed in SiHa cells and may play a similar role, perhaps TOGARAM2 prevents their 

correct functions? Further investigation could utilises RNA-seq to compare the YAP and 

TAZ-mediated transcription between SiHa and HeLa cells. 

 Perhaps the key finding of this study was identifying that TAZ had YAP-

independent functions in cervical cancer, contradicting many historical studies which 

present TAZ as redundant. This was demonstrated by overexpressing YAP in TAZ 

knockdown cells and observing that this had minimal impact on cell proliferation. 

Importantly this emphasises that studies of YAP alone are unlikely to reveal the full extent 

of Hippo pathway function in cancer. However, the question arose, if TAZ was working 

independently of YAP, how was it functioning?  

 We attempted to address this question with RNA-seq analysis of TAZ- and YAP-

driven transcriptomes. Although the sequencing identified several TAZ-specific genes, 3 

were chosen for more intensive studies; TOGARAM2, SSTR5 and IFIT2. Even though 

the full scope of functions of these genes was not elucidated here, we did identify all 

three genes were involved in TAZ-mediated proliferation, with TOGARAM2 upregulation 

playing a pro-proliferative role while conversely SSTR5 and IFIT2 needed repressing. In 

particular, it was revealed that TOGARAM2 displays characteristics of a novel oncogene 

and is the crucial mediator of TAZ-induced EMT. There is the potential for exciting future 

studies on TOGARAM2 to fully explore its functions in normal healthy cells and in cancer. 

For example, TOGARAM1, the closest paralog of TOGARAM2, regulates cilia formation 

(284). Highly proliferative cells such as HeLa cells have a high number of cilia but their 

role in tumourigenesis is still controversial. Further studies of TOGARAM2 should not 

only include investigation into if TOGARAM2 is a regulator of ciliogenesis but if cilia are 

anti or pro-proliferative factors or potential biomarkers. With the novelty of TOGARAM2, 
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its function could also be explored in further cancer types, particularly those with high 

levels of TAZ expression.  

 The study into SSTR5 was not as in-depth as TOGARAM2 but has great 

potential. SSTR5 has been implicated in regulation of signalling such as the Notch and 

mTOR pathway (299, 300). Although not fully understood, SSTR5 activation leads to a 

decrease in Notch signalling through suppressing expression of Notch pathway 

receptors and ligands, leading to a decrease in NICD (299). Even though full function of 

Notch signalling in cervical cancer is controversial, negative regulators are often found 

to be repressed and this may be the case for SSTR5 (301). This should be an avenue of 

investigation when looking to elucidate the function of SSTR5 in cervical cancer. SSTR5 

control of signalling pathways could be further investigated by utilising Qiagen RT² 

Profiler PCR Arrays, a tool to screen various signalling pathways relevant to cancer. With 

many current therapeutics targeting host kinases, exploring how SSTR5 modulates 

these pathways could be a potential target for future therapeutics. IFIT2, the third TAZ-

dependent gene investigated in this study, is also known to modulate the PKC signalling 

pathway, so it should be investigated if this is needed for IFIT2 function in cervical cancer. 

Furthermore, as depletion of IFIT2 has also been linked to chemoresistance, a 

characteristic often associated with TAZ in cancer. It would be interesting to see if IFIT2 

is responsible for TAZ-mediated chemoresistance.  

 The premise of TAZ negatively regulating target genes is not novel, other studies 

have also shown that TAZ represses more genes than it promotes (182). Interestingly, 

TAZ-dependent genes seem quite varied, perhaps depending on the cancer tissue. In 

glioblastoma and HEK293A cells, RNA-seq suggested CYR61 was TAZ-dependent 

while our study suggests this to be a YAP-specific gene (182, 183). Meanwhile in breast 

cancer, a cancer where TAZ is known to play a prominent role, CCND1 has been 

suggested as a major downstream effector of TAZ activity, another gene we show to be 

YAP-dependent. One reason for the differences observed could be that all these 
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sequencing studies were performed in different tissue types and perhaps TAZ-

dependent genes are tissue specific, may be due to the role of YAP in each tissue. This 

could be investigated by using the same TAZ shRNAs in multiple different tissue types 

and performing sequencing. Interesting despite this, gene ontology analysis in the same 

breast cancer study still suggests TAZ plays a similar role to what we propose such as 

in cell adhesion and EMT (302). Bioinformatics analysis should be undertaken to 

investigate if therefore TAZ promotes the same cancerous hallmarks but through tissue 

specific genes.  

 Another interesting question that arose during the course of this study was, how 

does TAZ promote a different transcription profile to YAP in a TEAD-dependent manner? 

One potential answer is YAP and TAZ interact with different enhancers which influences 

YAP/TEAD or TAZ/TEAD transcription or, it has been proposed that YAP/TEAD may 

interact with other transcription factors to enhance binding to usually low-affinity 

promoters. To investigate if this is the case in cervical cancer, proteomics analysis of 

YAP and TAZ binding partners such be undertaken.  

One aspect we focused on to attempt to answer this question was investigating the role 

of TAZ-NONO interactions. Unlike YAP, TAZ has the ability to interact with NONO and 

form puncta through LLPS. Our preliminary data shows NONO was essential for 

TOGARAM2 transcription but further experiments should investigate if TAZ-mediated 

NONO transcription is NONO-dependent by investigating if a TAZ mutant unable to bind 

to NONO can rescue TOGARAM2 expression in TAZ knock down cells. Furthermore, as 

the region of TAZ which is necessary for NONO interactions has been characterised, a 

YAP chimera should be generated (YAP with the region necessary for NONO interaction 

in TAZ replaced) and the ability of this mutant to induce TOGARAM2 expression should 

be assessed. 
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 It was observed in this study that TAZ forms puncta through LLPS in the nuclei 

of HeLa cells and NONO is crucial for TAZ nuclear localisation. Potentially, TAZ/TEAD 

could be recruited to specific puncta at the promoters of TAZ-dependent genes through 

this NONO interaction, perhaps using NONO to interact with other transcription factors, 

promoting the expression of these genes. This may explain why YAP does not promote 

the expression of these TAZ dependent genes as it lacks LLPS ability. However, a far 

more detailed study would be needed to investigate this hypothesis.  

Although many of the changes throughout this study can be argued to be small, 

it is still demonstrated that the increase in TAZ expression by HPV18 E7 is biologically 

important. Additionally liquid cytology samples supports this as TAZ was seen to be 

significantly increase in CIN2 and CIN3 HPV18+ samples. However further studies are 

needed to fully explored the role of TAZ in vivo.  

 In conclusion, TAZ is controlled by HPV18 E7 and plays an essential 

oncogenic role in cervical cancer, independent to YAP. TAZ promotes a different 

transcription profile to YAP, controlling the expression of TOGARAM2, SSTR5 and 

IFIT2, all of play roles in TAZ-mediated proliferation.  
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Appendix  
 

Table A.1- Plasmids used in this study  

Plasmid Name Plasmid Backbone Expression type Source 

pcDNA3 pcDNA3 Transient Addgene 

WWTR1 promoter 
luciferase reporter 

pEZX-PL01 Transient GeneCopoeia 

WT STK4 3’UTR 
luciferase reporter  

psiCheck2 Transient Cloned by MRP 

MT STK4 3’UTR 
luciferase reporter 

psiCheck2 Transient Cloned by Emma 
Ryder 

WT p53 pcDNA3 Transient Olivier Terrier 

Empty vector pMSCV-N-HA-
IRES-Puro 

Retroviral Elizabeth White 

HA-HPV18 E6 pMSCV-N-HA-
IRES-Puro 

Retroviral Cloned by Yigen Li 

HA-HPV18 E7 pMSCV-N-HA-
IRES-Puro 

Retroviral Cloned by Yigen Li 

HA-HPV16 E7 pMSCV-N-HA-
IRES-Puro 

Retroviral GenScript 

FLAG-WT SP1 pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-Trunc SP1 pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-SP1 2TD pcDNA3.1(+)-N-
DYK 

Transient GenScript 

GFP-HPV18 E7 pEGFP-­c1 Transient Cloned by David 
Kealy 

NEG pLK0.1 Lentivirus Katherine Harper 

shRNA TAZ A KD pLK0.1 Lentivirus Henning Wackerhage 

shRNA TAZ B KD pLK0.1 Lentivirus Henning Wackerhage 

shRNA YAP A KD pLK0.1 Lentivirus Cloned by MRP 

shRNA YAP B KD pLK0.1 Lentivirus Cloned by MRP 
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shRNA Y/T A KD pLK0.1 Lentivirus Cloned by MRP 

shRNA Y/T B KD pLK0.1 Lentivirus Cloned by MRP 

FLAG-TAZ pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-YAP pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-TAZ TEAD 
binding mutant 

pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-TAZ S89D pcDNA3.1(+)-N-
DYK 

Transient GenScript 

shRNA 
TOGARAM2 A KD 

pLK0.1 Lentivirus MERCK 

shRNA 
TOGARAM2 B KD 

pLK0.1 Lentivirus MERCK 

shRNA SSTR5 A 
KD 

pLK0.1 Lentivirus MERCK 

shRNA SSTR5 B 
KD 

pLK0.1 Lentivirus MERCK 

shRNA IFIT2 A KD pLK0.1 Lentivirus MERCK 

shRNA IFIT2 B KD pLK0.1 Lentivirus MERCK 

FLAG-
TOGARAM2 

pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-SSTR5 pcDNA3.1(+)-N-
DYK 

Transient GenScript 

FLAG-IFIT2 pcDNA3.1(+)-N-
DYK 

Transient GenScript 

shRNA NONO A 
KD 

pLK0.1 Lentivirus Katherine Harper 

shRNA NONO B 
KD 

pLK0.1 Lentivirus Katherine Harper 
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Table A.2- Cloning primers submitted in this study 

Name Forward Reverse 

TAZ promoter SP1 site 1 
site directed mutagenesis  

GGACATTCCAATCCTCC 
CACAACCCTC 

CAAAGGGAAAGTGGCCTG 

TAZ promoter SP1 site 2 
site directed mutagenesis 

AAGTCCGTGGTAAAC 
TCAAAG 

CCGGGGAGCCTGGAG 
CCG 

STK4 3’UTR luciferase AAAAAACTCGAGGCA 
AGGCCAGGCTGTGA 

AAAAAAGCGGCCGCAC 
CTGACCAATGTACATAC 

 

Table A.3- Antibodies used in this study  

Antibody target Manufacturer Species Use 

HPV18 E6 SCBT (G-7: sc-
365089), 

Mouse WB 1:500 

HPV18 E7 Abcam (8E2: 
ab100953) 

Mouse WB 1:1000 

HA  CST (3724) Mouse WB 1:1000 

STK4 Abcam; ab51134 Mouse WB 1:500 

YAP CST; D8H1X Rabbit 
 

WB 1:1000, IF 1:300 

pYAP S127 CST; D9W2I Rabbit WB 1:1000 

MOB1 CST; E1N9D Rabbit WB 1:1000 

pMOB1 CST; D2F1O Rabbit WB 1:1000 

Myc 9E10 Mouse WB 1:1000 

Cyclin D1 Abcam; ab13475 Rabbit WB 1:1000 

HPV16 E6 SCBT; sc-460 Mouse WB 1:500 

HPV16 E7 SCBT; sc-1587 Mouse WB 1:1000 

GAPDH SCBT; sc365062 Mouse WB 1:5000 

TAZ BD  Mouse WB 1:500, IF 1:50 

FLAG F1804, Sigma-Aldrich Mouse WB 1:1000, IF 1:50 

NONO Proteintech 11058-1-
AP 

Rabbit IF 1:50 

GFP B-2; sc-9996 Mouse WB 1:2000 

Slug CST; 9585 Rabbit WB 1:1000 

Snail CST; 3879 Rabbit WB 1:1000 

Vimentin CST; 5741 Rabbit WB 1:1000 
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Table A.4- qRT-PCR primers used in this study 

Gene name Forward Reverse 

HPV18 E6  TGGCGCGCTTTGAGGA  TGTTCAGTTCCGTGCACAGATC 

HPV18 E7 GACCTAAGGCAACATTGCA  GCTCGTGACATAGAAGGTC 

CCND1  CCGCTGGCCATGAACTACCT  ACGAAGGTCTGCGCGTGTT 

STK4 GCTTCTGACTCAATGCTTAG CCACATCCTCCTGCCAAG 

AREG GTGGTGCTGTCGCTCTTGATA ACTCACAGGGGAAATCTCACT 

Cyr61 AGCCTCGCATCCTATACAACC TTCTTTCACAAGGCGGCACTC 

PROM1 TGGATGCAGAACTTGACAACGT ATACCTGCTACGACAGTCGTGGT 

U6 CTCGCTTCGGCAGCACA  AACGCTTCACGAATTTGCGT 

STK4 3’UTR 
region insert 
  

AAAAAACTCGAGGCAA 
GGCCAGGCTGTGA  

AAAAAAGCGGCCGCACC 
TGACCAATGTACATAC 

Pre-miR18a GGCTTTGTGCTAAGGTGCATCT
AG 

CAGAAGGAGCACTTAGGGCAGTAG 

Pre-miR92a ACACAGGTTGGGATCGGTTG CAAACTCAACAGGCCGGGA 

MMP2 TACAGGATCATTGGCTACACAC
C 

GGTCACATCGCTCCAGACT 

SPARC AGC ACC CCA TTG ACG GGT A GGT CAC AGG TCT CGA AAA AGCF 

IFIT2 GGGAAACTATGCCTGGGTC CCTTCGCTCTTTCATTTTGGTTTC 

SSTR5 CTTCTTCGTGGTCATCCTCTCC TTGCGGAGGCACAGAACCTTCT  

WWTR1 AGGGCCATATCATTCGAGGG ATCAGGGAAACGGGTCTGTT 

YAP1 CGCTCTTCAACGCCGTCA AGTACTGGCCTGTCGGGAGT 

VIM GTTTCCCCTAAACCGCTAGG AGCGAGAGTGGCAGAGGA 

TJP1 CGGTCCTCTGAGCCTGTAAG GGATCTACATGCGACGACAA 

SNAI1 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG 

SNAI2 TGTTGCAGTGAGGGCAAGAA GACCCTGGTTGCTTCAAGGA 

TWIST1 GGACAAGCTGAGCAAGATTCA
GA 

TCTGGAGGACCTGGTAGAGGAA 

 

Table A.5- shRNA targeting sequences used in this study 

shRNA Targeting sequence 

TAZ A KD GCGTTCTTGTGACAGATTATA 

TAZ B KD TAAGCTTTATGGGTGTTAATT 

YAP A KD CCCAGTTAAATGTTCACCAAT 

YAP B KD CAGATTCCATTCAGGCAGAA 

Y/T A KD TGTGGATGAGATGGATACA 

Y/T B KD TGTGGATGAGATGGATACAGG 

TOGARAM2 A KD GCAGGTTACTTATCTTGGTTT 
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TOGARAM2 B KD GATAATGATGAACTTCCCTCT 

SSTR5 A KD CGTCACCAACATCTACATTCT 

SSTR5 B KD CTTCACCGTCAACATCGTCAA 

IFIT2 KD GCAACCTACTGGCCTATCTAA 

NONO A KD AACGTCGCCGATACTAATAAG 

NONO B KD AAGTCAATTCTGTGTGGTATA 

 

Table A.6- Small molecule inhibitors used in this study. All inhibitors were dissolved in 

DMSO 

Drug name Drug target Manufacturer Concentration 

U0126 MEK1/2 inhibitor Calbiochem 10 µM 

PD153035 Inhibits EGFR activity Calbiochem 2 µM 

CHX Inhibits translation  Calbiochem 10 μg/ml 

MG132 Inhibits proteasomal 
degradation 

Sigma 5 µM 

Chloroquine Inhibits lysosomal-
mediated degradation 

Thermo Fisher 100 µM 

Ivermectin Inhibits YAP/TAZ nuclear 
localisation 

Sigma 10 µM 

6079510  Prevents TAZ nuclear 
localisation 

Chembridge 10 µM 

JNK-IN-8 Irreversible JNK inhibitor Calbiochem 3 µM 

Mithramycin A Inhibits SP1 Active motif  50 nM 

Actinomycin D Inhibits transcription Sigma 50 nM 

1,6-Hexanediol Dissolve LLPS 
assemblies 

Provided by the 
Whitehouse lab 

5% in DMEM 
media 

 

 

 

 

 

 


