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Abstract 

Background and Aims 

Head and neck squamous cell carcinomas (HNSCCs) include cancers of the oral 

cavity, larynx, hypopharynx, and oropharynx. It is estimated that ~25% of HNSCCs are 

Human papillomavirus (HPV) positive. With the incidence on constant increase, HPV-

positive HNSCCs have already overtaken the number of cervical cancer cases, another 

type of HPV-driven cancer. Current treatments include excision of tumour, 

chemotherapy and radiotherapy, while the 5-year survival rates are 45% with significant 

quality of life reduction and morbidity associated with first-line treatment regimens. 

Several prophylactic HPV vaccines exist and provide protection against infection from 

major high-risk HPV types, though without the ability to treat already established 

infections. These factors strongly indicate a pressing need for a new line of treatments 

to relieve the burgeoning pressure of HPV-positive HNSCCs.   

The discovery of clustered regularly interspaced short palindromic repeat 

(CRISPR)-associated nuclease sequences (Cas) and its ability to induce site-specific 

modifications is set to revolutionise the field of human gene therapy. CRISPR/Cas9 

system has the advantage over other genome-editing systems due to its low off-target 

effects and permanent editing capabilities. In case of HPV-positive tumours, this system 

lends itself in targeting major HPV oncogenes, particularly E6 and E7. Members of our 

lab recently demonstrated the absolute requirement of E7 for the survival of cervical 

cancer tumours using CRISPR/Cas9 technology. Therefore, we wanted to see whether 

this “oncogene addiction” occurs in HPV positive HNSCCs. This project explores the 

therapeutic potential of CRISPR/Cas9 editing technology for HPV-positive HNSCCs by 

targeting the HPV E7 oncogene in vitro.  
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Methodology 

HPV16-positive HNSCC cell lines were initially assessed for E7 expression 

levels via digital PCR and immunoblotting. To CRISPR-edit 16E7, cells were then 

transfected with plasmids bearing Cas9 gene and gRNAs targeting 16E7 by lipid-based 

transfection using a range of transfection methods, including chemical transfection and 

electroporation. To extenuate the problem associated with delivery of large plasmid 

DNAs, we then designed synthetic gRNA molecules and transfected HNSCC cells 

constitutively expressing Cas9 protein. Cell viability was then assessed by the MTT and 

RT-GLO assays at various times post-transfection.  

Results 

We confirm that several HNSCC cell lines express the E7 protein and digital 

PCR revealed the absolute gene expression of E7 in these cells. We successfully deleted 

E7 using CRISPR, which was confirmed by immunoblotting. However, loss of E7 alone 

did not kill the cells, either using plasmid DNA or synthetic gRNA mediated CRISPR 

editing methods. To our surprise, loss of cell viability was only seen in cells that have 

had both E6 and E7 oncogenes CRISPR-edited. 

Conclusions  

Here, we showed that unlike cervical HPV carcinomas, head and neck HPV-

positive carcinomas require the loss of both E6 and E7 oncogenes to die. Future work 

aims to place focus on targeting both E6 and E7 oncogenes on a wider range of HNSCC 

cell lines both in vitro and in vivo.  
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Chapter 1: Introduction and Literature Review 

 

1.1 HPV in Cancers 

 The role of viruses in cancer dates back to 1911 when Dr. Peyton Rous 

discovered what is now called Rous sarcoma virus, which causes sarcomas in chickens 

(1). After decades of scepticism on the use of avian models in the human cancer study, 

nowadays the role of viruses in infectious cancers in humans is widely accepted. It is 

estimated that viruses are responsible for around 20-25% of cancers worldwide (2). 

There are several known cancer-causing viruses: DNA viruses such as human 

papillomavirus (HPV), Kaposi’s sarcoma-associated herpesvirus (KSHV), hepatitis B 

virus (HBV), Epstein-Barr virus (EBV), Merkel cell polyomavirus (MCV), and RNA 

viruses such as human T-lymphotropic virus-1 (HTLV-1) and hepatitis C virus (HCV). 

HPV cause virtually all cases of cervical cancer and are responsible for a large 

proportion of other cancers, including head and neck (3), breast, anal, vaginal, penile, 

and vulvar (4). 

 The link between HPV and head and neck squamous cell carcinoma (HNSCC) 

was first established in 1983 by Syrjanen and colleagues (5). HPV has two target 

tissues, cutaneous and mucosal. Epithelial cells on hands and feet are infected by 

cutaneous HPV types, while the mucosal HPV types infect the oropharynx (6), 

anogenital tract, and the respiratory tract (7). The mucosal HPV types can be further 

classified as high-risk or low-risk, however the distinct delineation between the two 

types is purely based on their malignant transformation capacity (8). Of the ~120 

different HPV types, fifteen are deemed high-risk and are recognised as the principal 

cause of cervical and head and neck tumours (9, 10). The predominant high-risk HPV 

types in cervical and head and neck squamous cell carcinomas (SCC) are the HPV-16 



2 
 

and HPV-18, accounting for 70% and 82% of cases respectively (9, 11). Global 

incidence rates of head and neck cancer cases attributable to HPV can be seen in Figure 

1.1. 

 

Figure 1.1. Age standardised world incidence rates (per 100,000) of head and cancer 

cases (oropharynx, oral cavity, and larynx) attributable to HPV in 2012, both sexes. 

(Adopted from Globocan, 2012) 

 

  Head and neck squamous cell carcinomas are comprised of cancers of the oral 

cavity, larynx, hypopharynx, and oropharynx (12) (Figure 1.2). Since the initial 

etiological link between HPV and HNSCCs was made in 1983, it is now estimated that 

~25% of HNSCCs are HPV positive (13, 14), and HPV16 is found in 99% of cases (11). 

Squamous cell carcinomas (SCCs) of the head and neck come in two distinct types: 

keratinized or nonkeratinized (15). The keratinized form is generally HPV negative and 

is prevalent in elderly males who smoke tobacco and consume alcohol. This is not to 

say that smokers have the protective factor attributed to smoking, as HPV infection is 

common in smokers and non-smokers and is an established cause of oropharyngeal 
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cancer in both cohorts (16). In contrast, nonkeratinizing SCCs are generally HPV 

positive, and are commonly seen in 40-55 year old males with little to no exposure to 

alcohol and tobacco (17).  

 

Figure 1.2.  Anatomy of HNSCC sites. Adopted from Marieb & Hoehn 2016 (18). 

 

HPV positive tumours arise more frequently in the oropharynx, whereas 

smoking-related HPV negative tumours are more commonly seen in the oral cavity, 

hypopharynx, and the larynx (19). In Australia, head and neck cancer is the seventh 

most common cancer with over 5,000 new cases each year (20). With around 600,000 

new cases arising each year worldwide, contributing to 6% of all new cancer cases (21), 

head and neck cancers have already overtaken the incidence of cervical cancer (22), a 

cancer where HPV infection is also etiologic.  
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1.2 HPV Risk Factors  

 Head and neck cancers stemming from the mucosal lining of the larynx, 

oropharynx, hypopharynx, nasopharynx, and sinonasal tract (23) were the fifth most 

common cancer in 2010, presenting an enormous burden worldwide (24). In Australia, 

the incidence of HPV positive oropharyngeal cancers increased significantly between 

1982 and 2005, particularly within recent birth cohorts (24), with studies showing an 

increase from 19% in 1987-1990 to 66% in 2005-2006 (25), with over 80% of cancers 

being HPV16 positive. Normally high risk HPV infections resolve within several 

months, however in around 10% of cases a malignant transformation evolves (26). Even 

though tobacco, alcohol, genetics, and poor oral hygiene remain the main factors for 

HNSCC pathogenesis, HPV infection has become recognised as one of the primary 

causes. The incidence of oral cavity cancers (OCC) has been steadily on the decline 

around the world largely due to decline in tobacco use (22). In contrast, the incidence of 

oropharyngeal cancers (OPC), which include cancers of tonsils, base of tongue, and the 

pharynx, has increased over the last two decades throughout the western world (27). 

The divergent incidences between OCC and OPC can be attributed to the ever 

decreasing exposure to tobacco and the dramatic increase in HPV infection, 

predominantly in white men and individuals under the age of 60 (22). A common factor 

driving these HPV infections are the changes in sexual norms in recent generations, 

such as increased number of oral sex partners and/or oral sex at an earlier age (23). A 

systematic review in 2014 in the USA reported that oral sex is practiced in 50% to 80% 

of adolescents and young adults (28). These findings reflect the incidence rates among 

the same cohort in Australia, where between 50% and 86% of participants engage in 

oral sex practices (20). These prevailing oral sex practices may be contributing to the 

rapid increase of OPCs worldwide and highlight the involvement of HPV, although the 

reasons for predominant increase among men are yet to be elucidated. 
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1.3 HPV Genome  

 Papillomaviruses are relatively simple non-enveloped viruses from the 

Papovaviridae family, carrying a double stranded DNA genome ~8kb in size, encoding 

eight genes (29). The HPV genome is comprised of three distinct regions: early gene 

region (E), late gene region (L), and the long control region (LCR) (Figure 1.3).  

 

Figure 1.3. HPV16 genome showing the early and late genes, along with their 

respective promoters. The early open reading frames (ORFs) of E1, E2, E4, E5, E6, 

and E7 genes are expressed from either p97 or p670 promoters at different stages of cell 

proliferation. The late ORFs of L1 and L2 are expressed from p670 promoter and are 

structural components of the viral capsid. (Adapted from Middleton et al, 2003) 

 

In high-risk HPV types such as HPV16, transcription of early and late genes is 

initiated by two viral promoters, p97 and p670. In contrast, expression of early genes in 

low-risk HPV types is initiated by two independent promoters (30). The early genes 

occupy 50% of the genome and encode for regulatory proteins and viral replication, 
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where E5, E6, and E7 are oncogenic. The late genes cover ~40% of the viral genome 

and lie downstream of the early genes. These genes encode for structural proteins 

responsible for formation of the major and minor viral coat protein (31). The LCR, a 

segment of ~850kb, is a non-coding region between L1 and E6 ORFs, containing the 

regulatory elements for DNA replication, transcription, and origin of replication (32). 

This genome structure is common to most different HPV types, with some variability in 

promoters. Additionally, E5 gene cannot be seen in beta type HPV, and loss of E5 is 

seen upon integration of HPV genome into the host genome, suggesting that its activity 

in promotion of cellular transformation is only required in initial stages of 

carcinogenesis, but not after cancer development (33).  

1.4 HPV infection 

 Infection of the host cell is mediated by virion attachment to the membrane via 

receptors such as heparan sulfate proteoglycan (HSPG) and α6 integrin (CD49f), which 

are both found on the extracellular matrix (ECM) and cell surface of most cells (34, 35). 

The HPV16 binds to HPSG via the L1 major capsid protein (36). The HPV-HSPG 

interaction is of great importance as HPV16 requires an incision/abrasion in order to 

infect the basal layer, an environment which has upregulated expression of HSPG, 

which in turn further augments the viral infection (37, 38). HPV16 can also bind 

laminin-5, an ECM receptor, however this binding is of lesser importance in successful 

infection as HSPG binding is still required for viral transfer from the ECM (39). 

However, in vitro studies have identified that differences in viral transfer exist, 

depending on the HPV type. For instance, HPV31 and HPV5 infections in keratinocyte 

cell lines such as HaCaT have been shown to be HSPG independent, although not in 

other more transformed lines such as HPV16 and HPV18 (40). Nonetheless, these 

findings led to discovery of heparin and other sulfated polysaccharides as potent 

inhibitors of HPV infection (34, 41, 42).  
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Following the interaction with the primary receptor HSPG, HPV16 undergoes 

conformational change facilitated by cyclophilin B (CyPB), exposing the N-terminus of 

L2 protein, which in turn decreases the affinity to primary HSPG receptors (43). CyP 

proteins are peptidyl-prolyl isomerases primarily located in the endoplasmic reticulum, 

which upon release into the cytoplasm associate with HSPGs (44). Binding of HPV16 

to HSPGs/CyPB does not mediate endocytosis, suggesting that a secondary receptor or 

coreceptor may be involved; however, the exact details are yet to be elucidated (36). 

One of the potentially involved receptors is α6 integrin, as it has been shown that the 

decrease in α6 integrin expression via small interfering RNA (siRNA) significantly 

reduces HPV16 pseudovirion (PsV) infection (45). A recent study has suggested that 

epidermal growth factor receptor (EGRF) and keratinocyte growth factor receptor 

(KGRF), expressed on human keratinocytes and important in wound-healing processes 

(46), are bound by HPV16 which in turn becomes “decorated” with HSPG/growth 

factor (GF) complexes, allowing it to bind to any cells through growth factor receptors 

(GFRs) (47). In addition to HSPGs, integrins, and GRFs, the HPV16 entry is shown to 

utilise tetraspanins, a family of transmembrane proteins with four domains (48), in 

particular CD63 and CD151 (49). CD151 is expressed in the basal layer of cervical 

epithelia cells, and it was shown that depletion of CD151 at this site reduces HPV16 

PsV endocytosis in HeLa cells without affecting cell surface binding (50). Moreover, 

tetraspanins have been shown to associate with HSPGs, α6 integrins, and GFRs (51). 

For instance, the association between CD151 and α6 integrin forms a coupled signalling 

pathway, and significant reduction of PsV infectivity was seen upon knockdown of 

alpha subunits of CD151-associated integrins (52). Following these primary binding 

events, HPV16 capsid binds to annexin A2 heterotetramer (A2t) (53), a L2-specific 

receptor, which in turn recruits a range of proteins including caveolin, flotillin, 

cholesterol, and clathrin, upon which endocytosis of the virus is initiated. In summary, 
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the HPV16 infectious process is complex, involving multiple receptors, and possibly 

multiple infectious entry pathways.  

1.5 Integration of the viral genome 

Upon HPV infection of the basal cell layer, viral genome replication is initiated 

by early genes E1 and E2 at a low-copy number rate (54). The switch to high-copy 

replication rate is made once the basal cells begin to differentiate to suprabasal cells and 

the process of sloughing off the epithelial layer is initiated (55). The infection of 

neighbouring cells by the virions commences, while integration of HPV genome 

increases as the cells progress in their malignancy (56). E2 viral protein, which 

transcriptionally represses E6 and E7 oncogenes in early stages of infection, is disrupted 

upon integration of the HPV genome into the host genome, therefore leading to de-

repression and upregulation of E6 and E7 while other viral genes are silenced (57, 58). 

To increase its infectious potential, HPV hijacks the host’s replication machinery and 

resources by taking over the ubiquitin-proteasome system (UPS) and degrading 

retinoblastoma protein (pRb) via E7 oncoprotein, allowing the cell to enter the S phase 

(59). To prevent apoptosis of the cell due to this unscheduled S phase entry, E6 

oncoprotein ubiquitinates and degrades p53, thus evading apoptosis (60). As a result, 

viral replication can occur concurrently with cell division. As viral replication is the end 

goal of HPV, which can only be achieved by uncontrolled cell division, it can be 

concluded that the tumour formation is an accidental side effect of HPV infection, rather 

than the ultimate aim of the virus.  

1.6 HPV Oncogenes E6 and E7  

 Oncogenes are genes that begin as proto-oncogenes and promote cell growth, 

proliferation and inhibit apoptosis. However, through an up-regulation mutation they 

become oncogenes, which, coupled with the loss of tumour suppressor genes allow the 

cell to evade the normal cellular mechanisms and promote malignant transformation. 
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Although all of the HPV genes are important throughout the various stages of the viral 

life cycle, the two most important genes in the high-risk HPV types are E6 and E7, due 

to their cellular dysregulation and various targets in the cell (60). The first indication of 

HPV’s role in carcinogenesis was identified in cervical cancer cells SiHa and HeLa, 

where the viral DNA was found to be randomly integrated into the host genome, 

resulting in the disruption of several viral genes and active transcription of E6 and E7 

genes (61). This continuous expression of E6 and E7 is crucial to maintain the 

malignant phenotype, as silencing of both genes in cervical cancer derived cells was 

shown to result in cell death (62). Although the main target of E6 oncogene is p53, 

while E7 targets pRb (63), literature has shown a multitude of other targets, therefore 

increasing the tumourigenicity of the high-risk HPV types (Fig 1.4). A detailed 

discussion of every known target of E6 and E7 is beyond the scope of this work. 

 

 

Figure 1.4. HPV oncogenes E6 and E7 and their multitude of targets. Although 

their effect is often characterised as modulators of pRb and p53, their reach is vast. 

(Adapted from Yeo-Teh et al., 2018) 



10 
 

1.6.1 HPV16 E6 oncoprotein 

 HPV16 E6 is a small protein of 151 amino acids, containing two zinc-finger 

domains and a PDZ binding motif at the C terminus of high-risk HPV types, allowing 

for interaction with other proteins with PDZ domain (64). High-risk E6 interacts with at 

least 14 PDZ-containing proteins, leading to cellular substrate degradation (29). 

Importantly, MAGI-1 from the membrane-associated guanylate kinase (MAGUK) 

family, is a regulator of tight junction formation and the only cellular target of both 

HPV16 and HPV18, whose loss leads to a loss of tight junction formation (65). 

Degradation of other PDZ-containing proteins depends on the different stages of viral 

life cycle and HPV types. E6 PDZ binding motif (PBM) is shown to be crucial in early 

stages of the viral life cycle and maintenance of copy number and proliferation (66). 

Furthermore, E6 PBM is involved in transformation of the host cells (67, 68), and 

maintenance of the episomal viral genome (69). Main characteristic of E6 oncoprotein 

is targeting the tumour suppressor protein p53, whose degradation is the key step in 

carcinogenesis. P53 is a transcription factor that induces cell cycle arrest or apoptosis in 

response to DNA damage or hypoxia (70).The role of p53 is often described as the 

“guardian of the genome” (60, 70, 71), as it prevents cell division following DNA 

damage until the damage has been resolved, or induces apoptosis if the damage is too 

large, therefore impeding the progression of transformed progeny. HPV16 E6 binds to 

the LXXLL motif of the E6-associated protein (E6AP), an E3 protein ligase, forming a 

E6/E6AP complex (72). Subsequently, the E6/E6AP complex binds p53, thus rapidly 

ubiquitinating it, upon which p53 is targeted by proteasomes for degradation (60, 70, 

71). The interaction of E6/E6AP was shown to be essential to transgenic mice with a 

mutant version of E6, where no proclivity for E6AP showed reduced levels of skin 

hyperplasia and lower rates of skin tumour generation compared to wild type E6 (73). 

E6 does not solely rely on E6AP for p53 degradation, as it has been shown that p53 
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degradation occurs is E6AP-null mice, indicating the involvement of other ubiquitin 

ligases (74).  

Interference with the pro-apoptotic pathway can also be achieved independent of 

p53, via association of E6 with Bak (75). Bak, a member of the Bcl-2 family, forms 

pores in the mitochondria upon pro-apoptotic signals, resulting in the release of 

Cytochrome C, which in turn leads to apoptotic caspase cascade (76). As Bak is a key 

pro-apoptotic factor, its degradation is anticipated, and E6 achieves this in a manner 

similar to p53, by degrading it via the ubiquitin-mediated pathway (33). Another feature 

of E6 is the activation of human Telomerase Reverse Transcriptase (hTERT) gene, 

which encodes the catalytic subunit of telomerase (77). Telomerase is a cellular enzyme 

which adds telomeric repeats on the 3’ ends of chromosomes (78). While active in 

germline cells, somatic cells exhibit low or no telomerase activity, with telomeres 

shortening with each cellular division until a critical limit leading to cellular senescence 

is reached (33). In contrast, HPV16 positive cells display high levels of telomerase 

activity, where constant telomere extension therefore results in indefinite proliferation. 

The virus achieves this by degrading the transcriptional repressor NFX1-91 via 

E6/E6AP complex, resulting in upregulation of hTERT transcription (79). SiRNa 

silencing of E6AP has confirmed the involvement of E6 in hTERT upregulation (80).  

1.6.2 HPV16 E7 oncoprotein 

 HPV E7 is an acidic phosphoprotein consisting of approximately 100 amino 

acids with a single zinc-finger domain (81). Detection of E7 protein was first reported in 

cervical carcinoma cell lines, where E7 was localized in the cytoplasm (82), however, 

nuclear (83, 84) and nucleolus localisation has since been confirmed (85). Like E6 

protein, E7 has the capability of subverting multiple cellular regulatory pathways. The 

HPV16 E7 C-terminus domain can be replaced with the zinc-finger domain from the E6 

protein without the loss of function (86), suggesting that both proteins have derived 
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from a common ancestor (87, 88). The E7 protein shares little sequence similarities to 

other cellular proteins, however some E7 motifs such as LXCXE are found in other 

proteins (89). The LXCXE motif is a small amino acid sequence similar to that found in 

other DNA viral protein such as Simian Virus (SV40) large T antigen and Adenovirus 

E1A (90), which is the binding site for pRb and related pocket proteins p107 and p130, 

whose role is regulation of transcriptional activities of E2F transcription factor (91). 

Binding of E7 to pRb and the pocket proteins p107 and p130 leads to de-repression and 

activation of E2F, which results in pRB inactivation an ultimately cellular 

transformation (92). Furthermore, HPV E7 is implicated in overexpression of P16 gene. 

For that reason, P16 immunostaining is a viable method of detection of HPV-positive 

carcinomas.  

In a HPV-negative cell, p16INK4a is encoded by the P16 gene that binds cyclin-

dependent-kinase 4/6 (CDK4/6), preventing formation of the cyclin D1-CDK4/CDK6 

complex and CDK4/6 mediated phosphorylation of Rb and cell cycle progression (93). 

Maintaining Rb in hypophosphorylated state induces binding of E2F, resulting in G1 

cycle arrest (94). HPV E7 promotes cell cycle progression through direct and indirect 

phosphorylation of Rb and subsequent release of E2F (95). Therefore, Rb inactivation 

releases p16INK4a from a functional negative feedback loop, which in turn becomes 

overexpressed in an unsuccessful attempt to inhibit cell proliferation (96). However, 

studies suggest that mere degradation of Rb by E7 is not sufficient for carcinogenesis 

nor for recapitulation of E7 activities (97). Aside from Rb degradation, E7 can in fact 

interact with a range of pocket proteins (p107, p130, p600), directly interact with E2F 

leading to S-phase progression (98), interact with CDK inhibitors p21 and p27 leading 

to cell transformation (92, 99), or bind to p48 to inhibit the interferon response (100).  
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1.7 Current treatments for HNSCCs 

 Outside of a clinical trial, the typical treatment of HPV-positive HNSCCs does 

not differ from other carcinomas and includes surgery, chemotherapy, radiotherapy, or a 

combination of both. Despite improvements, a 5-year-survival rate is around 40-50%, 

while significant morbidity is associated with current first-line treatment regimens 

(101). Quality of life is greatly affected as treatment-related toxicities are broad. These 

include dysgeusia, xerostomia, fibrosis, swallowing dysfunction, mucositis, ototoxicity, 

and dental complications (102, 103). Recently, increased focus has been placed on de-

intensifying the current therapies without affecting oncologic outcomes, as there is 

compelling amount of evidence linking the risk of late mortality and the use of 

chemoradiation for HNSSC treatment (104, 105). However, de-intensification of current 

methods are viable only in certain HPV-associated subtypes. Methods for de-

intensification include substituting platinum based therapies with monoclonal antibodies 

such as Cetuximab (106), induction chemotherapy followed by radiation therapy (107), 

modified adjuvant post-surgical treatment based on risk factor analysis (108), and 

treatment with radiation therapy alone (109). The impetus of these studies is to 

determine whether positive outcomes with lower doses and less morbidity can be 

achieved, while quality of life is improved.  

 Currently, several prophylactic vaccines such as Cervarix, Gardasil, and 

Gardasil 9, are used in the prevention of HPV infection and HPV-associated diseases 

such as genital warts and cancer. As most HNSCCs are caused by HPV16 and HPV18, 

and HPV16 is more prevalent in oropharyngeal cancer than cervical cancer (110), these 

vaccines could prove useful in prevention of HPV-associated cancers other than cervical 

cancer (15). Multiple randomised trials have shown significant results and greater 

effects than in cervical cancer studies (111-114). HPV vaccines consist of virus-like 

particles consisting of HPV capsid proteins L1 of a range of HPV types, four types in 
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the case of Gardasil. Recognition of VLPs results in induction of neutralising antibodies 

leading to T-cell response, thus preventing HPV infection and HPV-induced 

malignancies, however without the ability in treating them (113).  

DNA vaccines work by directly injecting plasmid DNA (pDNA) encoding viral 

antigens. This allows for in vivo antigen production coupled with DNA backbone acting 

as an immunological adjuvant (115). Although advantages of DNA treatments are 

stability and safety, low immunogenicity in patients has been reported in early clinical 

trials (116). However, when coupled with in vivo electroporation, therefore improving 

cytosolic DNA uptake, a significant increase in immunogenicity and antibody and T-

cell response in cancer patients resulted (117-119). DNA vaccinations using HPV 

genome require modification of E6 and E7 oncogenes to prevent binding and 

degradation of p53 and pRb, respectively (120). Upon initially showing promising 

results in clinical trials in cervical cancer patients (117), VGX-3100 vaccine trial in 

HNSCC obtained similar results, where four out of five patients generated HPV E6/E7 

specific antibodies and HPV-specific cellular responses (121).  

1.8 Current gene treatments  

There is a plethora of studies demonstrating inhibitory growth effects resulting 

from silencing HPV oncogenes, however the majority is achieved using RNA 

interference (RNAi), in particular siRNA. SiRNA has the capability to selectively 

silence mammalian endogenous genes (122), as well as viral genes in virally-induced 

diseases (123, 124). Targeting E6 and E7 in cervical carcinoma with siRNa leads to the 

restoration and accumulation of p53 and pRb, eventually resulting in apoptosis and/or 

senescence (125, 126). Despite the significant induction of apoptosis, tumour volume 

increases modestly over time (127-129). One possible explanation is the insufficient 

time required to stabilise the cellular mechanisms following the prolonged period of 

oncogenic assault. These results are common in inhibition of cervical cancer growth; 
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however, siRNA use in HNSCCs is less explored. We previously reported effective E7 

knockdown (~60-80%) 48 hours post-transfection in HNSCC cell lines, which led to 

significant loss of cell viability (130) coupled with significant reduction in colony 

formation as cells failed to proliferate over a period of three weeks, indicating the long 

term effects of siRNA treatment. Limitations of siRNA are its non-specific delivery 

(131) and broad off-target effects (132). Although very insightful and important in 

mechanistic studies, consensus is that siRNA fails to permanently inactivate E6 and E7 

oncogenes and trigger apoptosis. Therefore, mechanisms able to achieve permanent 

genome editing are more desirable for clinical treatment of patients.  

Other genome-editing tools include Zinc-finger nucleases (ZFN) and 

transcription activator-like endonucleases (TALENs), and the clustered regularly 

interspaced short palindromic repeat (CRISPR)-associated nuclease sequences (Cas). 

These nuclease systems operate by either protein-DNA interaction (ZFN, TALEN), or 

by targeting a specific DNA sequence via a short guide RNA (gRNA) molecule 

(CRISPR) coupled with protein-DNA interaction (133). While all three types of 

nucleases achieve efficient genome editing, the primary advantage of a CRISPR system 

is that re-targeting is easily achieved by changing the gRNA sequence, whereas ZFNs 

and TALENs require protein engineering and complex molecular cloning, respectively 

(134, 135). Moreover, delivery of the systems provides another challenge as TALENs 

are relatively large (133), while ZFNs are prone to low specificity, cell-type 

dependency, and extensive off-target cleavage (136, 137). In contrast, CRISPR system 

is relatively small and can be delivered to target sites more successfully (133). 

Multiplexing of CRISPR with the use of multiple gRNAs is another advantage over 

TALENs and ZFNs, with studies successfully targeting five genes in mouse embryonic 

stem cells (138), indicating the potential of multiple gene studies and gene-gene 

interactions. Furthermore, protein design, synthesis, and validation are major constraints 
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in adoption of TALENs and ZFNs over CRISPR (139). Finally, manufacturing of ZFNs 

and TALENs is a major disadvantage (137) as these systems require complete redesign 

for every new target sequence, compared to CRISPR system that contains the invariant 

Cas protein and requires a simple addition of an inexpressive and swappable gRNA 

(140).  

1.9 Gene editing and CRISPR  

 CRISPR/Cas9 is an RNA mediated system found in prokaryotes and archaea as 

part of their adaptive immune defence, originally discovered in 1987 by Japanese 

researchers in Escherichia coli (141). Of the three currently known CRISPR/Cas 

systems, Type II is found in Streptococcus pyogenes (SpCas9) and is the most 

commonly used system. The work presented here will solely focus on Type II system, 

as all experiments were performed using it. Type II CRISPR system is characterised by 

three stages. Firstly, a portion of the pathogenic DNA is inserted into the CRISPR array 

as a protospacer (142). This DNA is transcribed into precursor crRNAs (pre-CRISPR 

RNA), while trans-activating CRISPR RNA (tracrRNA) is transcribed from the 

CRISPR loci. Pre-crRNA is then processed into crRNA by RNase III, allowing for 

base-pairing of the 5’ end of tracrRNA and 3’ end of crRNA into a single gRNA 

through a tetra-purine containing tetraloop (143). RNase III dependence explains why 

Type II CRISPR systems are found in bacteria and not in archaea, as RNase III is absent 

in archaea (144).Another essential component in Type II CRISPR systems is the 

protospacer adjacent motif (PAM), a short sequence of three nucleotides 5’-NGG-3’, 

which is a required marker of non-self that allows for binding of gRNA (145). As PAM 

sequence is a marker of non-self, mutations in the PAM sequence or the proto-spacer 

allow the phages and plasmids to circumvent the CRISPR/Cas system (146-148). 

Complementary base-pairing of gRNA to the target sequence leads to cleavage of 
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foreign nucleic acid via the endonuclease action of Cas proteins which induce double 

stranded breaks (DSBs) in target DNA (139) (Figure 1.5).  

 

Figure 1.5. Binding of Cas9 to the target DNA via tracrRNA:crRNA duplex. Upon 

recognition of the PAM sequence, the first 10-12 base pairs adjacent to the PAM (the 

seed region) are unwound by Cas9/gRNA complex. The crRNA complementary to 

target DNA results in cleaving of the target strand by HNH nuclease domain, while the 

non-target strand is cleaved by RuvC domain. Single, and sometime multiple 

mismatches are tolerated, typically in the region downstream from the seed region.  

(Adopted from http://dharmacon.gelifesciences.com /gene-editing/crispr-cas9/edit-r-

tracrrna/)  

 

Following the genomic cleavage of target DNA, the DSBs are repaired either via 

homology-directed repair (HDR) or non-homologous end joining (NHEJ), depending on 

the cellular state and repair template presence (149). The former requires the existence 

of a homologous sequence for replacement of the target sequence, while the latter 

restores the DSB by an end-joining mechanism (Figure 1.6). NHEJ repair is 

characterised by insertion/deletion of a random small nucleotide string bridging the 

break site, resulting in insertion-deletion (INDEL) mutations in DNA which leads to 
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non-sense mediated decay of mRNA (150) and production of non-functional truncated 

proteins (151). In contrast, HDR typically occurs in late S- or G2-phase and allows for 

DNA repair with the use of exogenous single- or double-stranded DNA template 

following the induction of DSBs. This deems HDR repair very flexible, allowing for 

replacement of a mutated gene, restoration of gene function, and regulation of gene 

expression (133).  

 

Figure 1.6. Mechanism of action of CRISPR/Cas9 in targeting HPV16 E7 

oncogene. Cas9 induces DSBs in E7 gene which leads to DNA repair via NHEJ, 

resulting in frameshift mutations and eventually growth inhibition and apoptosis. 

(Adopted from Hu et al, 2014).         

             

Therefore, gene therapy treatment using NHEJ-mediated mutations could be 

used to inactivate the mutant allele, leaving the wild type allele, with the example 

candidate being Huntington’s disease. Similarly, HDR gene correction could be used to 

correct the loss-of-function mutation to the wild-type sequence (133). In practice, these 

modes of therapy could be applied in the treatment of Huntington’s disease in the case 

of NHEJ, while HDR could be applied in patients with Tay-Sachs disease. CRISPR 

genome editing has already been applied successfully in several preclinical and phase I 
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clinical trials in the treatment of HIV (152), hepatitis B virus (153), cataracts (154), and 

cystic fibrosis (155). Although CRISPR technology has proven to be a highly efficient, 

robust, and flexible tool, several limitations which prevent a swift translation of the 

system into the clinical setting do exist and must be addressed. 

1.10 Challenges of CRISPR and Off-target effects  

 It has been shown that perfect complementarity between the gRNA and the 

target DNA is not necessary, indicating that off-target binding and cleavage poses a 

problem (156). Despite designing gRNAs to target specific genes, often several non-

related genes are targeted by the Cas9/gRNA (157). This is of particular concern in 

clinical applications as off-target mutations with oncogenic potential could arise. 

Extensive off-target DNA cleavage leads to cellular toxicity (158), while the repair of 

DSBs often results in chromosomal rearrangements such as inversion, translocations 

and inactivation of tumour suppressor genes (159). Off-target mutagenesis can be 

induced at sites that differ from the target by as many as five nucleotides, which is 

concerning considering the ~20 nucleotide gRNA size (160). In contrast, a number of 

studies who performed genome-wide analysis of Cas9 edited cell reported a very low 

incidence of off-target editing, indicating high Cas9 specificity (161-163). Moreover, 

the off-target effects may be cell-type specific, as transformed cells contain 

dysregulated DSB repair mechanisms, thus overestimating the off-target effects when 

compared to normal primary cell lines (133). To augment any potential off-target 

editing, new variant Cas9 has been developed with the ability to induce single strand 

breaks only, therefore requiring dual-Cas9 activity to induce DSBs (164). In addition, 

even though counterintuitive, the use of shorter truncated gRNAs (tru-gRNAs) to less 

than 20 nucleotides has been shown to both increase on-target specificity while 

decreasing off-target cleaving by ~5000-fold (160). Finally, in a manner similar to 

ZFNs and TALENs that require simultaneous binding of two subunits, a system 
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requiring two catalytically dead Cas9 units (dCas9) has been developed showing high 

specificity, termed fCas9 (Figure 1.7). Fusion of a FokI restriction endonuclease 

cleavage domain to a dCas9 unit creates a FokI-dCas9-gRNA complex. DNA cleavage 

occurs only upon binding of two FokI-dCas9-gRNA subunits to the adjacent sites of 

target DNA. Unlike nickases which can cleave single- or double-stranded DNA as 

monomers, thus able to induce genomic modification (165), the non-catalytically 

competent FokI subunits of fCas9 requires binding of two gRNAs to nearby regions in 

particular orientation and spacing to initiate cleavage (166). As such, fCas9 has ~140-

fold higher specificity than the wild type Cas9 and efficiency similar to Cas9 nickases 

(167).  

 

 

Figure 1.7. Mechanism of action of fCas9. FokI monomers (red) are fused to dCas9 

(yellow) complexed with gRNAs (green). Binding of each FokI-dCas9-gRNA monomer 

to the adjacent target DNA initiates formation of single, catalytically active FokI 

capable of dsDNA cleavage. (Adapted from Guilinger et al, 2014). 

 

1.11 CRISPR Delivery and Immunogenicity 

 Although a highly effective gene-editing tool capable of editing practically any 

cell line, the most difficult barrier to in vivo use of CRISPR/Cas systems is delivery. 

Given that nucleases expression systems have the potential of being mutagenic, the 
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ideal delivery system would allow transient nuclease activity; however, no such system 

exists at the time of this writing. Given that Cas9 and other CRISPR related elements 

are derived from bacteria, the potential for eliciting a host response exists. In particular, 

integration of Cas9 gene into the host genome can induce an MHC class I immune 

response leading to the elimination of Cas9 expressing cells (168). Several delivery 

methods have been developed and broadly categorised as in vitro, ex vivo, and in vivo 

delivery. For in vitro delivery, effective methods include electroporation, 

microinjection, nucleofection, and lipid based transfections of Cas9 and gRNA 

encoding plasmids. These methods are widely used for in vitro studies as they are 

relatively simple and enhance gene expression (169); however, they are not adequate for 

in vivo studies due to the charge, size, and instability of the package (157).  

Ex vivo therapy, where the target cell population is removed from the body for 

modification, allows for the use of a wide range of techniques such as electroporation, 

cell-penetrating peptides, cationic lipids, and viral vectors (133). Genome editing in this 

manner has the advantage of the reduction of off-target modification as therapeutic 

molecules can be dosed precisely (170); however, several limitations exist. Firstly, 

survival of ex vivo cells presents a major challenge as these cells tend to die or lose their 

functions required for in vivo survival, thus limiting the use of ex vivo delivery to cells 

acquiescent to manipulation, such as hematopoietic stem cells (133). Secondly, 

effectiveness of the treatment can become impaired as cultured cells engraft poorly and 

often initiate immunogenic response (169).  

A plethora of methods for in vivo delivery of CRISPR/Cas systems exist, each 

with advantages and disadvantages. Hydrodynamic delivery involves rapid pushing of 

the editing cargo into the bloodstream, typically using the tail vein in mice, which 

allows for uptake into cells due to the enhanced permeability created by the increase in 

hydrodynamic pressure.  Yin et al (2014) achieved successful delivery of a 
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CRISPR/Cas9 system along with repair of disease mutation in mouse hepatocytes was 

achieved, albeit at a low rate (171). Despite the success of this study and others (172, 

173), clinical application of hydrodynamic delivery is not being considered due to side 

effects ranging from liver expansion and damage (171), to elevated blood pressure and 

cardiac dysfunction (174). Currently, the most promising delivery systems are viral 

vectors such as adeno-associated viruses (AAVs), which have been approved for 

clinical use (175). These vectors have a high delivery efficacy in both dividing and non-

dividing cells, many serotypes and broad tropism, while inducing little to no adaptive 

immune response (176). However, the small AAV packaging capacity of ~4.5kB 

presents a challenge to delivering SpCas9 and gRNAs roughly 4.2kB in size (177). 

While the delivery of SpCas9/gRNA is technically possible, the packaging challenge is 

exacerbated when inclusion of other elements such as multiple gRNAs, large 

replacement genes, HDR DNA templates, or reporter genes is required (169).   

One of the earliest and most prominent non-viral vehicles for DNA delivery are 

cationic liposomes. Cationic liposomes resemble cell membranes as they are composed 

of a hydrophilic cationic head attached to a hydrophobic tail via a linker segment (178). 

These cationic particles encapsulate the highly anionic nucleic acids and allow for 

relatively easy passage through the cell membrane (179). As liposomes are rapidly 

cleared from blood circulation by macrophages upon recognition by the mononuclear 

phagocyte system (MPS) (180) , further modification for successful intracellular 

delivery is required. This is achieved by addition of poly-ethylene-glycol (PEG) layer to 

the surface of liposomes, therefore aiding the intracellular delivery, reducing systemic 

toxicity, and protecting the encapsulated payload (181). Following the cellular uptake of 

the liposome, further barriers are presented. Firstly, liposomes are encased by 

endosomes for degradation by the lysosomal pathway, and it has been shown that 

excessive PEGylation has inhibitory effects of intracellular delivery (182). Secondly, 
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following the escape of Cas9/gRNA from the endosome, potential failure in delivery is 

the translocation into the nucleus, which ultimately drives the efficacy of cationic 

liposomes in CRISPR system delivery (169). Although generally accepted as non-

immunogenic and non-antigenic, studies have shown that PEGylation can lead to rapid 

blood clearance due to an anti-PEG immune response (183, 184). This is partly due to 

the high presence of anti-PEG circulating antibodies as a result of high use of PEG-

containing or PEG-coupled products, which leads to the formation of anti-PEG 

antibodies as a result of PEG penetration into sites of inflammation and subsequent 

interaction with immune cells (185). As a result, clinical use of PEGylated delivery of 

CRISPR systems should be taken with caution as the presence of anti-PEG antibodies 

might at the least decrease therapeutic outcomes, and at worst increase PEGylation-

related morbidities and mortalities.  

It is indeed possible to deliver transcribed Cas9 mRNA or translated Cas9 

protein, thus circumventing cellular transcription and translation of the CRISPR/Cas9 

system. Such delivery is correlated with reduced off-target genome editing due to rapid 

depletion following transfection, therefore preventing prolonged bioavailability of the 

Cas9 protein, as demonstrated by Liang et al who used Cas9 protein/gRNA 

ribonucleoprotein complexes (186). Moreover, delivery of translated Cas9/gRNAs 

eliminates the need to traffic the plasmid into the nucleus and integrate the payload into 

the host genome and allows for direct endonuclease activity of Cas9/gRNA. This is of 

great importance as plasmid transfection can be stressful to the cells or simply be 

ineffective (187). In conclusion, the use of translated Cas9/gRNA has a great potential 

in efficient and precise genome editing without the drawbacks related to plasmid use.   

1.12 Significance of Research 

HPV has been recognised as the primary oncogenic driver of HNSCCs, while 

the incidence of HPV-positive HNSCCs have already surpassed that of cervical cancer. 



24 
 

Compared to HPV-negative HNSCCs, survival rates and treatment outcomes are 

significantly improved. Despite this, a 5-year-survival rate is moderate at around 40-

50%, while significant morbidity coupled with severe impairment of quality of life is 

associated with current first-line treatment regimens. Therefore, a new line of treatments 

is desperately needed in order to break the stalemate currently seen in the treatment of 

HNSCCs. Although much work needs to be done in determining optimal delivery and 

target selection, CRISPR/Cas genome editing technology provides a great platform for 

efficient gene editing and silencing with a potential for clinical use in eradication of 

HPV caused HNSCCs.    
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Aims and Objectives 

This project aims to target HPV16 E7 oncogene in HPV-positive HNSCC cells 

using CRISPR/Cas9 gene editing technology, with the ultimate goal of killing HPV-

positive HNSCC cells. To achieve this, we subdivided the project into specific aims: 

1. To confirm the level of HPV16 E7 oncogene expression in a range of HPV 

positive HNSCC cell lines  

• HPV-positive SCC2 & SCC104 cells, and HPV-negative SCC1 cells 

as a negative control 

• Immunofluorescence and immunoblotting techniques will be used to 

detect 16E7 oncoprotein in the abovementioned cell lines  

• Digital PCR will be performed for absolute quantification of the E7 

gene copy number 

2. To assess whether 16E7/E6 CRISPR/Cas9 editing would kill HPV positive 

HNSCC cells 

• px330S-2 plasmids containing both the Cas9 gene and oncogene 

targeting gRNAs will be transfected using lipid-based and 

electroporation transfection methods  

• Synthetically made oncogene targeting gRNA molecules will be 

transfected into HPV positive HNSCC cells constitutively expressing 

the Cas9 protein 

• Cell viability will be assessed at various time points post-transfection 

via the MTT and RT-Glo assays 
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Hypothesis 1: 

H0: Targeting 16E7 oncogene in HPV-positive HNSCCs via CRISPR/Cas9 system has 

no effect on cell viability  

HA: Targeting 16E7 oncogene in HPV-positive HNSCCs via CRISPR/Cas9 system kills 

cells 

Hypothesis 2: 

H0: Targeting 16E6 and 16E7 oncogenes together in HPV-positive HNSCCs via 

CRISPR/Cas9 system has no effect on cell viability  

HA: Targeting 16E6 and 16E7 oncogenes together in HPV-positive HNSCCs via 

CRISPR/Cas9 kills cells  
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Chapter 2: Materials and Methods 

2.1 Cell lines  

UMSCC1 (SCC1) (Kindly provided by Professor Paul Lambert, University of 

Wisconsin, USA) is a floor of mouth squamous cell carcinoma from a 60 year old 

patient, and it is HPV-negative. UDSCC2 (SCC2) (Kindly provided by Professor 

Thomas K. Hoffmann and Dr Silke Schulz, University of Ulm, Germany) is a 

hypopharyngeal squamous cell carcinoma from a 58 year old male, expressing the 

HPV16 genome. UMSCC104 (SCC104) (Kindly provided by Professor Thomas E. 

Carey, University of Michigan, USA) is a floor of mouth squamous cell carcinoma from 

a 56 year old male, expressing the HPV16 genome. SCC2-Cas9 and SCC104-Cas9 

(lentivirally transduced versions of UDSCC2 and UMSCC104 cell lines for constitutive 

Cas9 expression; transduction performed by Dr Iva Nikolic from Peter MacCallum 

Cancer Institute, Melbourne, Australia)  

2.1.1 Cell subculturing 

SCC1 cells were cultured in complete Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Invitrogen) supplemented with 10% heat inactivated foetal bovine serum 

(FBS) (Gibco-Invitrogen, Waltham, MA), 1% antibiotic-glutamine mixture (PSG) 

(100U/ml penicillin G, 100U/ml streptomycin sulfate, and 2.9 mg/mL L-glutamine) 

(Gibco-Invitrogen, Waltham, MA), and supplemented with 0.4 µg/mL of 

hydrocortisone (Gibco-Invitrogen, Waltham, MA). SCC2 cells were cultured in 

complete DMEM supplemented with 10% FBS, and 1% PSG. SCC104 cells were 

cultured in complete DMEM supplemented with 10% FBS, 1% PSG, supplemented 

with 1% MEM (Gibro-Invitrogen, Waltham, MA). For SCC2-Cas9 and SCC104-Cas9, 

2 µg/mL blasticidine S hydrochloride (Sigma-Aldrich, St Louis, MI) was also added.  
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 Cells were cultured in T-75 tissue culture flasks. Subculturing was initiated by 

two rounds of rinsing with 5 mL of phosphate buffered saline (1xPBS) (8 g/L NaCL, 

0.2 g/L KCl, 1.42 g/L Na2HPO4 and 0.24 g/L KH2PO4), followed by addition of 1.5 

mL  0.25% trypsin-EDTA (400 mg/L KCL, 60 mg/L KH2PO4, 350 mg/L NaHCO3, 

8000 mg/L NaCl, 90 mg/L Na2HPO4-7H2O, 1000 mg/L D-Glucose, 380 mg/L EDTA 

4Na 2H2O, 10 mg/L Phenol Red and 2500 mg/L Trypsin), and 7 minute incubation to 

allow cell detachment. Trypsin was then deactivated with the addition of 5 mL of 

complete media. Cells were then centrifuged at 300g for 5 minutes.  

2.1.2 Chemicals and nucleic acids 

Guide RNAs were created by Life Technologies (ThermoFisher, Waltham, 

MA). Sequences of the target sites used in the study are detailed in Table 2.6. Plasmids 

containing gRNA inserts were designed as previously described (188). Constitutively 

expressing Cas9 cells were selected and kept in media containing 2 µg/mL Blasticidin 

(Sigma-Aldrich, St Louis, MI).  

 

Figure 2.1. Sequences of the target sites within the 16E7 and 18E7 oncogenes 

gRNA name Target sequence 5’ > 3’ 

16E7 T1 ccggacagagcccauuacaa 

16E7 T2 gcaagugugacucuacgcuu 

18E7 T1 ccgguugaccuucuauguca 

18E7 T2 gaaaacgaugaaauagaugg 

 

2.1.3 Cell storage 

For long-term storage, cells were detached with trypsin as per abovementioned 

method. Following trypsin deactivation, cells were centrifuged at 300g for 5 minutes, 
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and resuspended in Gibco™ Recovery™ Cell Culture Freezing Medium 

(ThermoFisher, Waltham, MA). Cells were transferred into cryogenic tubes 

(ThermoFisher, Waltham, MA) and slowly frozen at -80ºC before being transferred to 

liquid nitrogen storage. For removal from storage, cells were rapidly thawed at 37ºC 

and the freezing medium was removed by centrifugation.  

2.1.4 PCR detection of mycoplasma 

 Upon reaching 70-90% confluency, 500 µl of media was collected from cell 

culture flasks. Collected media was heat inactivated at 95ºC for 10 minutes to ensure 

DNA release. PCR reaction was performed as per manufacturer’s protocol using 

GoTaq® Green Master Mix (Promega, Madison, WI) containing Taq DNA polymerase, 

dNTPs, MgCl2, and reaction buffers. Negative control (no template) and positive 

control (known mycoplasma sample) were included for sample validation. A reaction 

volume of 25 µl was prepared as per Table 2.2.  

 

Figure 2.2. Reaction mixture (25µl) for Mycoplasma detection in cell samples 

Component Volume 

2x GoTaq G2 Hot Start Green Master Mix 12.5µl 

Universal Forward Primer (10µM) (Myco_Universal_F)1 2.0µl 

Universal Reverse Primer (10µM) (Myco_Universal_R)2 2.0µl 

Heat inactivated media sample (DNA template) 2.0µl 

Nuclease-free dH2O 6.5µl 
1 Oligo sequence: GTGGGGAGCAAAYAGGATTAGA 

2 Oligo sequence: CGAATGTCTACGTGTGTGCTTTG 

 

Reaction mixtures were placed in PCR tubes and loaded into a thermocycler 

(ProFlex PCR, ThermoFisher, Waltham, MA). PCR cycling conditions are outlined in 
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Table 2.2. Following PCR, samples were analysed by agarose gel separation for 

mycoplasma validation, as outlined in section 2.1.4. 

 

Figure 2.3. PCR cycling conditions for mycoplasma detection 

Cycle steps  Cycles  Temperature Time 

Initial denaturation 1 95ºC 2 min 
Subsequent denaturation 
Annealing 
Extension 

 
30 

95ºC 
60ºC 
72ºC 

30 sec 
30 sec 
30 sec 

Final extension  1 72ºC 5 min 
Hold  1 4ºC ∞ 
 

2.1.5 Agarose gel preparation 

 1% agarose gel was prepared by dissolving molecular biology agarose (Bio-Rad, 

Berkeley, CA) in Tris base/acetic acid EDTA buffer (Bio-Rad, TAE 1x). The mixture 

was then microwaved on high setting in 10 second intervals until complete 

dissolvement of agarose, followed by a brief cooling period. Ethidium bromide (Sigma, 

10mg/mL) was added (0.00625%) and stirred into the mixture which was then poured 

into the gel cast. Samples were electroporated at 100V for 60 minutes.    

2.2. Plasmid expansion and extraction  

2.2.1 Preparation of Luria-Bertani liquid medium  

Luria-Bertani broth (LB) was made by combining dH2O, 10g/L Oxoid™ Tryptone 

(ThermoFisher, Waltham, MA), 10g/L NaCl, 5g/L yeast extract. The mixture was 

stirred and autoclaved at 121ºC for 20 minutes.  

2.2.2 Plasmid expansion 

Multiplex genome engineering px330S-2 (Addgene) (Appendix A.1) plasmid 

containing Cas9 gene and gRNA scaffold was used in this work. Three constructs of the 
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plasmid were created as previously described (188): Cas9 carrying plasmid with no 

gRNA, Cas9 with 16E7 targeting gRNA, and a Cas9 with 18E7 targeting gRNA. DH5α 

competent cells previously transformed with all three plasmids were transferred to a 

500mL conical flask with 250mL of LB and 500µL of ampicillin (50µg/mL). Cells were 

incubated in a shaker (Incubator Shaker 8500, Bioline) at 120rpm, 37ºC for 16 hours 

prior to purification via maxiprep (Qiagen, Hilden, Germany).  

2.2.3 Plasmid preparation via maxipreparation   

Plasmid maxipreparation was performed using QIAGEN Maxiprep kit. 

Following incubation of bacterial cells in a shaker, LB was decanted and bacterial cells 

were harvested at 6000g for 15 minutes at 4c. Pellet was resuspended in 10mL of buffer 

P1 and P2 before the addition of buffer P3 and a 20 minute incubation on ice. 

Supernatant was then centrifuged at 20,000g for 30 minutes at 4ºC, followed by another 

centrifugation cycle at 20,000g for 15 minutes at 4ºC. Meanwhile, QIAGEN-tips 500 

were equilibrated by applying 10 mL of buffer QBT and allowing to empty by gravity 

flow. Supernatant was then applied to the equilibrated tips, allowing it to enter resin by 

gravity flow, before washing with 30 mL of buffer QC twice. Cell DNA was eluted with 

15 mL of buffer QF and precipitated with 70% isopropanol by centrifuging at 15,000g 

for 30 minutes at 4ºC. Supernatant was decanted and the pellet air dried. Finally, the 

pellet was redissolved in 500 µL of buffer TE (pH 8.0). Maxipreparation yield was 

assessed via NanoDrop 1000 spectrophotometer (ThermoFisher, Waltham, MA).  

2.2.4 Plasmid verification via PCR 

In order to validate the px330s-2 plasmids and cloned gRNAs used in this work, 

PCR was performed using Taq DNA Polymerase with ThermoPol® Buffer (NEB, 

Ipswich, MA). A reaction volume of 25 µL was prepared, as shown in Table 2.4.  
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Figure 2.4. Reaction mixture (25µl) for plasmid validation 

Component Volume 

10X ThermoPol Reaction Buffer  2.5µl 

Universal Forward Primer (10µM)  0.5µl 

Universal Reverse Primer (10µM)  0.5µl 

Taq DNA Polymerase 0.125µl 

Template DNA (100ng/µl) 1µl 

Nuclease-free dH2O 19.9µl 
 

Reaction mixtures were placed in PCR tubes and loaded into a ProFlex PCR 

thermocycler (ThermoFisher, Waltham, MA). PCR cycling conditions are outlined in 

Table 2.4. Following PCR, samples were analysed by agarose gel separation for 

mycoplasma validation, as outlined in section 2.1.4. 

 

Figure 2.5. PCR cycling conditions for plasmid validation 

Cycle steps  Cycles  Temperature Time 

Initial denaturation 1 95ºC 30 sec 
Subsequent denaturation 
Annealing 
Extension 

 
30 

95ºC 
68ºC 
72ºC 

30 sec 
60 sec 
30 sec 

Final extension  1 72ºC 5 min 
Hold  1 4ºC ∞ 
 

2.3 Immunofluorescence for 16E7 detection IF  

Cells were seeded to 80% confluency at 15,000 cells/spot density in 30 µL of 

medium on 10-well slides (ProSciTech, Townsville, Australia). Cells were rinsed with 

PBS three times and fixed with 4% p-formaldehyde in Ca2+ and Mg2+ free PBS for 30 

minutes at room temperature. Slides were rinsed again with PBS, followed by treatment 
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with permeabilization buffer (2% BSA in PBS containing 0.1% Triton-X 100) for 30 

minutes at room temperature. Subsequently, cells were incubated for 1 hour at room 

temperature with anti-16E7 antibody (Santa Cruz Biotechonology, Dallas, TX). Serum 

was diluted to 1:25 anti-16E7 monoclonal antibody in a permeabilization buffer. Slides 

were washed 3 times with PBS and incubated with goat anti-mouse IgG conjugated with 

Alexa Fluor 647 at 1:500 dilution (ThermoFisher, Waltham, MA). Alexa Fluor 568 

(ThermoFisher, Waltham, MA) at 1:50 dilution was used for F-actin imaging, while 

ProLong Gold DAPI (ThermoFisher, Waltham, MA) was used for nuclear staining. 

Slides were covered with glass coverslips and sealed with nailpolish. Slide visualisation 

was performed on FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan).  

2.4 Lipid-based transfection of cells 

2.4.1 Forward transfection of plasmid DNA using Lipofectamine 2000  

 Lipofectamine 2000 (ThermoFisher, Waltham, MA) is a novel proprietary 

cationic lipid formulation. One day prior to transfection, the cells were plated on 96-

well plates (Corning, New York, USA) in triplicates for each treatment group at a 

density of 25,000 cells/well and incubated at 37ºC overnight to reach 70-80% 

confluency. The following day, 200 ng pDNA was added to Opti-MEM medium 

(Gibco-Invitrogen, Waltham, MA) as per manufacturer’s protocol at either 2:1 ratio 

(2µL Lipofectamine 2000:1µg pDNA) or 3:1 (3µL Lipofectamine 2000:1µg pDNA 

ratio) (Table 2.6). The mixture was incubated for 20 minutes at room temperature 

before adding to cells. After 6 hours of incubation, the mixture was removed from cells 

and replaced with 200 µL of complete media. Plates were incubated in 37ºC for 24 

hours in a 5% CO2 incubator before the first cell viability assay was performed. 

Assessment of cytotoxic effects of lipofectant was performed by addition of samples 

containing no pDNA. 
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Figure 2.6. Lipid transfection conditions for a range of transfectants 

Component Lipofectamine 2000 / FuGENE 6 / Oligofectamine 

 2:1 3:1 

Transfection reagent 0.4µL 0.6µL 

Opti-MEM 89.6µL 89.4µL 

pDNA 200ng 200ng 

 

2.4.2 Forward transfection of plasmid DNA using FuGENE 6  

FuGENE 6 (Promega, Madison, WI) is a proprietary blend of cationic lipids. 

Transfection with FuGENE 6 was performed with same conditions as in 2.4.1, at two 

reagent:pDNA ratios as per Table 2.6, in the appropriate growth medium. Optimisation 

studies using 2:1, 3:1, 3:2, and 6:1 ratios were performed using 200 ng pDNA.  

 2.4.3 Forward transfection of plasmid DNA using Oligofectamine  

Oligofectamine (ThermoFisher, Waltham, MA) is proprietary lipid-polymeric 

formulation. Transfection with Oligofectamine was performed using the same 

conditions as in 2.4.1, at two reagent:pDNA ratios as per Table 2.5, in the appropriate 

growth medium. Optimisation studies using 2:1, 3:1, 3:2, and 6:1 ratios were performed 

using 200 ng pDNA. 

2.4.4 Transfection of gRNAs using FuGENE 6  

Cells were plated on 96-well plates (Corning, New York, USA) in triplicates for 

each treatment group at a density of 25,000 cells/well and incubated at 37ºC overnight 

to reach 70-80% confluency. The following day, 200 ng gRNAs were added to Opti-

MEM medium (Gibco-Invitrogen, Waltham, MA) as per manufacturer’s protocol at 

either 2:1 or 3:1 FuGENE:gRNA ratios. The mixture was incubated for 20 minutes at 

room temperature before adding to cells. After 6 hours of incubation, the mixture was 
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removed from cells and replaced with 200 µL of complete media. Plates were incubated 

in 37ºC for 24 hours in a 5% CO2 incubator before cells were lysed for protein 

collection. Assessment of cytotoxic effects of lipofectant was performed by addition of 

samples containing no gRNAs. Two gRNA target sited were used for 16E7 and 18E7 

genes.  

2.5 Electroporation of cells 

Cells were harvested and counted on a hemocytometer, followed by 

resuspension in complete media with 10mM HEPES buffer pH 7 at 4 x 106 cells/mL 

density. A total of 1 x 106 cells/sample was transferred to 4mm electroporation cuvettes 

(Bio-Rad, Hercules, CA) and electroporated at room temperature on a Gene Pulser 

XCell™ (Bio-Rad, Hercules, CA). Optimal electroporation settings were elucidated 

through a series of electroporation optimisation experiments. The electroporated cells 

were immediately transferred to sterile 2mL Eppendorf tubes and mixed with 750 µL of 

complete prewarmed media. Cells were then plated on 96-well plates in quadruplicates 

at 1 x105 cells/well density and incubated for 24 hours prior to cell viability assays.  

2.6 Digital PCR 

Absolute quantification of the 16E7 gene was performed using QuantStudio 3D 

Digital PCR System (ThermoFisher, Waltham, MA). Copied DNAs (cDNAs) were 

prepared in a SYBR Green (Qiagen, Hilden, Germany) reaction mix and thermocycled 

in QuantStudio 3D Digital PCR 20K chips (ThermoFisher, Waltham, MA) on a ProFlex 

2 x Flat Block Terminal Cycler (ThermoFisher, Waltham, MA) with the following 

settings: 45ºC for 1 minute, 98ºC for 2.5 minutes, followed by 40 cycles of 98ºC (1 

minute), 56ºC (10 seconds, 30% ramp rate), 64ºC (30 seconds). Results were analysed 

on the QuantStudio 3D AnalysisSuite software (ThermoFisher, Waltham, MA).  
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2.7 Immunoblotting  

2.7.1 Whole cell extracts for Western blotting  

 Cells were grown on 12-well plates (Corning, New York, USA) at 200,000 

cells/well. Following treatment and required incubation time, cells were washed twice 

with ice-cold PBS. PBS was discarded and Lysis buffer, composed of 50 µL Pierce™ 

RIPA Buffer (ThermoFisher, Waltham, MA) and 0.75 µL Halt™ Protease Inhibitor 

Cocktail (ThermoFisher, Waltham, MA), was then added to each well. Plates were then 

placed on ice for 20 minutes, followed by scraping the cells using plastic cell scrapers 

and collection into microfuge tubes. Cell lysates were then mixed with Laemmli buffer 

(Merck & Co, Kenilworth, NJ) at 1:1 ratio. Samples were heated on 95ºC for 10 

minutes. 

2.7.2 Western blotting 

To elucidate the transfection and genome editing efficiency, protein expression 

levels were quantified by Western blotting. Proteins from different cell lines were 

extracted as per 2.7.1. The protein samples were run on 4-15% Mini-PROTEAN® 

TGX™ Gels (Bio-Rad, Berkeley, CA). Gels were run on Criterion cell enclosure (Bio-

Rad, Berkeley, CA) in 1x running buffer (3.0g Tris base, 72.0g glycine, 5.0g SDS in 1L 

H2O, pH 8.3). Gels were electrotransfered in 1x Transfer buffer (25 mM Tris base, 0.2 

M glycine, pH 8.5) containing 10% methanol onto PVDF Immobilin P membrane 

(Sigma-Aldrich, St Louis, MI). The membranes were blocked in a blocking buffer (1x 

Tris-buffered saline (TBS) (10x TBS prepared with 24.2g Tris base, 80g NaCl, pH 

adjusted to 7.6 with HCl, then made to 1L with water), 0.1% Tween-20 with 5% w/v 

non-fat dry milk) for 1 hour. Membranes were washed with 1x TBS/1% Tween-20 

(TBS-T) and incubated with primary antibody in blocking buffer overnight at 4ºC while 

rocking. Membranes were washed 3 times with TBS-T followed by incubation for 1 

hour at room temperature with the secondary antibody conjugated with horseradish 
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peroxidase. To detect protein, PCDF membrane was soaked in ECL detection reagent 

(1mL 100mM Tris pH 8.8, 0.5% 250mM luminol, 2.2% 90mM cumaric acid, 0.054% 

H2O2). The blots were exposed on a ChemiDoc XRS+ system (Bio-Rad, Berkeley, CA) 

at different exposure times. If necessary, membranes were stripped in 30% w/w H2O2 at 

37ºC for 30 minutes. Membranes were then washed with TBS-T three times for 15 

minutes at room temperature. Membranes were then blocked and probed as described 

above.  

2.8. MTT cell viability assay 

An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 

was used to assess the effect of transfection/electroporation on cell viability. MTT is a 

colorimetric assay for measuring cellular metabolic activity. Metabolically active cells 

cleave tetrazolium salt MTT via succinate dehydrogenase to produce insoluble blue 

coloured formazan (189). Briefly, 24 and 48 hours following treatment, 90 µL of 

complete DMEM and 10 µL of 12mM MTT prepared in PBS (final concentration 

1.09mM) was added to each well on 96-well plates. Samples were incubated for 2 hours 

at 37ºC before replacing the media with 100 µL of 100% dimethyl sulfoxide (DMSO) to 

dissolve the crystals. Plates were then placed on an orbital shaker on 700 rpm for 30 

seconds and incubated for 10 minutes at 37ºC. Colorimetric absorbance was read at 544 

nM on FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany) microplate reader.  

2.9 RealTime-Glo cell viability assay 

Real-time cell viability was assessed using the RealTime-Glo™ MT (RT-Glo) 

cell viability assay (Promega, Madison, WI). Cell viability can be monitored over an 

extended period due to the non-lytic nature of the assay. Similar to MTT assay, RT-Glo 

determines the number of viable cells by measuring the reducing potential of 

metabolically active cells. Briefly, cells were plated on 96-well plates at 25,000 

cells/well in 100 µL or appropriate complete media and treated as per 2.4.2. Following 
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24 hour incubation, a 2X RT-Glo reagent was created by combining 0.2% MT Cell 

Viability Substrate and 0.2% NanoLuc Enzyme with complete DMEM. The mixture 

was then vortexed and added to the wells prior to 1 hour incubation at 37ºC. 

Luminescence was read using a plate reader at various intervals, subsequently returning 

the plates to the incubator.  

2.10. Statistical analysis 

Statistical analyses were performed using GraphPad Prism™ Software (Version 

7). The error bars represent the standard deviation of the mean (±SEM) of observed 

values. Where relevant, one-way ANOVA was used to compare the treatment and 

control groups, with 95% confidence interval (p<0.05). Microsoft® Office Excel was 

used for normalising raw data and average absorbance value calculations prior to 

GraphPad Prism™ analysis.  

 

 

 

 

 

 

 



39 
 

Chapter 3: Results 

3.1 16E7 can be detected in all HPV type 16 positive HNSCC cell lines 

16E7 oncoprotein is constitutively expressed in HPV-16 positive tumour cells 

and is required for cervical cancer cell growth (188). In order to detect HPV16 E7 in 

HNSCCs, ED-17 clone antibody (sc6981) was used as done previously in cervical 

cancer cells. Confocal microscopy revealed that the antibody signal was non-specific as 

the ED-17 clone antibody-specific signal was present in both HPV-positive (SCC2 and 

SCC104) and HPV-negative cells (SCC1), indicating that detection of 16E7 via 

immunofluorescence methods was not appropriate with this antibody (Figure 3.1). 

However, by immunoblotting we were able to detect a specific protein band at ~23 

kilodalton (kDa) in size, corresponding to the size of the 16E7 protein (Figure 3.2a), in 

HPV positive (SCC2, SCC90, and SCC104), but not in HPV negative (SCC1 & SCC25) 

cell lines. 16E7 expression levels were further confirmed using digital PCR, where the 

16E7 gene copy numbers were only detected in HPV positive cell lines (Figure 3.2b). 

Given the high expression of 16E7 in SCC2 cells (Figure 3.2b), subsequent experiments 

from here onwards will be performed on that cell line.  
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Figure 3.1. ED-17 antibody failed to detect 16E7 protein by immunofluorescence. 

Cells were seeded at 1.5x104 cells per well density on 10-well glass slides. Cells were 

then fixed in 4% PFA and permeabilized in 0.1%Triton-X 100 before incubating the 

cells in mouse anti-16E7 antibody (Santa Cruz sc-6981) (yellow) overnight at 4ºC. 

DAPI was used as a nuclear stain (blue), whereas Phalloidin was used to stain F-Actin 

(red). 
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Figure 3.2. HPV16E7 is expressed in HPV positive HNSCC lines, and not in HPV 

negative lines. a) Protein from HPV positive and negative cells was extracted and 

immunoblots were probed with antibodies against 16E7 with s6 as loading control. 

Immunoblot was probed with antibody against HPV16E7 (raised in mouse and reactive 

against HPV16E7). Loading control antibody was s6 (raised in rabbit and reactive 

against human s6 ribosomal protein). HPV 16E7 was expressed in a range of HNSCC 

cell lines, while no 16E7 was seen in HPV negative lines. b) Absolute quantitation of 

16E7 gene copy number on cDNAs from cells was done by digital PCR. Data is 

representative of E7 gene copy number/µl ± confidence interval (95% CI).  

 

3.2 Transfection of SCC2 cells with 16E7 gRNA and Cas9-bearing plasmids did not 

affect cell viability  

3.2.1 Lipid-based transfection of SCC2 with 16E7 gRNA and Cas9-bearing plasmids 

did not affect cell viability 

 To investigate the efficacy of gene editing and reduction of cell viability in 

SCC2 cells, cells were transfected with three different constructs of the px330S-2 

plasmid; one type carried Cas9 gene only without a gRNA, the second carried the Cas9 

gene and a gRNA targeting 16E7 oncogene, and the third carried the Cas9 gene and a 

gRNA targeting 18E7 oncogene. To determine the highest transfection efficiency while 

maintaining minimal toxicity, a range of lipid and cationic-lipid based transfection 

reagents were used to chemically transfect the cells, including Lipofectamine 2000, 

Oligofectamine, and FuGENE 6. Cells were seeded on 96 well plates and allowed to 
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adhere overnight. Firstly, the ratio between the transfection reagent and pDNA had to be 

optimised. It was decided to use two different ratios, 2:1 and 3:1 of reagent to pDNA 

respectively. A total of 200ng of pDNA per well was used. Untreated cells that received 

no transfection reagent nor pDNA were used as negative control. To evaluate the 

cytotoxicity of the transfection reagent, another control was used containing the 

transfection reagent alone. The cytotoxic effect of Cas9 protein was also considered and 

a sample containing the Cas9 gene but no gRNA was included. Finally, off-target DNA 

cleavage was examined with the use of a plasmid carrying the Cas9 gene and a gRNA 

targeting the 18E7 gene. MTT assays testing the cell viability were conducted at two 

time points for each of the transfection reagents, 24- and 48-hours post-transfection. 
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Figure 3.3. Lipid-based transfection of Cas9 and 16E7 gRNA containing plasmids 

did not kill SCC2 cells. SCC2 Cells were seeded on 96 well plates at a density of 

2.5x104 per well 24 hours prior to transfection. Cells were transfected in 100µl of 

serum-free DMEM with 200ng of pDNA containing Cas9 gene and gRNA targeting 

16E7 or 18E7. Another plasmid containing Cas9 and no gRNA was used as off-target 

cleaving control. A separate control containing FuGENE 6 and no pDNA was used. 

Cells were transfected with 2:1 and 3:1 reagent:pDNA ratios. Following a 6-hour 

transfection incubation, 100µl DMEM containing 10% FBS and 1% PSG was added. 

MTT-assays were carried out at 24 and 48 hours. Cells were transfected using a) 

Lipofectamine 2000 b) Oligofectamine c) FuGENE 6. Error bars represent standard 

deviation of the mean. **p<0.05, ***p<0.001, ****p<0.0001, one-way ANOVA.  
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The results of Lipofectamine 3000 transfection of SCC2 cells can be seen in 

Figure 3.3a. A slight decrease in viability of the cells that were treated with 

Lipofectamine 3000 only can be seen in the 24h time point, however these cells 

recovered in the 48h time point. This result is seen in both Lipofectamine:pDNA ratios. 

The treatment of cells with pDNA bearing only Cas9 gene and no gRNA shows a 

marked decrease in viability in the 24h time point indicating indiscriminate DNA 

cleaving by Cas9 protein. This can be seen for both Lipofectamine:pDNA ratios. 

However, it should be noted that this cleaving does not have a long-term effect on cell 

viability as cell viability recovered within the 48 hours. Cells treated with 18E7 

targeting gRNA showed a decrease in viability in both ratios at the 24h time point, 

indicating off-target genome editing as these cells lack the 18E7 sequence. Cell viability 

started to recover in the 48h time point. Finally, a reduction in cell viability was seen in 

cells treated with Cas9 and gRNA targeting 16E7 oncogene for both ratios in the 24h 

time point. As with abovementioned treatments, cell viability started to recover, and 

was substantially increased in the 48h time point. The results of Lipofectamine 

transfection indicate that the transfection was successful and a drop in cell viability was 

seen; however, this effect was short term. It could not be established whether the 

reduction in cell viability was guided by the genomic cleaving guided by the gRNA or 

by indiscriminate Cas9 DNA cleaving.      

Similar results can be seen in Oligofectamine transfection (Figure 3.3b), where 

significant reduction in viability can be seen in the 24 hour time-point coupled with 

pDNA;reagent toxicity across all samples with pDNA. The recovery of cell viability is 

seen in the 48 hour time-point.  

The results of a lipid transfection using FuGENE 6 can be seen in Figure 3.3c. 

The same conditions as Lipofectamine 3000 and Oligofectamine were used in this 

experiment. Although the effects of FuGENE 6 were similar to the two previously used 
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transfection reagents, the results were marginal. Again, reduction in cell viability was 

seen in the Cas9 alone bearing pDNA in the 24h time point, which entirely returned to 

baseline within 48 hours. Similar effects were seen in both reagent:pDNA ratios. Once 

again, off-target genomic editing resulting in reduction of cell viability was seen in the 

samples treated with 18E7 targeting gRNA. This effect entirely dissipated within 48 

hours. Similar results were seen for treatments with Cas9 and gRNA targeting 16E7, 

where cell viability reduction was seen initially but eventually returned to baseline 

within 48 hours.   

In conclusion, reduction in cell viability was seen using all three transfection 

reagents at the 24h time point in both 2:1 and 3:1 reagent to pDNA ratios. Transfection 

using plasmids carrying Cas9 gene but no gRNA induced reduction in cell viability. 

This indicates possible Cas9 toxicity or indiscriminate cleaving. Another explanation 

for this result is the cytotoxic effect of the pDNA:transfection reagent complex. Off-

target binding and DNA cleavage was seen using the 18E7 targeting gRNA. There was 

a reduction of cell viability via 16E7 targeting gRNA, however not significantly 

different (p>0.05) to that of Cas9 alone or 18E7 gRNA. Cell viability in all samples 

started to return to base line within 48h. It was speculated that the levels of pDNA were 

too low, or that the transfection itself was poor. Furthermore, a possible factor 

preventing permanent reduction in cell viability is the cell type itself, as some cell lines 

transfect better than others. Overall, lipid-based transfection of Cas9 and 16e7 gRNa 

containing plasmids did not kill SCC2 cells.   

3.2.2 SCC2 cells were successfully transfected with Cas9-containing pDNA complexed 

with FuGENE 6 

 Following chemical transfection using FuGENE 6, we wanted to evaluate the 

efficacy of transfection and general transfectability of this cell line. SCC2 cells were 

seeded on a 12-well plate and transfected with various levels of plasmid containing a 
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Cas9 gene and no gRNA. This was to investigate the relationship between the 

increasing amounts of pDNA and respective levels of Cas9 protein expression. Cells 

were transfected using FuGENE 6 using the previously mentioned protocol using a 3:1 

reagent to pDNA:ratio, and incubated for 72 hours. Figure 3.4 shows the results of the 

FuGENE transfection.  

 

Figure 3.4. SCC2 were successfully transfected with Cas9 containing plasmid 

complexed with FuGENE 6. SCC2 cells were seeded on a 12-well plate at 1.5x105 

density 24 hours prior transfection. Cells were transfected with FuGENE 6 in 500µl of 

serum-free DMEM with increasing levels of pDNA containing Cas9 gene and no 

gRNA. Following a 6-hour transfection incubation, 500µl DMEM containing 10% FBS 

and 1% PSG was added. Protein extracts were made 72 hours post-transfection using 

RIPA lysis buffer. Western blot was then probed for total Cas9 protein. Immunoblot 

was probed with antibodies against Cas9 protein (raised in mouse and reactive against 

human Cas9 protein), and s6 (raised in rabbit and reactive against human s6 ribosomal 

protein). 

 

As expected, no Cas9 expression and protein was seen in the untreated samples, nor in 

samples containing FuGENE 6 alone. Cas9 gene expression was detected at 100ng of 

pDNA, and this expression increased gradually through to 1000ng pDNA. This result 

confirmed that transfection of pDNA using FuGENE 6 was successful and that the 

genes were being transcribed and Cas9 protein was expressed.  
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3.3 Electroporation of Cas9 and 16E7 gRNA bearing plasmids did not kill SCC2 cells 

Since the effects of lipid transfection of SCC2 cell line were transient and it was 

suspected that the transfection reagents complexed with pDNA might possibly be toxic 

to the cells, it was decided to move onto electroporating pDNA directly into the cells. 

Electroporation is often more effective than chemical transfection, particularly in 

difficult to transfect cell lines such as primary cell lines and iPSCs (190). 

Electroporation delivers DNA directly into the nucleus and bypasses the endocytotic 

lysosomal pathway. To determine the optimal electroporation conditions, an 

optimisation experiment had to be carried out. A successful electroporation induces 

optimal plasma membrane opening while minimising cell death. SCC2 cells were 

electroporated using an exponential waveform and increasing levels of voltage and 

capacitance. No pDNA was used and an un-electroporated sample was used as control. 

Following the electroporation, cells were plated on a 96-well plate and MTT assay was 

carried out 48h following electroporation to asses cell viability. Figure 3.5a shows the 

results of the electroporation optimisation experiment using SCC2 cells.  
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Figure 3.5. Electroporation of Cas9 and 16E7 gRNA containing plasmids did not 

kill SCC2 cells. a) 1x106 SCC2 cells per zap were electroporated at 220V-300V and 

500µF-1000µF to optimise the electroporation conditions. Samples were seeded in 

quadruplicates at 8.3x104 cells per well on 96-well plates and MTT-assay was 

performed 24 hours later. Error bars represent standard deviation of the mean. Cells 

were electroporated with (b) 400ng and (c) 1000ng of pDNA carrying Cas9 and gRNA, 

using 240V and 750µF settings. Cells were plated in quadruplicates at 8.3x104 cells per 

well on 96-well plates and MTT-assay was performed 48 hours later. Error bars 

represent standard deviation of the mean.   

 

Results of the electroporation optimisation show a decrease in cell viability with 

the increase in voltage and capacitance. It was decided to use the setting of 240v and 

750uF for the future electroporation experiments with SCC2 cell line, as it induces 

minimal cell death yet ensures adequate cell membrane opening and permeability. To 

investigate cell viability following the electroporation using pDNA containing Cas9 and 
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gRNAs, SCC2 cells were electroporated using 240v and 750uF. As the chemical 

transfections showed that there was a possibility of using too little pDNA to induce a 

substantial and permanent drop in cell viability, it was decided to use two different 

amounts of pDNA when electroporating SCC2 cells; the first treatment using 400ng of 

pDNA (Figure 3.5b), and the second one using 1000ng of pDNA (Figure 3.5c). Cells 

suspended in medium were electroporated and seeded on 96-well plates. MTT assays 

were carried out 48h post-electroporation on both experiments, and absorbance readings 

were normalised to the un-electroporated samples as control. As in chemical 

transfections, an 18E7 targeting gRNA sample was included to elucidate any off-target 

editing effects. The results of the MTT assays show that there were no significant 

reductions in cell viability in both the 400ng and 1000ng of pDNA electroporations. 

There was no differentiation between the 16E7 and 18E7 targeting gRNAs, regardless 

of the amount of pDNA used. Similarly, samples electroporated with pDNA containing 

Cas9 only were not significantly different from samples that contained targeting 

gRNAs. It should be noted that cell viability was much less impeded in electroporation, 

compared to chemical transfection. This result seems to confirm the suspected toxicity 

of transfection reagent and pDNA complex, not seen in electroporation. Nonetheless, 

electroporation of Cas9 and 16E7 gRNA bearing plasmids did not kill SCC2 cells. 

3.4 SCC2 constitutively expressing Cas9 cells transfected with 16E7 targeting gRNA 

did not die 

3.4.1 Electroporation of SCC2-Cas9 cells with 16E7 targeting gRNAs failed to kill cells 

Following the electroporation using pDNA containing Cas9 and gRNA for 

16E7, resulting in no significant change in cell viability, it was decided to create a 

constitutively expressing Cas9 cells line. This would enable us to bypass the use of 

pDNA in either chemical transfection or electroporation, thus potentially rule out the 

reagent:DNA toxicity. The use of the constitutively expressing Cas9 cell line would 
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allow us to transfect or electroporate the gRNAs only. This would prove beneficial as 

the gRNAs are much smaller when compared to pDNA, therefore allowing for easier 

entry into the cells. SCC2 cells were sent to Peter MacCallum Cancer Institute 

(Melbourne, Australia) for lentiviral transduction with Cas9 gene. Following the 

successful transduction, SCC2-Cas9 cells were subjected to an electroporation 

optimisation experiment to determine the optimal electroporation conditions. It was 

decided to use the same setting as with SCC2 cell line, 240v and 750uF, as a similar 

pattern of cell death was seen. A total of four gRNAs with different targeting sequences 

were created. Two gRNAs, 16E7T1 and 16E7T2, were targeting E7 gene, while 

18E7T1 and 18E7T2 were used for off-target editing. SCC2-Cas9 cells were 

electroporated using 400ng of gRNA, as seen in Figure 6. An un-electroporated sample 

was included as negative control. Cell viability was assessed via MTT-assay 48 hours 

post-electroporation, and absorbance readings were normalised to the un-electroporated 

sample. Results (Figure 3.6) showed that electroporating SCC2-Cas9 cells with gRNAs 

did not significantly affect cell viability at the 48-hour timepoint. Overall, 

electroporation of SCC2-Cas9 cells with 16E7 gRNAs failed to kill cells.   
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Figure 3.6. SCC2 cells constitutively expressing Cas9 electroporated with gRNAs 

targeting 16E7 did not die. SCC2 Cas9 cells were electroporated with 400ng of gRNA 

with 240V and 750µF settings. Cells were plated in quadruplicates at 8.3x104 cells per 

well on 96-well plates and MTT-assay was performed 48 hours later. Error bars 

represent standard deviation of the mean.   

 

3.4.2 Lipid transfection of SCC2-Cas9 with gRNAs failed to affect cell proliferation 

 Following electroporation of SCC2-Cas9 cells, we wanted to look at the effects 

of lipid-based transfection of gRNAs in constitutively expressing Cas9 SCC2 cells. 

Cells were plated on 96-well plates for 24 hours and gRNAs were transfected using 

FuGENE 6. Three different reagent:gRNA ratios were used, where 2:1 and 3:1 used 

200ng of gRNA, while 3:2 used 400ng of gRNA. Instead of assessing cell viability via 

MTT-assay, this time we opted for RT-Glo assay, a more definitive and accurate way of 

measuring cell viability and proliferation. As previously described, RT-Glo is a cell 

viability assay that allows for continual monitoring of cell viability over an extended 

period of time. 
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Figure 3.7. SCC2 cells constitutively expressing Cas9 transfected with gRNAs 

targeting 16E7 did not die. SCC2 Cas9 cells were seeded on 96 well plates at a density 

of 2.5x104 per well 24 hours prior to transfection. Cells were transfected in 100µl of 

serum-free DMEM with 200ng and 400ng of gRNA targeting 16E7 or 18E7. A separate 

control containing FuGENE 6 and no gRNA was used. Cells were transfected with 2:1, 

3:1, and 3:2 reagent:gRNA ratios. Following a 6-hour transfection incubation, 100µl 

DMEM containing 10% FBS and 1% PSG was added. RT GLO-assays were initially 

carried out at 1-hour post transfection, then subsequently every 12 hours over a 48-hour 

period. Error bars represent standard deviation of the mean. 
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Results in Figure 3.7 show the cell viability of SCC2-Cas9 cells over a 48-hour 

period. Following the six-hour transfection with gRNAs, cells were treated with RT 

GLO for one hour and the first reading was collected. The first reading was taken at 

zero-hour with subsequent readings every 12 hours over a 48 hour period. Results 

indicated that cell viability was unaffected by the transfection with gRNAs, as it 

gradually increased over 48 hours. This result can be seen in all three reagent:gRNA 

ratios. Analogous to the results of transfection and electroporation using pDNA, it was 

seen that targeting 16E7 did not affect cell viability of SCC2-Cas9 cell line.   

 To determine the E7 protein levels in SCC2 Cas9 cells following chemical 

transfection with gRNAs, western blotting was used. Cells were seeded at 1.5x105 cells 

per well in 12-well plates and transfected with 1000ng of gRNA using Lipofectamine 

3000. Cells were treated with two reagent:pDNA ratios, 2:1 and 3:1, and incubated for 

48 hours. Results indicate that E7 protein levels remained unaffected by 16E7 gene 

editing (Figure 3.8), regardless of reagent:gRNA ratio. Therefore, this implored us to 

check whether 16E7 CRISPR editing using plasmids (as done in 3.2.1) has occurred.  
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Figure 3.8. Transfecting gRNAs in SCC2 Cas9 cells did not affect E7 protein levels. 

SCC2 Cas9 cells were seeded on 12-well plates at a density of 1.5x105 per well 24 

hours prior to transfection. Cells were transfected in 500µl of serum-free DMEM with 

1000ng of gRNA targeting 16E7 or 18E7 as control. A separate control containing 

Lipofectamine 3000 and no gRNA was used. Cells were transfected with 2:1 (a) and 3:1 

(b) ratios. Following a 6-hour transfection incubation, 500µl DMEM containing 10% 

FBS and 1% PSG was added. Cells were lysed with RIPA buffer and protein was 

collected 48 hours post transfection. Western blot was used for probing for total E7 

protein. Immunoblot was probed with antibody against HPV16E7 (raised in mouse and 

reactive against HPV16E7). Loading control antibody was β-tubulin (raised in rabbit 

and reactive against human β-tubulin protein). 

 

3.5 16E7 protein knockdown was achieved using plasmids bearing gRNAs and Cas9 

gene  

Having failed to induce reduction in cell viability in the SCC2 cell line, we 

wanted to examine the levels of E7 protein post-transfection. A successful chemical 

transfection would be indicated with low levels of E7 protein, which would also 

indicate that the gene editing has occurred. It was decided to use FuGENE 6 to transfect 

SCC2 cells, which were plated at 1x105 per well and treated with 1000ng of pDNA. 

Cells were treated with two reagent:pDNA ratios, 2:1 and 3:1, and incubated for 72 

hours. Indiscriminate Cas9 editing was assessed, along with off-target editing of 18E7 

gRNA. Results (Figure 3.9) show that E7 protein levels remained unaffected by the 

transfection in samples containing Cas9 without gRNA, and in 18E7 targeting gRNA 
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samples. However, E7 protein levels were significantly decreased in samples targeted 

by 16E7 gRNAs. This effect was seen in both 2:1 and 3:1 reagent:pDNA ratios. This 

result confirmed CRISPR-mediated loss of E7 protein expression using plasmid DNAs, 

which was not achieved using synthetic gRNA molecules (section 3.4.2). 

  

 

Figure 3.9. 16E7 protein knockout was only seen in SCC2 cells transfected with 

Cas9 and 16E7 gRNA bearing plasmids. SCC2 cells were seeded on a 12-well plate at 

1.5x105 density 24 hours prior transfection. Cells were transfected with FuGENE 6 in 

500µl of serum-free DMEM with 1000ng of pDNA containing Cas9 gene and gRNAs 

targeting Cas9, 16E7, and 18E7. Following a 6-hour transfection incubation, 500µl 

DMEM containing 10% FBS and 1% PSG was added. Cells were lysed for protein 

extraction 72 hours post-transfection using RIPA lysis buffer. Western blot was then 

used to probe for total E7 protein. Immunoblot was probed with antibody against 

HPV16E7 (raised in mouse and reactive against HPV16E7). Loading control antibody 

was s6 (raised in rabbit and reactive against human s6 ribosomal protein). 

 

3.6 Targeting both 16E6 and 16E7 decreased cell viability in SCC2 cell line 

As all HPV positive carcinomas show oncogenic addiction, that is, dependence 

on the expression of both E6 and E7 oncogenes, it was next decided to look at the effect 

of targeting both oncogenes simultaneously will have on cell viability. We explored a 

previous observation from our laboratory that siRNA targeting of E6 an E7 led to cell 
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death, reduced cell proliferation, and significant decrease of tumour load in cervical 

carcinomas (130). SCC2 cell were seeded on 96-well plates at 2.5x104 density and 

allowed to adhere overnight. Cells were then transfected with 1000ng of pDNA with 

FuGENE 6 at 2:1 and 3:1 ratios. Once again, controls with FuGENE 6 alone were 

included, along with samples targeted for Cas9 and 18E7 to monitor indiscriminate and 

off-target editing respectively. MTT-assays were carried out at three timepoints, 24-, 

48-, and 72-hours. Figure 3.10 shows that cell viability was not affected in samples 

transfected with Cas9, 16E7, 18E7, or 16E6 alone. Interestingly, cells treated with a 

combination of gRNAs targeting 16E7 and 16E6 resulted in ~50% reduction in cell 

viability. This effect remained throughout the 48 hour time point in both 

pDNA:FuGENE ratios. However, it should be noted that partial recovery in cell 

viability was seen at the 72-hour time point (figure 3.10). This in turn suggests that 

future studies should place focus on longer in vitro treatment time frames in order to 

determine whether this recovery is consistent and leads to complete recovery of cell 

viability, or is a transient effect eventually leading to cell death. These results suggest a 

symbiotic effect of 16E6 and 16E7, indicating that targeting and editing either oncogene 

alone is not enough to affect cell viability.  
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Figure 3.10. FuGENE 6 transfection of SCC2 cells with Cas9 and 16E7 and 16E6 

gRNA containing plasmids significantly reduced cell viability. SCC2 Cells were 

seeded on 96 well plates at a density of 2.5x104 per well 24 hours prior to transfection. 

Cells were transfected in 100µl of serum-free DMEM with 1000ng of pDNA containing 

Cas9 gene and gRNA targeting 16E7 or 18E7. For the transfection targeting both 16E6 

and 16E7 genes, 500ng of pDNA with 16E7 gRNA and 500ng of pDNA with 16E6 

gRNA was used. Another plasmid containing Cas9 and no gRNA was used as off-target 

cleaving control. A separate control containing FuGENE 6 and no pDNA was used. 

Cells were transfected with 2:1 and 3:1 reagent:pDNA ratios. Following a 6-hour 
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transfection incubation, 100µl DMEM containing 10% FBS and 1% PSG was added. 

MTT-assays were carried out at (a) 24, (b) 48, and (c) 72 hours. Error bars represent 

standard deviation of the mean. **p<0.05, ***p<0.001, ****p<0.0001, one-way 

ANOVA.  
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Chapter 4: Discussion and Conclusions 

This project aimed to investigate the effects of 16E7 oncogene editing using 

CRISPR technology in the HPV positive HNSSC cells. SiRNA targeting of E7 has been 

shown to be successful in HPV positive HNSCCs (130), leading to cell death, reduction 

of cell proliferation and significant decrease of tumour load. However, as effects of 

siRNA targeting are transient and therefore limited in application (151), the effects of a 

long-term permanent E7 knockdown need to be explored. Despite the wide exploration 

of treatments of cervical carcinomas, the ideal therapy for HNSSCs is underappreciated. 

This calls for development of novel therapies for HNSCCs. The use of CRISPR/Cas9-

mediated gene editing technology as a tool would provide permanent knockdown of 

oncogenes and potentially improve therapeutic outcome.  

 

4.1 Evaluation of ED-17 16E7 antibody 

4.1.1 The use of ED-17 antibody in immunofluorescence 

The 16E7 oncogene is known to be expressed in HPV positive cervical 

carcinomas (191). We (130) and others (192) have previously confirmed 16E7 

expression in HNSCCs. To validate this at the protein level and to determine the 

localization of 16E7 in SCC2 cells, fluorescence microscopy was used. Previous work 

had shown that ED-17 (Santa Cruz) is a suitable antibody for 16E7 detection via 

immunofluorescence (IF) in HPV positive cervical cancer lines (193-196). However, we 

show that ED-17 failed to specifically bind to 16E7 in HNSCCs cell lines (Figure 3.1). 

Non-specific binding of ED-17 was seen in both HPV positive and negative cell lines, 

ultimately rendering this antibody unsuitable for IF. Upon further scrutiny into technical 

methods used for IF, we found that one of the differing factors is the use of Borisy 

resuspension buffer (BRB80) in cell fixation and permeabilization (197), compared to 
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the use of phosphate buffered saline (PBS) in our preparations. BRB80 is a reagent used 

in preparation of a permeabilization buffer and cell fixation buffers, which contains 

100mM PIPES, 5mM EGTA, 2mM MgCl2, pH 6.8 (198). Given that E7 has a 

particularly short half-life (30-40 minutes (82), making detection of E7 challenging, the 

use of BRB80 might have allowed quicker fixation of the E7 inside cells (199). Another 

factor that might have affected IF is the amount of time allowed for primary antibody 

incubation. In our work, we incubated our samples for one hour following the addition 

of the primary antibody, while others used longer incubations periods ranging from 4 

(196) to 48 hours (197). Furthermore, previous work only tested the reactivity of the 

ED-17 antibody on HPV positive cervical derived HeLa and CaSKi cell lines. In future 

experiments we aim to screen a wider range of anti-E7 antibodies and further optimise 

conditions to detect E7 by immunofluorescence on HNSCC cell lines.  

 

4.1.2 The use of ED-17 antibody in immunoblotting 

We then tested the reactivity of ED-17 for immunoblotting. Immunoblotting 

confirmed the presence of 16E7 protein in HPV16 positive cell lines as expected 

(Figure 3.2). Although ED-17 antibody failed to prove useful in immunofluorescence, it 

was suitable in detecting E7 by immunoblotting. Considering the short half-life of E7, a 

quick lysis and denaturation would preserve more of the protein, therefore making 

immunoblotting superior to immunofluorescence. Western blotting produced a clear 

band ~20kDa, the approximate size of E7 oncoprotein, thus confirming the ED-17 

selectivity. Furthermore, our findings corroborate current literature findings where ED-

17 was used (130, 192, 200), indicating accurate detection of E7 using ED-17 antibody. 

Expression levels of E7 protein in tested HPV positive lines, SCC2, SCC104, and 

SCC90 were comparable. However, our findings are in stark contrast to previous work, 

where lower 16E7 protein expression in SCC2 and SCC104, and high E7 levels in 
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SCC90 cell line was seen (192). Furthermore, their relative expression data, obtained 

via real-time PCR, did not correlate with previously published 16E7 relative expression 

profiles in HPV positive HNSCCs (130, 192). Our digital PCR absolute quantification 

data shows a more reliable 16E7 protein expression pattern, by measuring exact E7 gene 

copy numbers in each cell.  

It should be mentioned that one of the limitations of our screen was the use of a 

limited range of both HPV positive and negative head and neck cell lines. Currently, a 

small number of HPV positive HNSCC cell lines exist, and our research had access to a 

select few. Future research aims to expand our work on a wider range of cell lines and 

screen the expression of 16E7 and conduct the same analysis as found in this study.  

4.2 Comparison of transfection reagent efficiency with different transfection methods 

We previously used siRNAs to target E6 and E7 genes in HNSCC cell lines 

(130). As both HPV16 E6 and E7 proteins are transcribed from the same promoter as a 

bicistronic message, a single siRNA targeting the common region of both mRNAs 

prevents both E6 and E7 expression (201). E7 gene silencing via siRNA in cervical cell 

lines led to up to 80% gene knockdown and significant loss of cell viability and cell 

death (202). Similar effect was seen in HNSCCs, although with combined E6/7 

targeting, with 60-80% gene knockdown leading to loss of viability and cell death 

(130). Given that E7 is the major oncogene required for cervical cancer growth (203), 

we wondered whether the E6/7 targeting effect seen previously (130) was mostly due to 

E7 loss. Therefore, we set out to explore the effects of targeting E7 oncogene with 

CRISPR/Cas9 and observe whether the same effect of cell death could be induced. It 

has been shown that commonly used lipid-based transfection reagents, although 

efficient, can be toxic to cells (204). Cytotoxicity generally affects cell morphology, 

causing it to become irregular, while cell mortality increases. Other factors influencing 

transfection efficiency and cytotoxicity are the charge ratios of reagent and DNA, 
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presence or absence of serum, incubation times, and reagent doses (205). When 

transfecting using the chemical reagent alone, that is, without DNA, we showed that 

Lipofectamine 3000 conferred the highest cytotoxicity. Only 60% of cell viability via 

MTT assay was achieved, compared to 76% and 77% for Oligofectamine and FuGENE 

respectively. Interestingly, this toxicity was amplified when transfection reagent was 

complexed with pDNA, in turn significantly lowering cell viability to 45-50% in the 24 

hour time-point. This effect was pronounced in Lipofectamine 3000 and Oligofectamine 

transfections, and while still present in FuGENE 6 transfections, toxicity was much 

lower. These findings are congruent with previous work showing high transfection 

efficacy of FuGENE (204); however, we show that FuGENE has the lowest transient 

cytotoxicity that is resolved by the 48-hour time-point. We attribute the transient 

reduction of cell viability to reagent:pDNA toxicity rather than E7 gene editing as this 

reduction is seen regardless of the different targeting gRNAs, or absence of the gRNA. 

Samples treated with 16E7 gRNA failed to reduce cell viability beyond that of 

pDNA:transfection reagent toxicity, which goes against our initial hypothesis that E7 

loss would kill HNSCC cells. A possible explanation of transient reduction in cell 

viability in the 24-hour time point is DNA-mediated toxicity seen at this timepoint, as 

near complete cell recovery is seen at later timepoints. We were unable to distinguish 

between E7 gene editing and toxicity induced effects seen in all three lipid transfection 

reagents by means of cell viability assays. We confirm that Cas9 was expressed upon 

transfection, which therefore informs us that pDNA transfection was successful. As 

FuGENE showed the lowest toxicity, it was decided to focus solely on use of FuGENE 

in future lipid transfections. 

 We next transfected cells with pDNA carrying Cas9 gene only to confirm 

transfection of SCC2 cells by measuring Cas9 gene expression. We speculated that low 

transfection efficiency maintained cell viability and contributed towards the survival of 
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SCC2 cells. However, we show that transfection had occurred as Cas9 protein levels 

increased with the increasing pDNA concentrations. Furthermore, we showed that E7 

was edited by CRISPR as the loss of E7 protein can be seen on the Western blot (Figure 

3.9). Studies have shown that the nature of the cell itself is a crucial factor in 

determining the level of gene expression (205). Therefore, even though Cas9 expression 

following transfection was confirmed and E7 knockdown was achieved, it is possible 

that the transfection efficiency was lower due to the inherent properties of the SCC2 cell 

line.   

 To avert the transient effects of lipid transfection on cell viability and the 

toxicity of pDNA:transfection reagent complex, we set out to explore electroporating 

pDNA directly into SCC2 cells. Similar to lipid transfection results, electroporating 

pDNA did not induce significant reduction of cell viability in SCC2 cells. This result 

was found irrespective of the pDNA concentration. No significant loss of cell viability 

was reported between the treatments with 16E7gRNA nor the control 18E7gRNA. A 

possible limitation arises when the cell viability assay timepoints following 

electroporation are considered. Our work assessed cell viability at the 48-hour 

timepoint, however it is reported to take up to ten days to observe a fall in cell viability 

in HPV positive cervical HeLa and SiHa cell lines, when transduced via lentiviruses 

(206). In contrast, it was shown that ~50% editing efficiency was reached within just 24 

hours in HEK293, plateauing around 48 hours (186). Although direct comparisons with 

our work cannot be made due to the use of different cell lines and target genes, the wide 

time frame to induce reduction of cell viability must be considered.  

 In summary, transfection with a range of lipid-based reagents failed to reduce 

cell viability and kill cells when targeting 16E7 alone, even though 16E7 knockdown 

was confirmed. However, cell viability was significantly reduced when both 16E6 and 
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16E7 were targeted (Figure 3.10). These results mirror our results with siRNA targeting 

of 16E6 and 16E7 simultaneously (130).   

4.3 The effect of senescence signalling on cell viability 

 Another explanation for the lack of reduction of cell viability is the short time 

frame used to produce the effects of replicative senescence which could overestimate 

the cell viability readings. Repression of HPV E6 and E7 in cervical carcinoma cell 

lines by siRNA (207) or E2, the latter of which binds the E6/E7 promoter in the long 

control region thereby suppressing E6/E7 expression (208), has been shown to lead to 

cellular senescence and apoptosis (209). Microarray analysis demonstrated that 

following the E2-mediated E6/E7 repression, cervical cancer cell lines were more 

similar to the senesced normal primary cervical epithelial cells (210). This is relevant to 

our findings as cells which have undergone cellular senescence retain their metabolic 

activity (211) and in turn maintain their ability to metabolise MTT, potentially 

exaggerating cell viability measurements. Common senescence biomarkers include 

senescence associated heterochromatic foci (SAHF) (212), senescence-associated β-

galactosidase (Saβ-gal), and p16 (213), the latter being less useful since p16 is 

overexpressed in HPV positive cells due to E7-mediated inactivation of the pRb-E2F 

complex. Screening for senescence biomarkers could elucidate whether CRISPR/Cas9 

treated cells are indeed senescent rather than apoptotic. SiRNA targeting of E6 and E7 

in HPV positive HNSCCs results in ~33% apoptosis (214), which is comparative with 

HPV positive cervical cell lines such as HeLa and SiHa (207). Therefore, we can make 

the assumption that ~70% of cells which do not undergo apoptosis, although senescent, 

maintain their metabolic activity, thus contributing to inflated cell viability 

measurements.  To counter this effect, future work should place focus on colony 

forming assays measuring cell proliferation over a prolonged period.  
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 Senescence signalling involves two main pathways, the DNA Damage Response 

(DDR) mediated by p53 and p21, (215) and the oncogene-induced senescence pathway 

mediated by pRB and p16 (216), both of which are supressed by E6 and E7 oncogenes. 

The DDR pathway is activated when specialised complexes activate protein kinases 

such as ataxia telangiectasia and Rad3-related (ATR) or ataxia telangiectasia mutated 

(ATM) upon detection of single-stranded DNA or double stranded breaks (DSBs) (215). 

This in turn leads to transcription of downstream p53 and p21 genes, leading to 

replicative senescence. On the other hand, oncogene-mediated senescence is initiated by 

the recruitment of histone deacetylases (HDACs) by Rb-family proteins, which 

deacetylate nearby histones and repress gene expression (212). This leads to chromatin 

remodelling which supresses transcription of S-phase genes, subsequently blocking S-

phase entry and cell growth (212). As E6 and E7 oncoproteins supress and reduce the 

levels of p53 and Rb respectively, both senescence signalling pathways become 

affected, allowing the cell to progress through the cell cycle and replicate. Recent work 

has shown that targeting E6 oncogene in cervical HPV positive carcinomas with Cas9-

guided endonuclease coupled with E6 gRNA led to restoration of p53 and its 

downstream effector p21, while targeting E7 enhanced Rb expression (206). We 

therefore speculate that similar effects could be seen in HNSCC cells. Future work 

should focus on screening Rb and p53 levels via immunoblotting following CRISPR 

targeting of E6 and E7. Moreover, conducting the T7EI assay would further confirm 

successful E6/E7 editing, thus enabling restoration of p53 and Rb to occur.  

 This project set out to delineate whether E7 is the main driver of oncogenesis, 

and whether editing either of the genes would lead to cell death. As it has been shown 

that E7 is the main culprit in HPV positive cervical carcinomas (203, 217), we focused 

on targeting E7 in HNSCCs, although without successfully inducing cell death. Similar 

results were obtained when E6 was targeted. However, with the recent successful 
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knockdown of E6 and E7 with siRNA which led to significant decrease in cell viability 

in HNSCCs (130), we show that unlike the HPV positive cervical carcinomas which 

require knockdown of E7 alone to induce cell death, HPV positive HNSCCs require 

knockdown of both E6 and E7 to induce cell death. This is congruent with our previous 

work with siRNA targeting E6/E7 in HNSCCs, where a single siRNA targeting both E6 

and E7 led to cell death (130). These findings suggest that HNSCCs require restoration 

of both Rb and p53, whereas HPV positive cervical carcinomas rely solely on Rb 

restoration upon E7 knockdown to induce apoptosis. From this we conclude that unlike 

HNSCCs, cervical carcinomas have no dependency on p53 restoration. Future 

experiments could investigate whether loss of p53 affects HNSCC cell viability. 

Moreover, unlike the cervical cancer studies which showed almost complete death upon 

knocking down E6/E7 (127), our work was able to induce only 50% death, while no 

recovery was seen throughout the 48-hour time point (figure 3.10). In contrast, recently 

it has been shown that knockdown of both E6 and E7 induced by a combination of 

irradiation and Cisplatin, leads to cell cycle arrest and complete cell death in HPV 

positive HNSCCs (200). This is a further indicator that HNSCCs require loss of both E6 

and E7 oncogenes. It is possible to target both oncogenes in one hit as it has been shown 

that multiple gRNA sequences can be packaged into a single CRISPR array, enabling 

multiplexed editing of mammalian genome, thus producing efficient cleavage at all loci 

(218). Multiplexed editing using two gRNAs does not impede the on-target cleavage 

(218), while the off-target effects can be minimised with the use of newly developed 

high-fidelity Cas9 variants such as Cas9-HF1 (219), evoCas9 (220) and e1.1spCas9 

(221). These engineered variants reduce nearly all off-target effects when compared to 

wild type Cas9 nuclease, even in atypical, repetitive target sites (219) (220), while 

preserving full catalytic activity. 
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4.4 Future directions 

In this study we have shown that targeting both E6 and E7 with CRISPR/Cas9 is 

able to substantially reduce cell viability in HNSCC cells. Unlike cervical carcinomas, 

HNSCCs require knockdown of both E6 and E7 oncogenes to induce cell death. It is yet 

to be elucidated why the responses to knockdown of E6 and E7 HPV oncogenes are 

different between cervical and HNSCC cells. We theorise that HNSCCs carry more 

mutations, with the oral cavity being a highly oncogenically exposed site to the external 

environment. As transfection via plasmids induced cell toxicity, we plan on creating 

lentivirus doxycycline inducible system, which would circumvent the use of plasmids. 

This system has the advantage of switching on/off the gRNA production which are 

under the control of the tetracycline-derivative repressor system. The benefits of 

lentiviral transductions include the ease of delivery, smaller size compared to plasmid 

use, ease and speed of delivery, and it circumnavigates the need for optimisation of 

delivery. A potential benefit of the inducible lentiviral system is the ability to determine 

whether these carcinomas fit the “hit-and-run” model, or whether it is the case of 

“oncogene addiction”. Another effective vector for targeting HPV oncogenes are AAVs 

used for delivering both the Cas9 and gRNAs. The prime advantage of AAVs is their 

approved used in human gene therapy and ability to grow high titers (206), and unlike 

lentiviruses and retroviruses, maintaining low risk of insertional mutagenesis (222). 

Although AAVs have a smaller packaging capacity of ~4.6kb, and are therefore 

incapable of carrying S. pyogenes Cas9 gene and gRNAs, smaller Cas9 genes such as 

Neisseria meningitidis Cas9 possess the same endonuclease activity despite their 

smaller size of ~3.2kb (223). Furthermore, in vivo delivery of CRISPR/Cas9 and gRNA 

in mouse models is another area of consideration. The benefits of in vivo studies are the 

use of inducible lentivirus systems to explore the long term effect of E6 and E7 in 

mouse models and the required time-frame for tumour eradication. Moreover, the 
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present study looked at tumour-derived two-dimensional culture systems, whereas 

animal models provide three-dimensional culture environments. An alternative to in 

vivo models are tumour organoids which can be created from patient derived samples 

and retain the ability to accurately represent the in vivo environment. These three- 

dimensional ex vivo tissue cultures replicate the tumour microenvironment and are a 

better analogue of in vivo systems, while strongly correlating between the response of 

tumour organoid and patient clinical outcome (224).  

In summary, we tested the efficacy of the CRISPR/Cas9 gene editing on HVP16 

E6 and E7 oncogenes in HNSCCs cell lines. We show that unlike cervical HPV 

carcinomas, HNSCCs require knockdown of both HPV16 oncogenes. Therefore, 

investigating the targeting of both E6 and E7 HPV oncogenes and their effect on cell 

death provides a future direction to pursue, and points to an important difference 

between cervical and HPV-positive HNSCCs. Expanding this work to include 

previously outlined delivery methods to a wider range of cell lines, as well as in vivo 

and ex vivo environments is the main future direction of this work.  
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Appendix 

 

Figure A.1. px330S-2 plasmid map. Plasmid is Streptococcus pyogenes derived, 

carrying a wild type Cas9 gene and gRNA scaffold.  
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