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ABSTRACT  

 

The discovery of the bacterial Clustered, Regularly Interspaced Short Palindromic Repeats 

(CRISPR) and associated Cas9 protein, and its ability to edit genes in mammalian cells is 

poised to revolutionise our ability to treat genetic diseases, particularly in the cancer setting 

where the driver genes are known. Indeed, CRISPR/Cas9 was shown to effectively edit any 

gene of interest with high efficiency and at low cost. However, a major challenge to treating 

cancer is the heterogeneity of the genetic alterations and the ongoing accumulation of new 

mutations that enable cancers to survive and drug resistance to emerge. With the increasing 

knowledge of cancer biology, thanks to the advances in DNA sequencing technologies, the low 

cost, and the ability to edit genes with CRISPR/Cas9 with high efficiency, it is now possible to 

develop more targeted anticancer therapeutics with promising outcomes.  

Despite the exceptional CRISPR/Cas9 gene-editing features, the early studies found several 

limitations to its potential use as a human gene therapy, such as the targeting specificity of 

CRISPR/Cas9, the in vivo delivery of the treatment with minimal systemic toxicity, the in vivo 

efficacy under immunocompetent conditions, the immunogenicity of CRISPR/Cas9 and the 

delivery vehicle when delivered systemically, and whether the introduced edits would induce 

an immune response. Particularly for cancer treatment, challenges can be broadly categorized 

into: the in vivo efficacy of CRISPR/Cas9 therapeutics, the in vivo delivery of the treatment to 

target tissue with high transfection efficiency, and the heterogeneity of genetic mutations in 

cancer, and thus targeting a known gene may not be enough to cure cancer.  

To enable the utilisation of CRISPR/Cas9 as an anticancer therapy, the above-mentioned 

challenges need to be addressed. We utilised the well-established Human Papillomavirus 

(HPV)-driven cervical cancer models due to their addiction on the expression of HPV 
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oncogenes, namely E6 and E7, for their survival and progression, and thus enabled us to assess 

the efficacy and the delivery of CRISPR/Cas9 therapies, independent of cancer heterogeneity.  

To improve the on-target specificity, we assessed the feasibility of using the highly specific 

variant of Cas9, the catalytically inactive Cas9 fused to the dimerization-dependent cutting 

domain, FokI, or FokI-dCas9, and compared its editing efficiency on target genes and the effect 

on downstream protein expression compared to the wild type (WT) Cas9. Our results proved 

that the FokI-dCas9 is ineffective as a cancer therapeutic, particularly when the target genes 

are short. We further explored the repair mechanism of the CRISPR/Cas9-mediated double-

stranded breaks (DSB) and found that the high-fidelity homology-directed repair (HDR) was 

modest, accounting for ≈ 8%, compared to the random non-homology end joining (NHEJ) 

repair, which accounted for ≈ 80% of the edited cells, with a significant inhibition of cancer 

cell proliferation. We also showed that the cell death was apoptotic, mediated by the 

reactivation of the tumour suppressor p53 protein when E6 gene was targeted, or the restoration 

of retinoblastoma protein (Rb) when E7 gene was targeted.   

To test the feasibility of the intravenous delivery of CRISPR/Cas9, we optimised a protocol to 

package the treatment in PEGylated liposomes by using the Hydration-of-Freeze-Dried-Matrix 

(HFDM) method and showed that these liposomes effectively protected the payload against 

serum nucleases. Furthermore, the intravenously administered CRISPR/Cas9 against HPV 

16E7 and HPV 18E7 oncogenes, coated in PEGylated liposomes, effectively cleared 

established cervical cancer xenografts in immunocompromised mouse models. Next, we aimed 

to explore if the in vivo efficacy would be affected by the immunogenicity of the treatment 

under immunocompetent conditions. We showed for the first time that CRISPR/Cas9 therapies 

eliminated HPV16E7-driven tumour xenografts entirely in syngeneic mice, with no significant 

inflammation or hepatic toxicity. In addition, an ideal therapeutic outcome would be the 

induction of an immunogenic cell death (ICD), such that recurrent tumours would be 

eliminated by the host immune system. Therefore, we explored the immunogenicity of cell 
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death and showed for the first time that CRISPR/Cas9-mediated cell death was not 

immunogenic.        

Overall, this research demonstrates that CRISPR/Cas9 therapeutics are very effective for the 

treatment of oncogene-addicted cancers. We showed that the PEGylated liposomes can be an 

ideal delivery vehicle for CRISPR/Cas9 therapies despite the large payloads, with no 

significant immune response or toxicity, and provided new insights into harnessing 

CRISPR/Cas9 technology as an anticancer therapeutic.  
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Chapter 1—Literature review 

1.1 Introduction 

Despite the ongoing efforts to innovate new ways to treat cancer, the current treatment options 

mainly involve radical surgery, chemotherapy and/or radiotherapy which suffer from the 

severity of side-effects, the invasiveness of the procedure, and the high risk of cancer 

recurrence [1]. The newer cancer therapeutics have the lowest clinical trial success rate of all 

major diseases, and thus cancer is expected to soon be the leading cause of mortality in the 

developed countries [2].  In a recent workshop titled “Rethinking cancer”, cancer experts 

discussed key issues with the current cancer research, and recommended the use of more 

“humanized” preclinical models that resemble tumour microenvironment, with better 

understanding of cancer genomics to allow better outcomes of drug discovery projects [2]. 

During the last decade, the commercialization of massively parallel DNA sequencing methods 

has lowered the  cost of genomic sequencing, and thus contributed to the wealth of cancer 

genomic data, allowing a better understanding of new genetic alterations and signalling 

pathways that drive cancer development [3, 4]. This new information can enable the 

development of more targeted and safer gene therapies for cancer. We have witnessed the 

clinical benefits of the targeted inhibition of the BRAF protein in advanced melanoma [5], or 

the targeting of pro-survival proteins with  BH3 mimetics—molecules that mimic BH3-only 

proteins and are capable of inducing apoptosis in cancer cells [6].  

It was an exciting time when Zhang research group showed for the first time that the RNA-

guided, prokaryotic adaptive immune system known as clustered, regularly interspaced, short 

palindromic repeats (CRISPR) and associated (Cas9) can be utilised as a programmable 

platform to generate precise insertions or deletions (indels) in eukaryotic cells [7-10]. Indeed, 

CRISPR/Cas9 was shown to be a simple and efficient tool for gene-editing. With our increasing 

knowledge of cancer biology and the characterization of new cancer drivers, and the ability to 

edit genes with CRISPR/Cas9 with high efficiency and at low cost, it is now possible to develop 
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more targeted anticancer therapeutics with promising outcomes (further discussed in section 

1.6).   

Despite the promising features of CRISPR/Cas9 systems, many challenges remain ahead of its 

translation into a gene therapy, such as the on-target specificity, the in vivo delivery of the 

system, and the potential immunogenicity of the treatment under immunocompetent 

conditions. In our work, we aimed to address key issues with CRISPR/Cas9 system by utilising 

the cervical cancer preclinical models. This cancer is unique, it is driven by the chronic 

infection of human papillomavirus (HPV), and thus it requires the continuous expression of 

viral oncogenes, E6 and E7, for survival and progression (further discussed in section 1.6) [11]. 

Because of their addiction on E6 and E7 gene expression, cervical cancer models were ideal 

for in vivo delivery and efficacy testing when these genes were targeted by CRISPR/Cas9 

(further discussed in section 1.5). This research has important implications in terms of 

evaluating the feasibility of CRISPR/Cas9 as an anticancer therapy when the driver genes are 

known, the systemic delivery and efficacy of treatment to target organs under 

immunocompromised and immunocompetent conditions and provided new insights into 

harnessing CRISPR/Cas9 technology as an anticancer therapeutic.  

1.2 Genome-editing: mechanism of action  

The interest in understanding the structure and function of CRISPR systems dates to early 

1990s when Francisco Mojica first recognised the common set of features shared by repeat 

sequences, that now known to be the hallmarks of CRISPR sequences [12]. The biochemical 

characterization of Cas-mediated cleavage was first elucidated by Syksnys and colleagues [13], 

who purified Cas9 protein and undertook a series of experiments to map Cas9-target DNA 

interaction. Almost at the same time, Doudna group reported similar findings [14].  

Several mechanically-diverse CRISPR pathways have been described, but most of them share 

RNA-guided, DNA-cleaving properties [15]. CRISPR/Cas9 system is characterised by 
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producing Cas9 protein (Cas9), which induces double-stranded breaks (DSB) at specific sites 

of the target DNA. These breaks are usually repaired by either non-homologous end-joining 

(NHEJ), often resulting in variable-length insertions or deletions (indels), or by homology-

directed repair (HDR), which results in replacing the target sequence with a more desirable one 

(figure 1.1) [10, 16]. The latter requires an exogenous repair DNA template designed by the 

user to insert the desired sequence [17]. Additionally, the cleaved DNA may be repaired via a 

less characterised and error-prone repair mechanism, named microhomology-mediated end 

joining (MMEJ). It anneals microhomologous sequences flanking broken junction to repair 

DSB, while trimming the remaining overhangs, resulting in deletions [18].   

Several cofactors are essential for CRISPR/Cas9 system to bind to a specific target site. Certain 

flanking sequence elements (protospacer adjacent motifs [PAM]) are required for the Cas9 

endonuclease to bind to its target. The PAM sequence must be immediately followed by the 

target sequence and will vary by the species of bacteria from which the Cas9 protein is derived. 

The most widely known CRISPR/Cas9 system is derived from Streptococcus pyogenes, which 

requires a PAM sequence of NGG to be located at the immediate 3’ end of the target sequence 

[19, 20].  
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Figure 1.1 Schematic depiction of genomic editing by engineered CRISPR/Cas9 system. 

(adopted from Addgene, 2015) 

In addition, guide RNAs (gRNAs) are also needed for the Cas9 nuclease to successfully bind 

and cleave the target sequence. These gRNAs are made of CRISPR RNA (crRNA), which 

binds to the target sequence, and trans-activating crRNA (tracrRNA), which is essentially 

important for the recognition and engagement of Cas9 [21]. These RNAs are usually fused into 

one single-guide RNA (sgRNA) via an inserted loop (Figure 1.2). In order to target a certain 

sequence of DNA with high specificity, the crRNA should have at least 17-24 base pairs of the 

target sequence at the 5’ end of the gRNA [22]. This is essential to minimise the chance of off-

target binding. Any target sequence of less than 17 base-pairs increases the statistical chance 

of targeting multiple genomic loci [19]. Another basic consideration is the GC content of the 

target sequence. It is recommended that the GC content should be in the range of 20-80% [23]. 

A higher GC content stabilises the DNA-gRNA duplex formation and minimises the chance of 

a mismatch binding [23].  

Image removed
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Figure 1.2 Depiction of genome-editing by CRISPR/Cas9 (adopted from Sontheimer et al 

2015). (A) The schematic illustration of the guide-RNA. The crRNA consists of the spacer 

(black) and repeat (red) segments. While the tracrRNA is composed of the anti-repeat (green), 

nexus (orange) and hairpins (purple). These RNAs are fused by an inserted loop (blue). (B) 

Step-wise illustration of genome-editing. After generating DSB, it is usually repaired by either 

error-prone NHEJ which results in indels with the potential of disturbing the reading frame of 

the protein-coding genes, or by HDR repair in the presence of a user-programmed repair 

template. The latter can result in precise and user-defined indels such as gene replacement, 

insertion of reporter tags, mutation corrections and other forms of edits [24] 

Image removed
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1.3 CRISPR/Cas9 is a unique genome-editing tool 

Before the characterization of CRISPR/Cas systems, several genome-editing tools were 

available and widely used, such as Zinc-finger nucleases (ZFN) and transcription activator-like 

endonucleases (TALEN), which were perceived as potential tools to enable user-defined 

targetable genome-editing [25].  Although these tools were used, and significant advances were 

made on both fronts, there were several challenges that limited their application in biomedical 

research. Firstly, TALENs were relatively large in size, making the delivery of such systems 

challenging [26]. The most utilised delivery option is viral vectors, particularly adeno-

associated viral vectors. The relatively small packaging capacity of this vector also poses a 

major challenge for delivering TALEN-based genome-editing system to target cell types [26]. 

Similarly, the success of ZFN delivery has proven unpredictable and largely cell-type 

dependent, and thus posed a challenge to harnessing this technology in cancer research 

(reviewed in [27]).  In contrast, the CRISPR/Cas9 system is relatively small and thus can be 

delivered to target sites with more success [26]. Moreover, unlike ZFN and TALEN, 

CRISPR/Cas9 can be multiplexed by including multiple gRNAs. Previous studies showed that 

the CRISPR/Cas9 system allowed the simultaneous disruption of five genes in mouse 

embryonic stem cells by one-step co-injection of sgRNAs targeting different genes [28]. This 

can significantly accelerate the study of multiple redundant genes and gene interactions.   

Another challenge is the difficulty of manufacturing  ZFN and TALEN systems [29]. These 

tools require the design, expression and validation of entirely new pairs of polypeptides for 

every new target sequence [24]. On the other hand, the CRISPR/Cas9 system has the invariant 

Cas9 protein, which serves as the hardware while the crRNA can be programmed. The crRNA 

portion of the gRNA is swappable, which makes the production of CRISPR/Cas9 system 

significantly cheaper.  The simplicity, efficacy, flexibility, and economy of CRISPR/Cas9 

system has rendered it as the most favoured and user-definable genome-editing system [24].   
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1.4 Challenges to CRISPR/Cas9 application  

Although CRISPR/Cas9 mediated gene-editing represents a highly efficient and robust tool, 

several challenges may hinder its application as a novel therapeutic. Challenges to cancer gene 

therapies generally fall into three categories: the efficiency of the treatment to knockout the 

target gene, the efficiency of the delivery vehicle to deliver the treatment to target organs, and 

our understanding of the role of the target gene and its importance for cancer cell survival.  

Here we discuss these challenges highlighting the efforts to minimise their impact on the 

applicability of this system.    

1.4.1 In vivo delivery of CRISPR/Cas9 

The CRISPR/Cas9 system has been utilised as an effective gene-editing tool on a variety of 

cell lines, but the in vivo delivery of this system remains challenging [30].  If the CRISPR/Cas9 

system is to be utilised as a gene therapy, an effective delivery system must be developed. 

Several methods have been tested to deliver CRISPR/Cas9 therapeutics both in vitro and in 

vivo. In cell lines, electroporation, nucleofection, and lipofectamine based cell transfections 

have been widely used to deliver CRISPR/Cas9 and gRNA encoding plasmids into the nucleus 

through cell membranes [31, 32]. These methods have proven effective in vitro setting for its 

simplicity of application and enhanced gene expression [33]. However, this is not the case with 

in vivo delivery due to the size, charge, and the instability of these molecules [34].   

Several methods were developed to enable the in vivo delivery of the CRISPR/Cas9 system 

with their own advantages and disadvantages (Table 1.1). One method involved the 

hydrodynamic injection of CRISPR/Cas9 which could deliver the large transgene size of Cas9 

into liver cells in mice [35]. This method also resulted in a significant damage to the liver and 

disruption of the normal cardiovascular function in mice [35]. Several retroviral-based vectors 

were developed to overcome this barrier. However, these vectors suffered from several 

limitations owing to their oncogenic nature, such as the inability to transfect non-dividing cells, 

their oncogenic potential, the transient suppression of gene expression, and the low titres [36]. 
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Indeed, these limitations have been overcome by the use of other types of viral carriers such as 

adeno-associated viral vectors (AAV), which offered several advantages, such as the ability to 

infect both dividing and non-dividing cells, the lack of cell mediated immune response against 

these vectors, and the inability to replicate in the host cells [37]. Despite these advantages, 

AAV carriers are also limited by their packaging capacity, being 4.7 kbp, which is not sufficient 

for larger enzymes such as the commonly used Cas9 nuclease gene derived from Streptococcus 

pyogenes, which is > 4 kbp in length [9].   

More recently, the development of a wide range of nano-/microcarriers appears to be more 

promising to deliver CRISPR/Cas9 therapies. Recent studies described the use of polymers 

[38], lipids [39] or nanoparticles [40] to enhance the in vivo uptake of siRNA into target 

locations. Given their low immunogenicity and ability to deliver larger genetic payloads, these 

non-viral vectors offer a fertile ground which may enable in vivo delivery of large enzymes, 

such as the CRISPR/Cas9 system. In addition, the lack of endogenous viral recombination has 

rendered these carriers safer, with lower risk of short-term or long-term side-effects [41].  

Lipid-based gene delivery represents one of the earliest strategies and most common methods 

of delivering nucleic acids in cells. Whether it is through encapsulation or complexing; these 

cationic lipid carriers have positively-charged lipid head groups to interact with the negatively-

charged phosphate backbone of the nucleic acids [42]. The cellular uptake of these lipid 

particles is thought to be mediated by certain mechanisms, such as endocytosis and 

micropinocytosis [43]. The most commonly used lipid particles involve the liposomes and solid 

lipid nanoparticles. Liposomes are a colloidal system which are composed of an aqueous core, 

entrapped by a single or multiple bilayer of natural or synthetic lipids. Due to their 

biocompatible and biodegradable nature, they have been extensively studied in preclinical and 

clinical  trials in different fields [44]. Since the early mention of liposomes in 1980s [45], 

several formulations and liposomes’ characteristics were utilised to optimise site-specific 

delivery of different new treatment modalities [44]. For example, when intravenously 
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administered, liposomes are recognised and bound by the mononuclear phagocytes system 

(MPS), which results in their removal from blood circulation [46]. This interaction has been 

taken advantage of to efficiently deliver antiparasitic and antimalarial drugs against infections 

confined to this system [47]. However, when the target site is beyond the MPS, the systematic 

recognition of liposomes by the macrophages and subsequent clearance from the circulation 

have become the main hindrance against their use as a delivery vehicle [44]. 

To reduce their interaction with MPS, cationic liposomes were further modified by adding a 

shielding layer of poly-ethylene-glycol (PEG) component, which was reported to significantly 

increase systemic stability [48, 49]. PEG is a linear polyether diol characterised by several 

properties, such as biocompatibility, solubility in aqueous media, non-toxicity, low 

immunogenicity [50], and high excretion kinetic profile [51]. The PEG polymers are anchored 

in the liposomal membrane through a cross-linked lipid (hence it is called stealth liposomes). 

Indeed, PEGylation of lipoplexes greatly reduced the systemic toxicity and haemolysis because 

of the positively-charged DOTAP, which causes leaching of haemoglobin due to pore 

formation in the erythrocyte membrane [52].  PEG-coated liposomes have been widely used in 

the drug delivery to increase the solubility and half-life, and to decrease drug clearance, 

toxicity, and immunogenicity [53]. Various methods for formulating PEGylated liposomes 

have been reported to date. However, we previously reported on the development of a simple, 

yet efficient, Hydration-of-Freeze-Dried-Matrix (HFDM) method to package small interfering 

RNA (siRNA) for in vivo delivery with success [54]. Our method of liposomes preparation 

showed high stability of cargo for up to 12 months of storage with no significant difference in 

efficacy of gene silencing compared to freshly prepared particles [55].  
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Table 1.1 The description of various methods for in vivo delivery of CRISPR/Cas9 

Delivery method Description Advantage Disadvantage 

Viral delivery systems 

Lentiviral delivery [56] Replication-incompetent enveloped 

retrovirus with two copies of 

approximately 10kb single-stranded, 

positive-sense RNA genome 

Its ability to transduce both 

dividing and non-dividing cells. 

Large packaging capacity (around 

10 kb) 

Transient suppression of gene 

expression, their oncogenic potential, 

low titres, and owing to its 

integration, it may result in a 

sustained expression of Cas9 protein 

and potential increase in off-target 

effects.  

Adenovirus [57] Non-enveloped dsDNA High transfection efficiency Inflammatory response, immune 

clearance of edited cells  

Adeno-associated viral 

vectors [42] 

Non-enveloped parvovirus with a 

small, single-stranded DNA genome 

of 4.7 kb.  

Ability to transduce both dividing 

and non-dividing cells, non-

pathogenicity, low levels of 

immune stimulation against these 

vectors, and their non-integrating 

nature.  

Small packaging capacity (around 4.7 

kb).  

Non-viral delivery systems 

Microinjection [25, 58] Needle injection of CRISPR/Cas9 Guaranteed delivery of cargo to 

target cells 

Time-consuming, labour-intensive 

Electroporation [59] The formation of aqueous pores in the 

lipid bilayer of cell membrane by the 

application of electrical current to 

cells to facilitate the delivery of DNA, 

RNA or proteins.  

No limitation of DNA size. The 

possibility of introducing multiple 

types of DNA constructs to the 

same cell at the same time.  

Potential cell death due to electrical 

impulse, and the nonspecific transport 

of molecules into and out of the cell.  
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Hydrodynamic injection 

[60] 

This method uses high pressure to 

inject large volumes of DNA-

containing solution to the target 

organs.  

Highly efficient gene transfer and 

DNA delivery. More suitable for 

the rapid generation of mouse 

models.  

Not suitable for in vivo human gene 

delivery because of the invasiveness 

of the procedure and the requirement 

for large injection volume, which is 

beyond the acceptable level in 

humans.  

Lipid particles [61] Liposomes are a colloidal system 

which is composed of an aqueous 

core, entrapped by a single or multiple 

bi-layers of natural or synthetic lipids.  

Low immunogenicity, larger 

genetic payloads, safer than viral 

delivery systems, easily 

biocompatible and biodegradable.  

Low transfection efficiencies, and 

systemic recognition and subsequent 

elimination by macrophages.   

Stealth liposomes [61, 

62] 

Cationic liposomes which were 

modified by adding a shielding layer 

of poly-ethylene-glycol (PEG), 

anchored in the liposomal membrane 

by a cross-linked lipid.  

Like the advantages of 

conventional liposomes. The 

PEGylation of lipoplexes greatly 

reduced the systemic toxicity and 

clearance, drug solubility and half-

life, and reduced immunogenicity.  

The interaction between plasma 

proteins and the surface layer of 

stealth liposomes destabilizes the 

PEG polymers. The incomplete 

shielding of the surface leaves some 

parts vulnerable to opsonization.   

Cell-penetrating 

peptides [63]  

Short amino acids  Virus-free 

Can deliver Cas9 protein  

Variable transfection efficiency  

DNA nanoclew [30] DNA spheroids  Virus-free Template DNA needs to be modified  

Gold 

nanoparticles [64] 

Cationic arginine-coated AuNP Membrane-fusion like delivery  Induced a non-specific immune 

response 
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1.4.2 In vivo testing under immunocompetent conditions   

One major concern regarding CRISPR/Cas9 therapeutics is the need for introducing foreign 

DNA/protein into the cell to achieve gene-editing, and thus the potential of in vivo 

immunogenicity should be carefully assessed.  Since the early studies of CRISPR/Cas9 

administration, reports of an immune response against CRISPR/Cas9 administration have 

surfaced [65]. In principle, the risk of inducing a host immune response can result from the 

delivery vehicle itself, CRISPR/Cas9 components, or the expression of the edited genes which 

could be immunologically foreign [65]. The viral delivery of CRISPR/Cas9 was shown to elicit 

undesirable immune responses with rapid decay in Cas9 expression, with no therapeutic effect 

[30]. When in vivo editing is required, an immune response to Cas9, a protein of microbial 

origin, may abolish the efficacy of the treatment [66]. The presence of anti-Cas9 antibodies 

could simply mean the host was previously exposed to intracellular Cas9 from previous 

bacterial infections, as shown by a recent study that reports at least 80% of healthy individuals 

have antibodies to various bacterial antigens, including Cas9 [67, 68]. This can be problematic 

as these antibodies can mediate a cellular immune response, particularly CD8+ cytotoxic T 

lymphocytes, which may clear the edited cells, rendering in vivo gene-editing useless [69]. 

However, one study reported that the anti-Cas9 T cells induced by CRISPR/Cas9 following 

AVV delivery were immature and incapable of killing, and thus did not affect editing outcome 

[70].  Therefore, it is paramount to carefully assess inflammation/immune response as 

CRISPR/Cas9 therapeutics advance toward the clinic, and whether such a response could 

abolish in vivo treatment efficacy.  

On a separate note, low immunogenicity is a well-documented strategy through which cancer 

cells escape from being intercepted by host immunosurveillance [71]. However, certain 
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therapeutic agents were shown to elicit anticancer immunity by accentuating the 

immunogenicity of dying cancer cells [72]. In other words, these therapies were able to 

vaccinate the host against cancer, a phenomenon called immunogenic cell death (ICD) [73]. 

ICD was shown to be elicited by the oxidative stress of endoplasmic reticulum (ER), resulting 

in the emission of danger signals, or damage-associated molecular patterns (DAMPs), which 

act as “find-me” signals [74]. By consensus, ICD is ideally associated with ATP secretion from 

dying cells, the passive release of high-mobility group box-1 (HMGB-1) protein, and the 

surface exposure of calreticulin (CALR). However, the in vivo screening of therapeutic 

molecules in immunocompetent animal models remains the gold-standard for ICD assessment 

[73]. This can be helpful when cancer recurrence rate is high, and thus such therapies can help 

to prevent future relapse. This is relevant to HPV-driven cancers, as they require the chronic 

and persistent HPV infection for cancer to develop [75].                     

1.4.3 Targeting specificity 

Previous studies revealed that not every nucleotide in the gRNA needed to bind to the target 

sequence, suggesting the possibility of off-target binding [76, 77]. This can be concerning when 

the off-target effects may generate unwanted mutations or result in loss of function. Several 

factors were reported that can potentially affect the Cas9/gRNA specificity. These factors can 

be broadly divided into three categories as shown in figure 1.3: pre-binding, binding and 

cleavage related factors [77]. Firstly, modifications of the length of the crRNA spacer and/or 

gRNA scaffold segments of the sgRNA can affect the binding specificity. In addition, the 

modifications to the Cas9 protein, such as mutating its domains (dCas9), or inducing certain 

mutations that alter its function (Nickase), and the use of other Cas9 species (FokI nucleases), 

can largely influence the binding specificity. At the DNA level and beyond the PAM 

requirement for binding, factors, such as the closed chromatin accessibility and methylated 

DNA, can reduce the specificity of Cas9/gRNA binding. On the other hand, the abundance of 
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Cas9/gRNA complexes and the target sequences in the genome significantly affects binding 

specificity. Thirdly, after the Cas9/gRNA complex binds to a target site, the percentage of 

mismatch base-pairing influences the targeting efficiency. If the complementarity is not 

extensive and the mismatch rate is high, it may not be effectively cleaved [77].  

Figure 1.3 Factors influencing the CRISPR Cas9/gRNA binding specificity to target 

loci (adopted from Wu et al 2014) [77]. 

Several approaches were suggested to reduce the likelihood of off-target binding [78]. These 

strategies are largely based on modifying the above-mentioned factors:  

a. Target sequence length

Hypothetically, if the length of gRNA/target sequence base-pairing increases, the possibility 

of off-target binding should subsequently be decreased. However, Ran et al demonstrated that 

by increasing the guide region to 30 nucleotides (instead of 20), by extending the 5’ end, 

binding specificity did not improve as compared to the conventional 20-nucleotides sgRNA 

[31]. In contrast, it was reported that if the length of the crRNA spacer is truncated to less than 

20 nucleotides, the off-target events were decreased by up to 5000-fold without sacrificing the 

efficiency of on-target editing [7]. As a result, truncating the complementary region of the 

Image removed
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gRNA was recommended as a strategy to reduce off-target binding. This was justified by the 

fact that lengthening the 5’end of the complementary region may reduce the on-target 

efficiency [25, 79], as some of those longer gRNAs are thought to be processed back to the 

normal (20 nt) length in human cells [31]. In addition, the PAM-distal nucleotides do not appear 

to be essential for effective on-target editing and binding specificity. Jinek et al demonstrated 

that mismatches in the first 7 nucleotides at the PAM-distal region of complementary gRNA 

are well-tolerated and do not affect cleavage in vitro [76]. On the other hand, the PAM-

proximal region seems very important in terms of directing Cas9-cutting activity. Further 

studies showed that mismatches within the first 10-12 base-pairs of the PAM-proximal region 

can result in complete abolishment of target cleavage [10].          

b. FokI-dCas9 dimerization  

FokIs are non-specific cleavage domains, which are dimerization-dependent. When fused with 

the amino-terminus of catalytically inactive Cas9 protein (dCas9), it was demonstrated that the 

dimerization-dependent RNA-guided FokI-dCas9 nucleases (RFNs) only cut when two gRNAs 

bind nearby regions with a specific spacing and orientation (figure 1.4) [19]. Unlike paired 

nicking, monomer FokI-dCas9 nucleases do not cleave DNA [80]. One study reported that 

FokI-dCas9 nucleases are at least four times more specific as compared to double nicking, and 

140-fold as compared to the wild-type Cas9 [81]. Similar to paired nicking, this strategy also 

requires two PAM sites facing onward away from an intervening spacer sequence, with defined 

spacing and orientation to enable the dimerization process of FokI domains and subsequent 

cleavage of DNA of the spacer region [19]. 

 



16 

Figure 1.4 Schematic anatomy of dimeric FokI-dCas9 binding to DNA (adopted from 

Wyvekens et al 2015) [19] 

Apparently, increasing the sophistication of the targeting process yields higher specificity of 

targeting and decreases the odds of off-target events. A more advanced targeting strategy 

tested the combination of truncated gRNAs (tru-gRNAs) with the dimeric FokI-dCas9 system 

to further improve the specificity of binding.  The application of these tru-RFNs demonstrated 

a comparable mutagenic activity to the full-length RNA-guided RFNs, with significantly less 

undesirable off-target events [19].  

c. Delivery of transcribed Cas9 mRNA or translated Cas9 protein

The direct delivery of the transcribed Cas9 mRNA or the translated Cas9 protein was associated 

with reduced off-target events in vitro [31, 82]. Because the delivery of expressed Cas9 protein 

is associated with rapid depletion of the enzyme after transfection, this was believed to reduce 

the possibility of the off-target binding of Cas9 to the genome. In addition, as the expression 

of Cas9 endonucleases will not rely on the nuclear entry of the plasmid and its integration into 

the host genome, the delivery of the expressed Cas9/gRNA complexes should hypothetically 

result in more efficient gene-editing. To test these hypotheses, researchers at Thermo Fisher 

Scientific assessed the efficiency of editing and the percentage of off-target events when 

CRISPR/Cas9 system is delivered either as a plasmid-expressing Cas9/gRNA or expressed 

Cas9 protein/gRNA ribonucleoprotein complexes. Compared with standard plasmid DNA 

Image removed
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transfection, the results showed that the rate of off-target events was significantly reduced from 

two to 28 fold depending on the cell line, while the editing efficiency modestly improved as 

well [82]. Similarly, Kim et al (2014) showed that the delivery of recombinant Cas9 

protein/sgRNA significantly improved targeting specificity, by reducing off-target events at 

sites that differ by one to two nucleotides from on-target sites [31]. Improving on-target 

specificity and knock-in editing efficiency were further discussed in section 1.6.  

1.5 Cervical cancer- an ideal model for in vivo CRISPR/Cas9 testing   

Curing cancer is challenging because of the diversity of its microenvironment and the 

heterogeneity of genetic alterations involved in its development [2]. Rarely, a single oncogene 

is known to cause cancer. One exception is the cervical cancer, which is caused by chronic 

HPV infection, particularly type 16 and 18 [83]. The HPV integrates key viral oncogenes, 

namely E6 and E7, into the host genome which initiate and sustain tumour growth and 

progression (discussed in more details in the next section) [83]. Previous studies found that 

targeting either HPV E6 or E7 oncogenes with small interfering RNAs (siRNAs) or 

CRISPR/Cas9 was sufficient to cause cancer cell death via apoptosis or senescence (reviewed 

in [84]). For this reason, cervical cancer cell lines and animal models were extensively 

researched in the hope of designing more targeted therapies for cervical cancer.   

In view of the complexity of cancer biology and little is known about the implications of 

CRISPR/Cas9 system as a gene therapy in humans, it is sensible to take the advantage of 

cervical cancer preclinical models to examine if the targeting of HPV E6 and E7 genes with 

CRISPR/Cas9 would achieve the desired outcome. Shall CRISPR/Cas9 therapeutics work with 

HPV-driven cancers, this will open the door for employing this system to improve and treat 

other oncogene-addicted cancers.  
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In addition, cervical cancer is a leading cause of death among women globally, particularly in 

the developing world [85]. Although cervical cancer is set to be eliminated from Australia in 

the next twenty years, thanks to the introduction of HPV vaccination program, however, these 

vaccines are prophylactic and have no therapeutic effect as demonstrated by phase II/III clinical 

trials [86]. Therefore, if all HPV-naïve women were vaccinated today, this will not affect the 

mortality rate from the disease for at least 25 years, the time it takes for HPV infection to 

develop cancer. Therefore, testing CRISPR/Cas9 therapeutics targeting HPV-driven cancers 

can help to develop safer and more effective alternative therapies for cervical cancer treatment.     

1.6 The therapeutic potential of CRISPR/Cas9 systems in oncogene-addicted cancer 

types: Virally-driven cancers as a model system.  

In this published review, we discuss the concept of oncogene-addiction as the basis for the 

design of targeted anticancer therapies and review the implications of such therapies. The 

cervical and other virally-driven cancers are discussed in detail with the focus on key 

mechanisms that initiate and sustain cancer development. We review the current literature on 

the application of CRISPR/Cas9 in the context of cervical and virally-driven cancers and 

address key challenges ahead of its bench-to-bedside translation. Finally, we shed the light on 

lessons from previous targeted therapies and propose strategies to mitigate potential resistance 

to CRISPR/Cas9 therapeutics.  
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1.7 Research Aims 

As previously discussed, despite the great advantages of CRISPR/Cas9 and its potential as a 

gene therapy, key issues need to be addressed before it is suitable for clinical applications. The 

on-target specificity, the in vivo delivery of the large payload of CRISPR/Cas9 components, 

the in vivo efficacy, and the possible immunogenicity of CRISPR/Cas9 and the delivery vehicle 

under immunocompetent conditions were among the issues that we addressed in this work. 

Therefore, we developed a step-wise process to optimise a systemic delivery method for 

CRISPR/Cas9 and utilised the well-established cervical cancer models for further in vivo 

efficacy testing.     

To further improve the on-target specificity, chapter 2 of this thesis aimed to explore the 

feasibility of designing gRNAs to target E6/7 oncogenes of HPV 16 and 18 with two 

CRISPR/Cas9 systems, WT Cas9 and the highly specific Cas9 variant, FokI-dCas9. As 

discussed in section 1.4.3, although very specific, the design criteria for a functional FokI-

dCas9 is stringent and given the short length of both E6 and E7 genes, the feasibility of using 

this variant in HPV-driven cancers was explored. We also aimed to optimise and test the 

feasibility of packaging the CRISPR/Cas9 components in PEGylated liposomes using the 

Hydration-of-Freeze-Dried-Matrix (HFDM) method, which we previously utilised for in vivo 

siRNA delivery with success [54, 87].  

Once designed successfully and packaged in liposomes, chapter 3 of this thesis aimed to 

explore the in vitro efficacy of targeting E6/7 genes of HPV 16 and 18 driven cervical cancer 

cell lines and establish the effect of treatment on cell viability and downstream proteins 

expression, the key regulators of tumour survival. We also aimed to compare the efficacy of 

targeting HPV oncogenes with FokI-dCas9 and WT Cas9 systems. Next, the delivery of 

CRISPR/Cas9 components coated with PEGylated liposomes was first assessed in an 
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immunocompromised mouse model. We aimed to explore the in vivo efficacy of HPV 16E7 

and 18E7 genes knockout on tumour growth under immunocompromised conditions.  

Chapter 4 described, for the first time, the in vivo efficacy and the immunogenicity of 

CRISPR/Cas9 therapeutics coated in PEGylated liposomes in an immunocompetent mouse 

model. We aimed to assess how the in vivo efficacy of targeting HPV 16E7 would be affected 

in syngeneic mice compared to immunocompromised mouse models as described in chapter 3. 

Another issue we explored was the immunogenicity and toxicity of CRISPR/Cas9 and 

liposomes when administered intravenously. Finally, we aimed to explore the mechanism of 

tumour cell death after HPV 16E7 gene knockout, and further investigated if cell death was 

immunogenic.     
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Chapter 2—The Design and Optimization of CRISPR/Cas9 against HPV 

Oncogenes 

2.1 Introduction 

As discussed in chapter 1, the CRISPR/Cas9 technology can be harnessed to treat diseases, 

particularly if the driver genetic alteration or mutation is known. While hope is still high, 

however, key challenges should be addressed to enable its clinical application. The off-target 

effect of CRISPR/Cas9, for example, can hamper such a possibility by introducing unwanted 

mutations or disrupting the function of other key genes. The systemic delivery of CRISPR/Cas9 

therapeutics continues to be a challenge despite the ongoing efforts to improve the in vivo 

transfection efficiency and reduce systemic toxicity [64]. Many research groups continue to 

work on solving these issues, with few reported encouraging results on the targeting specificity 

by engineering Cas9 variants with improved on-target specificity profile [88]. As previously 

discussed, the FokI-dCas9, with inactive Cas9 that binds target sites without the ability to cut 

DNA, fused to a dimerization-dependent FokI cutting domain, was shown to improve on-target 

specificity by over 140-fold compared to the wild type (WT) Cas9 [89]. The latter study also 

reported the stringent spatial requirements of FokI-mediated cleavage: gRNAs need to bind 

either 14 or 25 bp apart (spacer distance) for dimerization and subsequent DNA cutting to 

occur, with PAM sites facing away from the cutting site [89]. In view of the short length of 

HPV E6 and E7 genes, it might pose a challenge to select candidate gRNAs with good editing 

efficiency and meet the criteria for an effective FokI-dCas9-mediated cleavage. In this chapter, 

we aimed to test the feasibility of utilising this tool to target HPV E6 and E7 genes. If feasible, 

it can be harnessed to design highly specific and relatively safer gene therapies against HPV-

driven cancers.    

In addition, the systemic delivery of CRISPR/Cas9 remains a challenge. We previously showed 

that packaging siRNAs in PEGylated liposomes by utilising the HFDM method was an 
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effective strategy to deliver cargo to target organs with good effect and minimal systemic 

toxicity [87]. As previously explained, stealth liposomes are characterised by low 

immunogenicity and the capacity to deliver large payloads. However, the characteristics of 

liposomes, such as the size, charge, polydispersity, homogeneity, and the lipid to DNA (N/P) 

ratio are among the major determinants of efficient systemic delivery [90]. siRNAs are small 

(20-30 bases) compared to plasmid DNA expressing CRISPR/Cas9 components (averaging 8 

to 10 kbp). Therefore, packaging these plasmids may not be as successful as siRNAs, and 

therefore may require further optimisation and quality assessment. Therefore, this study aimed 

to optimise a method to package CRISPR/Cas9 expressing plasmids in stealth liposomes and 

define their characteristics for further in vivo testing.          

2.2 Methods 

2.2.1 Plasmids, target selection and cloning strategy 

WT Cas9 expressing plasmid, px330S-2, and FokI-dCas9 expressing plasmid were purchased 

from Addgene (#58778 and #52970, respectively). Generic gRNA expressing plasmid 

(pcDNA.H1sgRNA) was kindly provided by Kevin Morris Laboratory [91]. To select target 

sites within E6 and E7 genes of HPV 16 and 18, in silico models were employed to predict 

editing efficiency and off-target effect. CRISPRDirect tool was used to select a pair of gRNAs 

against each gene [92]. The results were cross-referenced with other gRNA selection tools such 

as CRISPR CHOP [93].  As previously explained, the orientation and spacing between each 

pair of gRNAs were either 14 or 25 base pairs with PAM sites facing outward (Figure 3.1A). 

To clone these target sequences into pcDNA.H1sgRNA plasmid, we followed a cloning 

strategy as illustrated in Figure 2.1. This plasmid is unique, the cloning region has AgeI 

restriction enzyme, and therefore if cloning occurs, this site would be lost. Also, digesting the 

plasmid with BsmBI enzyme would linearize the plasmid with non-compatible sticky ends, 

which greatly reduces the probability of re-ligation. Therefore, we designed oligos with 
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overhangs compatible to the plasmid (5’ GATCC+ target sequence for the sense strand, and G 

+ complementary target sequence + CAAA’5 for the antisense strand). These oligos were

annealed by heating to 95 ºC and then allowed to anneal for two hours. One µg of 

pcDNA.H1sgRNA plasmid was digested with BsmBI and then electrophoresed on 1% agarose 

gel (for 1 hour, 100V). The digested plasmid was visualised under UV light and the band was 

cut. Gel extraction method was done to purify the linear plasmid by using Gel Extraction Kit 

according to manufacturer’s protocol (QIAquick Gel Extraction Kit, QIAGEN). The purified 

DNA was then treated with Antarctic Phosphatase to dephosphorylate the sticky ends and 

minimise any chance of re-ligation (Antarctic Phosphatase, New England Biolabs, #M0289S). 

The annealed oligos were treated with T4 Polynucleotide Kinase (PNK) to phosphorylate the 

ends of the insert, and thus the only possible ligation would be through the integration of the 

insert into the vector. Fifty ng of the purified and dephosphorylated vector was ligated to the 

phosphorylated inserts at 1:6 ratio (vector to insert) according to the manufacturer’s 

instructions (T4 DNA ligase, New England Biolabs, M0202S).  

Once ligated, 10 ng of the ligation mixture was transformed into DH5α competent E. Coli 

according to the manufacturer’s instructions (New England Biolabs, C29871). Next, the 

transformants were spread on agar plate with 100 µg/mL of ampicillin for selection and 

incubated overnight at 37 ºC. To screen for true transformants, colony PCR was undertaken. 

Primers were designed to specifically bind to the insertion site of the target sequence, and 

therefore should amplify the DNA template if the target sequence was successfully cloned into 

the plasmid (Supplementary tables, S1). Colonies were grown into 5 mL of Luria Broth (LB) 

medium with ampicillin for 16 hours, then 100 µL of the media was boiled at 95 ºC for 5 

minutes to allow for the breakdown of bacteria and the release of plasmid into the media. The 

samples were centrifuged at 5000 RPM for 3 minutes and 10 µL of the supernatant was used 

as a DNA template for PCR reaction. Once confirmed by PCR, these colonies were further 
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expanded into 250 mL of LB media with antibiotics and purified by maxiprep (Endofree 

Plasmid Maxi Kit, QIAGEN, #12362). To further confirm cloning, one µg of the purified 

plasmid was digested by AgeI according to the manufacturer’s protocol (New England Biolabs, 

#R0552S). After digestion, the samples were electrophoresed on 1% agarose gel.  

Figure 2.1 The cloning strategy and screening for true transformant for pcDNA.H1sgRNA plasmid. 
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2.2.2 Cell culture and transfection 

HeLa (HPV 18 positive), CasKi (HPV 16 positive), C33A (HPV negative) were purchased 

from the American Type Culture Collection. Cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Invitrogen) supplemented with 10% heat-inactivated foetal bovine 

serum (Sigma), and 1% antibiotic mixture of penicillin G, streptomycin sulfate and L-

Glutamine (Gibco-Invitrogen). The seeding density for each cell line was optimised according 

to a published method [94]. The cells were transfected at 70% confluency in 24-well plate. 

Lipofectamine 3000 reagent (Thermo Fisher Scientific) was used according to the 

manufacturer’s instructions. Two different Lipofectamine concentrations were tested, and the 

optimal concentration was decided according to the transfection efficiency and toxicity 

assessment.  

The transfection of CRISPR/Cas9 expressing plasmids was optimised by testing various 

concentrations of plasmid DNA and assessing its effect on cell viability (ranging from 150 ng 

to 900 ng per well, 24-well plate). To optimise the time required to demonstrate treatment 

effect, CasKi cells were transfected with 600 ng of total plasmid DNA (300 ng of Cas9 

expressing plasmid, 300 ng of gRNAs expressing plasmids, molar ratio of 1:2 for Cas9 to 

gRNA, respectively). The cell viability was assessed after 48, 60, or 72 hours after transfection.

  

2.2.3 Cell viability assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium 

reduction assay was employed to assess the effect of the treatment on cell proliferation. CasKi 

cells were seeded at 15,000 cells per well, in a 24-well plate. After 24 hours and when cells 

confluency was around 70%, cells were transfected with plasmid DNA expressing 

CRISPR/Cas9 components. Each experiment involved the following control groups: untreated, 

lipofectamine, gRNA against HPV 16E7, WT Cas9, WT Cas9+ control gRNA (nonspecific), 
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and Cas9+ 16E7 targeting gRNA. The second experiment involved the same control groups 

except WT Cas9 was replaced with FokI-dCas9. All cells were treated in triplicates. Three days 

after transfection, 50 μL of MTT (12 mM) was added to a fresh 450 μL of DMEM per well, 

and the cells were incubated at 37 °C for four hours. The development of the blue formazan 

because of the MTT metabolism by viable cells was quantified by measuring its optical density 

at a wavelength of 544 nm. All values were expressed as a percentage relative to the viability 

of the untreated group.  

2.2.4 Western blotting  

To ascertain the efficient transfection and the intracellular processing of plasmid DNA, the 

total Cas9 expression level was quantified by western blot. CasKi cells were seeded in a 24-

well plate and transfected with various concentrations of Cas9 expressing plasmid, px330S-2, 

ranging from 150 ng to 600 ng per well. At 60 hours after transfection, cells were treated with 

MG132 (20 μM) for 12 hours to prevent protein degradation. Cells were harvested 72 hours 

after transfection then lysed with RIPA buffer and Halt protease inhibitor. The samples were 

run using 12% SDS-PAGE gel for 3 hours (at 120 V, 4°C). The proteins were transferred into 

a nitrocellulose membrane, then blocked with 5% skim milk in Tris-buffered Saline-Tween 

(TBST) 20 for one hour with agitation. After washing, the membrane was probed with primary 

anti-Cas9 mouse monoclonal antibody (at 1:1000 dilution) overnight with agitation at 4°C (Cell 

Signaling, #14697). After washing with TBST, the membrane was incubated with anti-mouse 

secondary antibody (at 1:5000 dilution) for one hour with agitation at room temperature. 

Imaging solution was used to develop the film. Primary α-tubulin antibody was used as a 

loading control. 
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2.2.5 Liposomes preparation  

The Hydration-of-Freeze-Dried-Matrix (HFDM) method was used to prepare stealth liposomes 

as we previously reported [54]. Briefly, the required amounts of DOTAP, Cholesterol, DOPE, 

C16 PEG2000 Ceramide were dissolved in 1 mL of tert-butanol. Various concentrations of 

plasmid DNA (ranging from 10 µg to 40 µg) were added into 0.5 mL of filtered sucrose solution 

(55.5 mg/mL) and mixed well. The DNA in sucrose solution was added into 0.5 mL of lipid 

mixture with a molar ratio of 50:35:5:10 for DOTAP, Cholesterol, DOPE, PEG, respectively. 

The final mixture was snap-frozen and freeze-dried at a temperature of - 80ºC and pressure of 

less than 0.1 mbar for two days (Alpha 1-2 LDplus, Martin Christ, Germany). After freeze-

drying, the lyophilized product was stored at 4ºC. If the treatment is to be used, the lyophilized 

product was rehydrated with 300 µL of sterile DEPC water and allowed to rest for at least two 

hours prior to use or analysis.       

2.2.6 Liposomes quality assessment 

To test the characteristics of liposomes, five patches per test group were rehydrated and the 

particle size, polydispersity index (PDI), and Zeta-potential were measured (Zetasizer Nano 

ZS, Malvern). To explore how the N/P ratio would affect the liposome particle characteristics, 

four N/P ratios were tested (4:1, 8:1, 12:1, and 16:1). For each patch, five doses were prepared 

and tested, and the particle size and PDI were measured. In addition, the effect of various 

PEGylation percentages on liposomes was explored by testing three preparations: with either 

5%, 10%, or 15% of PEGylation. Five doses from each preparation were tested for particle size 

and PDI. The liposomes’ stability was assessed by incubating packaged plasmids in serum at 

37 ºC over a period of eight hours; then DNA was extracted and analysed by agarose 

electrophoresis. To define the time-frame of systemic uptake of liposomes and whether the 

liposomes would protect plasmid DNA against serum nucleases, 10 µg of plasmid DNA 

packaged in stealth liposomes were injected into immunocompetent C57BL/6J mice via the 
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tail vein, then blood samples were collected retro-orbitally at different time points (1, 2, 3, or 

4 hours after injection). The DNA was extracted from blood samples and analysed on agarose 

gel.       

2.3 Results  

2.3.1 Targets selection for FokI-dCas9 and cloning confirmation 

As discussed in the method section, various in silico models were used to search for candidate 

gRNAs with potentially high editing efficiency and low off-target effect. Overall, we were able 

to select two gRNAs per gene for HPV 16 and 18 that meet the criteria for an effective FokI-

dCas9 gene-editing (Figure 3.1A for a schematic representation of binding sites per gene). As 

per the cloning strategy in figure 2.1, oligos were annealed and cloned into pcDNA3.H1sgRNA 

plasmid. To confirm the cloning, colony PCR was undertaken with primers designed to bind 

to the target sites (Supplementary, S1). The results confirmed that the cloned plasmids had the 

inserts as evident by the amplicons analysed by gel electrophoresis (Figure 2.2). On the other 

hand, plasmids without the insert failed to amplify PCR products.   

 

Figure 2.2 Colony PCR screening to confirm the insertion of target sequences. The empty plasmid (non-

cloned) was used as a control for all groups.   

 

Furthermore, we also screened for the loss of AgeI site if cloning occurred, and to exclude false 

transformants in the event of plasmid recirculation without the insert, although unlikely given 

the non-compatibility of the sticky ends and the dephosphorylated 5’ ends. Restriction enzyme 

screening showed that all cloned plasmids failed to linearize, unlike the non-cloned plasmid 
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which was shown to be linear when analysed by gel electrophoresis (Figure 2.3). Altogether, 

the results confirm that the target sequences were successfully cloned into pcDNA3.H1sgRNA 

plasmid. Large-scale production of these plasmids expressing gRNAs against E6/7 of HPV 16 

and 18 was done by transforming them into DH5α bacteria, and maxiprep purification of 

plasmid DNA.      

     

 

Figure 2.3 Restriction enzyme digestion to confirm the cloning of target sequences into the plasmid. 

One µg of pcDNA3.H1sgRNA plasmid was digested with AgeI enzyme and analysed on 1% agarose 

gel to show the loss of AgeI. The non-cloned samples are plasmid DNA with intact AgeI site. T1=target 

site 1, T2=target site 2.  

 

2.3.2 Optimising the dosing and timing for CRISPR/Cas9 gene-editing  

Once confirmed and purified, plasmids expressing WT Cas9, FokI-dCas9, and gRNAs against 

E6/7 of HPV 16 and 18 were tested for effect on cell viability of cervical cancer cell lines, 

CasKi (HPV 16+ve), HeLa (HPV 18+ve), and C33A (HPV -ve). A series of dilutions and 

testing were undertaken to optimise the treatment concentration, the time needed to 

demonstrate the effect, and the in vitro expression of Cas9 protein. First, to exclude the 

nonspecific DNA toxicity, which is inevitable with DNA transfection as reported elsewhere 

[95], we tested various concentrations of DNA plasmid (px330S-2) expressing the WT Cas9 

only. Hypothetically, the expression of Cas9 intracellularly without the presence of gRNAs 
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should not affect cell viability. However, we showed that increasing the concentration of total 

plasmid DNA beyond 600 ng/well (24-well plate) was toxic to CasKi cells, with around 50% 

of viable cells were killed when transfected with 750 ng of nonspecific DNA (Figure 2.4). Cell 

death reached around 80% when total plasmid DNA was increased to 800 ng/well. Therefore, 

we concluded that 600 ng of total plasmid DNA per well (24-well plate, approximately 200,000 

cells) is the optimal tolerated concentration for plasmid delivery of CRISPR/Cas9.  

Figure 2.4 The cell viability assay of CasKi cells after treatment with different doses of px330S-2 

plasmid expressing Cas9. The mean values represent the percentage from the untreated group. Data are 

presented as mean± SD, *p<0.05, ** p<0.01, *** p<0.001. 

To ascertain that the plasmid is actively expressed after transfection, western blot analysis of 

intracellular Cas9 level was undertaken (Figure 2.5). Our data showed that Cas9 protein was 

expressed in CasKi cell line. Interestingly, testing various concentrations of plasmid DNA 

showed that the intracellular expression of Cas9 protein plateaued when the concentration was 

increased beyond 300 ng. In other words, increasing the plasmid copy number per cell 

correlated with intracellular Cas9 expression level to a certain point, after which adding more 

plasmid DNA was no longer effective, suggesting a possible “ceiling effect”. However, western 
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blots are limited by the semiquantitative nature of data, and thus this finding should be 

interpreted with caution.  

Figure 2.5 Western blot analysis of total Cas9 protein expression. Various concentrations of plasmid 

DNA (px330S-2) expressing WT Cas9 were transfected into CasKi cells at 70% confluency in a 24-

well plate. Proteins were extracted 72 hours after transfection.  

Next, we assessed the time needed to exhibit the effect of targeting HPV 16E7 with either WT 

Cas9 or FokI-dCas9 system. From the literature, plasmid DNA expression takes anywhere 

between 48 to 72 hours post transfection to be fully expressed. Therefore, we tested three time-

points, 48, 60, and 72 hours after treating CasKi cells with CRISPR/Cas9 against HPV 16E7 

(Figure 2.6). After treating cells with a total of 600 ng per well (300 ng of Cas9, 300 ng of 

gRNAs, molar ratio of 1:2 Cas9 to gRNA, respectively), the results showed that both FokI and 

WT Cas9 significantly inhibited cell proliferation, with the largest effect size demonstrated 72 

hours after transfection. Although specific, FokI treatment only inhibited about 50% of cell 

growth. On the other hand, WT Cas9 treatment reduced cell viability by up to 90%, which may 

indicate a superior editing efficiency and gene knockout compared to FokI. In conclusion, both 

WT Cas9 and FokI-dCas9 significantly inhibited cervical cancer cell proliferation in vitro when 

HPV 16E7 gene was targeted. Further assessment of the effect of CRISPR/Cas9 targeting of 

other oncogenes, HPV 16E6, 18E6, and 18E7, in other cervical cancer cell lines, and efficacy 

assessment of WT Cas9 versus FokI-dCas9 were further explored and discussed in the next 

chapter.  
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Figure 2.6 The cell viability assay of CaskI cells after treatment at different time points. The presented 

numbers represent the percentage from the untreated group (not shown). (A) Cells were transfected with 

either 16E7 targeting gRNA, WT Cas9, WT Cas9 + control gRNA (nonspecific), or 16E7 gRNA+ WT 

Cas9. (B) Similar to experiment A, cells were treated with either 16E7 gRNA, FokI-dCas9, FokI-dCas9 

+ control gRNA, or FokI-dCas9 + 16E7 gRNA. Experiments were ended either after 48 hours, 60 hours, 

or 72 hours after transfection. Treatments were done in triplicates in 24-well plate, with 600 ng total 

plasmid DNA per well (300 ng Cas9, 300 ng gRNAs, molar ratio of 1:2 for Cas9 and gRNAs, 

respectively). Data expressed as mean ± SD. * p<0.05, ** p<0.01, *** p<0.001.  
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2.3.3 Packaging CRISPR/Cas9 with stealth liposomes and quality assessment   

After cloning and optimising in vitro transfection of WT Cas9 and FokI-dCas9 against HPV 

16E7, we assessed the feasibility of packaging CRISPR/Cas9 expressing plasmids in 

PEGylated liposomes by using the HFDM method.  As discussed in the introduction, the 

characteristics of liposome particles are essential for efficient in vivo delivery. Therefore, we 

attempted to package plasmid DNA and optimised various factors that could improve the 

liposome preparation. First, we explored the effect of N/P ratio on the liposomes’ 

characteristics.  We showed that the widely used N/P ratio of 4:1 yielded poor-quality liposome 

(Figure 2.7). Therefore, we examined how higher N/P ratio would affect particle size and PDI. 

Our results confirmed that an N/P ratio of 16:1 (10 µg of total plasmid DNA/dose, molar 

mass=0.00144 nmol) had optimal PDI and size characteristics (PDI=0.426±0.03, particle size= 

229.4nm ± 10.8 nm, Zeta potential = +45 ±2.71mV).  

Figure 2.7 The effect of various N/P ratios on polydispersity index (A) and particle size (B) of stealth 

liposomes coating CRISPR/Cas9 expressing plasmids. Data are presented as mean and 95% confidence 

interval. **p<0.01, ***p<0.001. 
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Further, we aimed to assess if the percentage of PEGylation in liposomes preparation would 

affect the quality of particles. In previous work, we showed that a 10% of PEG was optimal to 

package siRNAs [54]. Therefore, we tested various percentages of PEG, and found that there 

was no advantage increasing PEGylation beyond 10% at N/P ratio of 16:1 (10 µg of total DNA 

per dose) (Figure 2.8).   

     
Figure 2.8 The effect of the percentage of PEGylation on (A) polydispersity index and (B) particle size 

of stealth liposomes coating CRISPR/Cas9 expressing plasmids at N/P ratio of 16:1. Data are presented 

as mean and 95% confidence interval. **p<0.01, ***p<0.001. 

 

Now that we have designed plasmids expressing CRISPR/Cas9 against HPV oncogenes, and 

were able to package them in stealth liposomes, the next step was to test if the stealth liposomes 

would protect plasmid DNA against circulating nucleases. To do so, we incubated these 

liposomes in serum then extracted and analysed plasmid DNA for integrity at different time 

points (Figure 2.9). The liposomes protected the payload plasmid DNA against serum 

nucleases for up to six hours, but by 8 hours the plasmids had transitioned from a supercoiled 

to a relaxed state, with some degradation (Figure 2.9A). To further assess the fate of liposomes 

after systemic administration in immunocompetent mouse model, treatments were injected 

intravenously via the tail vein, then blood samples were collected following the injection at 
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different time points (Figure 2.9B). No DNA was detectable 4 hours post-injection. Together, 

these data indicate that HDFM liposomes were able to effectively protect and deliver DNA out 

of the blood stream.  

Figure 2.9 PEGylated liposomes effectively protected plasmid DNA against serum-mediated 

degradation and delivered payloads out of bloodstream (A) The integrity of plasmid DNA packaged in 

PEGylated liposomes after incubation in serum (in hours). (B) The time from the injection of plasmid 

DNA packaged in liposomes to its systemic uptake in tissues and organs (in hours).  
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2.4 Discussion 

It is now possible to edit any gene of interest with ease and at low cost. The discovery of 

CRISPR/Cas9 technology is poised to revolutionise our ability to treat genetic diseases. Since 

the early reports on CRISPR/Cas9, however, it was apparent that several issues with its 

application need to be addressed if this tool to be used as a treatment strategy in humans [96]. 

In this chapter, we aimed to address two major issues, its specificity of targeting and the 

systemic delivery of CRISPR/Cas9 components.  

The on-target editing of the engineered FokI-dCas9 was shown to be highly specific, compared 

to WT Cas9 [89]. The stringent requirements of cutting, such as the orientation and spacer 

length, makes it very precise and unlikely to cut off-target sites even if it binds elsewhere. 

Although the stringent requirements for cutting sounds promising in terms of minimising off-

targeting, it can also be a hindrance to its use due to the difficulty in finding suitable target sites 

in shorter target genes. For HPV-driven cancers, the targeting of HPV E6 or E7 is the 

cornerstone for any future targeted therapy. Here we show that it is possible to design FokI-

dCas9 to target HPV oncogenes despite the short length of these genes. Although it was not 

possible to design more than one pair of gRNAs per gene, we showed that the targeting of HPV 

16E7 with FokI-dCas9 was effective at reducing cell proliferation compared to other controls. 

Another pertinent aspect is the dosing of the treatment. This is relevant to our work for two 

reasons: firstly, we delivered CRISPR/Cas9 components in plasmid DNA, and thus it should 

rely on the nuclear entry and cell machinery for intracellular expression of Cas9 and gRNAs. 

Therefore, the number of copies of plasmid DNA per cell may not reflect how much Cas9 is 

expressed. Secondly, the nonspecific DNA toxicity may mask the effect of the treatment, and 

therefore would underestimate the efficacy of the treatment. Our data showed that increasing 

the concentration of plasmid DNA beyond 600 ng/well (24-well plate, approximately 200,000 

cells) was toxic to cell viability. Basically, plasmid DNA is immunologically foreign, and thus 
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the transfection process by itself is a stressful event [97, 98]. This is particularly true for larger 

plasmids [97, 98]. In our work, we used lipofectamine 3000 for transfection, which was shown 

to be least toxic compared to other lipidic transfection reagents [99]. Although nonspecific, 

plasmids encode for various other proteins which can be very stressful to the cells, which 

explains the nonspecific toxicity caused by plasmid DNA transfection.  

Moreover, we explored the intracellular expression of Cas9 protein when various plasmid DNA 

concentrations were transfected. The results showed that the relationship between plasmid 

DNA concentration and the total Cas9 protein level is nonlinear. One plausible explanation is 

that plasmid DNA needs to be expressed using cell machinery, and thus the capacity of the cell 

to process plasmid DNA is the key determinant of how much protein is expressed. This seems 

consistent with a previous study that showed the amount of plasmid molecules delivered to the 

nucleus correlated with gene expression to a certain threshold [100]. The transfection process 

involves multiple steps including the cellular uptake of plasmids, the active transport of 

plasmid toward the nucleus, and the nuclear entry [101], so other factors can also influence 

gene expression in addition to plasmid concentration. It was previously shown that the 

extracellular plasmid DNA does not correlate with the intracellular plasmid trafficking [100, 

102], and thus it is important to optimise the treatment concentration to maximise gene 

expression while minimising the nonspecific toxicity of plasmid transfection. Of note, plasmid 

DNA expression was shown to be mostly determined by the intranuclear trafficking [102], 

which is cell-cycle dependent. In other words, a major route for plasmid entry into the nucleus 

is during mitosis when the nuclear membrane breaks down [103]. Therefore, rapidly dividing 

cell lines are expected to uptake and process plasmid DNA at higher rates, and therefore may 

require less plasmid concentration for an effective intracellular processing and gene expression. 

Although feasible, our data suggest that FokI-dCas9 targeting of HPV 16E7 gene may be less 

efficient compared to WT Cas9. When 600 ng of FokI-dCas9 and 16E7-targeting gRNAs were 
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transfected into CasKi cells, Foki-dCas9 treatment significantly reduced cell viability in CasKi 

cells compared to other controls, however, the effect was modest (approximately 50% 

reduction in cell viability, Figure 2.6B). On the other hand, WT Cas9 treatment reduced cell 

viability by 90% under the same conditions (Figure 2.6A). A direct comparison between the 

effect of FokI-dCas9 and WT Cas9 treatments on CasKi cell viability showed that the WT Cas9 

is significantly more efficient. Because the cutting domains of FokI-dCas9 are dimerization-

dependent [104], both FokI/gRNA complexes need to bind simultaneously to enable efficient 

cutting, which may explain the less efficient editing. However, the targeting efficiency of both 

FokI-dCas9 and WT Cas9 should be further assessed by exploring the effect of treatment on 

protein expression levels, namely the tumour suppressor p53 and associated p21 pathways 

when E6 gene is targeted, and retinoblastoma protein (Rb) when E7 gene is targeted. The direct 

quantification of editing efficiency by T7 endonuclease I assay (T7E1) or the enzyme mismatch 

cleavage methods can also help to show the total editing efficiency of the treatment [105].    

Our data showed that increasing the N/P ratio was required to improve liposomes 

characteristics. In our previous work with siRNA, an N/P ratio of 4:1 was sufficient to yield 

liposomes with acceptable properties [87]. Despite that the molecular weight of the cargo was 

similar to siRNA, 40 µg of plasmid DNA proved to be challenging to package with liposomes 

by the HDFM method. This might be explained by the large plasmid size compared to siRNA. 

However, increasing the ratio to 16:1 was shown to produce liposomes particle with acceptable 

size, charge and PDI properties. More importantly, the stability of plasmid DNA is notoriously 

poor when exposed to serum nucleases; with rapid degradation when incubated in mouse whole 

blood with a half-life of less than 10 minutes [106]. In our experiments, PEGylated liposomes 

protected plasmid DNA expressing CRISPR/Cas9 against serum-mediated degradation for up 

to six hours. Further investigation of the fate of intravenously injected liposomes showed that 

they were cleared from the blood stream in less than 4 hours, with no observed degradation of 
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plasmid DNA, indicating an efficient in vivo stability. Altogether, our data showed that both 

FokI-dCas9 and WT Cas9 are feasible gene-editing platforms for HPV-driven cancers, with 

the potential of their use as a gene therapy. We optimised in vitro transfection method for 

CRISPR/Cas9 therapeutics and showed that it can be packaged in stealth liposomes for further 

in vivo testing. Further assessment of the editing efficiency of FokI-dCas9 versus WT Cas9 is 

warranted.    
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Chapter 3—Systemic Delivery of CRISPR/Cas9 targeting HPV oncogenes 

is effective at eliminating established tumours 

3.1 Foreword 

As discussed in Chapter 1, the on-target specificity of CRISPR/Cas9 is of concern due to the 

risk of off-target mutagenesis. Therefore, efforts are ongoing to improve the specificity profile 

of WT Cas9 by engineering new variants with modified cutting capacity and requirements 

[107]. One promising variant is the dimerization-dependent FokI-dCas9 which requires 

stringent design criteria to cut DNA, and thus significantly improved the targeting specificity 

[81]. In Chapter 2, we showed that the FokI-dCas9 can be designed to target HPV oncogenes 

and established its efficacy to inhibit cancer cell proliferation in vitro. However, the editing 

efficiency and the therapeutic effect is yet to be explored when compared to the WT Cas9. The 

aim of this chapter was therefore to assess the efficacy of targeting HPV oncogenes with both 

WT Cas9 and FokI-dCas9, and to compare their effect on cancer cell viability and downstream 

protein expression to determine if FokI-dCas9 is an effective alternative. We further expanded 

on the in vitro work to assess the repair mechanism after gene-editing. After DNA cleavage, 

random mutations may be introduced into the genome via the NHEJ repair, which can give rise 

to immunologically foreign proteins or disrupt normal gene function [69]. Therefore, we also 

aimed to explore the editing efficiency and compare the NHEJ and HDR repair pathways when 

a donor template is also transfected to guide the repair process [108].  

Despite the large size of the plasmids expressing CRISPR/Cas9, we were able to optimise a 

method to package the treatment in PEGylated liposomes by the HFDM method with 

favourable characteristics. As demonstrated in Chapter 2, these liposomes protected the cargo 

against serum nucleases. In this chapter, we aimed to assess if the intravenous delivery of 

PEGylated liposomes loaded with CRISPR/Cas9 targeting HPV 16E7 and 18E7 oncogenes 

would inhibit HPV-driven tumour growth and described a novel dosing strategy to ascertain 
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the specificity of targeting. All the experimental data of this chapter has been submitted as a 

manuscript to Molecular Therapy Nucleic Acids journal for publication. It has been included 

here in a slightly amended format to fit with the style of the thesis.    
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Chapter 4—CRISPR/Cas9-loaded stealth liposomes effectively cleared 

established HPV16-driven tumours in syngeneic mice.  

4.1 Foreword 

Although the preclinical data on the efficacy of CRISPR/Cas9 therapies were encouraging, 

testing the treatment in immunocompetent animal models showed that it can be associated with 

undesired immune response [69]. One of the early demonstrations used adenovirus to deliver 

CRISPR/Cas9 into the mouse liver, and observed the rapid decay in Cas9 protein, suggesting 

a possible immunological clearance [23]. In principle, host immune response to CRISPR/Cas9 

therapies can be triggered by the bacterial Cas9 protein itself, the delivery vector, or the edited 

cells as the random mutations generated by CRISPR/Cas9 may produce proteins which are 

immunologically foreign. To date, most preclinical data on CRISPR/Cas9 efficacy were 

performed in immunodeficient animal models, which misses an important aspect of the 

problem, namely the potential immunogenicity to the treatment and its impact on the in vivo 

efficacy of CRISPR/Cas9 therapies. The aim of this chapter was therefore to further investigate 

the in vivo efficacy of CRISPR/Cas9 therapies when delivered under immunocompetent 

conditions. In Chapter 3, we established the in vivo efficacy of CRISPR/Cas9 therapy against 

HPV 16E7-driven CasKi xenografts and showed that the PEGylated liposomes were an 

effective delivery vehicle for CRISPR/Cas9 therapeutics. To address our research question, we 

used the murine lung epithelial TC1 cells, derived from C57BL/6 mice and complemented with 

HPV 16E7 gene, to establish HPV-driven tumours in the immunocompetent syngeneic mice.  

First, we needed to establish the efficacy of targeting 16E7 gene with CRISPR/Cas9 in vitro. 

We also examined the effect of the treatment on downstream protein expression, the Rb. Next, 

we examined the in vivo efficacy of targeting 16E7 on the growth of 16E7-driven tumour 

xenografts in syngeneic mice, and further investigated the potential hepatic toxicity and the 

infiltration of inflammatory cells as a reaction to the treatment. We also aimed to investigate 
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whether CRISPR/Cas9 mediated cell death is immunogenic, an ideal outcome for anticancer 

therapeutics. All the experimental data of this chapter has been submitted as a manuscript to 

The CRISPR Journal for publication. It has been included here in a slightly amended format to 

fit with the style of the thesis.   
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Chapter 5—General Discussion and Conclusions 

5.1 Foreword  

Now we can introduce any change into the human genome. The discovery of CRISPR/Cas9 

potential as a gene-editing tool in humans has opened the door to developing more effective 

human gene therapies, particularly when the disease-causing genes are known. With the 

increasing wealth of information on cancer biology and characterising new driver genes for 

cancer, it is now possible to utilise CRISPR/Cas9 tool to design more targeted and potentially 

safer anticancer therapies. While this sounds very optimistic, however, concerns were voiced 

against premature utilisation of CRISPR/Cas9 technology in humans [169]. As discussed in 

Chapter 1, several challenges remain ahead of CRISPR/Cas9 therapeutics as they advance 

toward the clinic. Challenges to cancer gene therapies generally fall into three categories: the 

efficiency of the treatment to knockout the target gene, the efficiency of the delivery vehicle to 

deliver the treatment to target organs, and our understanding of the role of the target gene and 

its importance for cancer cell survival.   

In this work, we aimed to address these issues and attempted to test alternative strategies to 

overcome CRISPR/Cas9 limitations, guided by our experience in this field. We argue that the 

virally-driven cancers are ideal testing models for CRISPR/Cas9 therapies, given the 

heterogeneity of cancer and the diversity of genetic alterations involved in its development, 

and thus testing CRISPR/Cas9 in oncogene-addicted models would enable us to better 

understand CRISPR/Cas9 potential as a therapy and the adverse-events that may arise from its 

use in humans. We used the cervical cancer models, a well-established cancer that requires the 

expression of HPV E6 and E7 oncogenes for survival [170], which allowed us to assess the 

efficacy of targeting of these oncogenes with CRISPR/Cas9 and its therapeutic effect both in 

vitro and in vivo.  Another challenge for CRISPR/Cas9 therapeutics is their systemic delivery 
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to target organs. In this thesis, we assessed the feasibility of delivering CRISPR/Cas9 with 

stealth liposomes, and further investigated the in vivo efficacy and immunogenicity of the 

treatment under immunocompetent conditions.      

5.2 On-target specificity and targeting efficiency  

The first described CRISPR/Cas9 system relies on the expression of the WT Cas9 protein to 

edit genes. The WT Cas9 was shown to bind elsewhere and can tolerate mismatches to the 

DNA target, and thus can cleave at off-target loci in the genome [107, 171]. Therefore, we 

aimed to address this issue by assessing the feasibility of using a highly specific variant of 

Cas9, the FokI-dCas9, which was shown to improve on-target specificity by more than 140-

fold. However, our data showed for the first time that the efficacy of FokI-dCas9 gene-editing 

was modest, and therefore it was not recommended as a gene therapy for HPV-driven cancers. 

As discussed in Chapter 3, one possible explanation for the inefficient FokI-dCas9 gene-editing 

is the small size of HPV oncogenes, which makes it harder to select more efficient gRNAs. 

Although we did not test the efficacy of targeting HPV oncogenes with the mutant variant of 

Cas9, Nickases, which does not require the dimerization to cut DNA and is able to modify 

DNA as monomers [172], it is unlikely to be effective owing to the short target genes as well. 

While the assessment of WT Cas9 specificity is still ongoing, and therefore we cannot comment 

on the potential off-targets in our work, other strategies can be tested to improve the on-target 

editing specificity. For instance, the delivery of WT Cas9 as mRNA or protein instead of 

plasmid DNA [173]. One drawback of the plasmid delivery of CRISPR/Cas9 is that it depends 

on the intracellular trafficking of plasmid DNA into the nucleus and thus requires the nuclear 

transcription machinery to express Cas9 protein. This can affect the on-target specificity in two 

ways: first, the intracellular processing of plasmid DNA is variable and thus the abundance of 

the expressed Cas9 cannot be controlled; second, the plasmid DNA might integrate into the 

host genome, leading to long-term expression of Cas9, which may increase the risk of off-



92 
 

target editing [82, 174]. Indeed, most engineered Cas9 variants appear to improve on-target 

specificity on the expense of editing efficiency. However, Liu and colleagues generated an 

evolved variant of Cas9, xCas9, via the phase-assisted continuous evolution (PACE), and 

showed that xCas9 is at least 100-fold more specific compared to WT Cas9, with comparable 

editing efficiency [175]. The CRISPR/Cpf1, a putative V (class II) CRISPR effector, is another 

recently described CRISPR variant with distinct features, such as the high targeting specificity 

and editing efficiency, and the shorter gRNA requirement compared to WT Cas9 [137]. These 

Cas9 variants with these new features sound promising, and therefore exploring their use for 

cancer therapy is warranted.          

Of note, the widely used in silico models for predicting gRNA off-targets are also flawed [176]. 

These models utilise the simple sequence alignment with mismatch counts to look for potential 

off-targets for a select target sequence, while omitting other key features such as the sequence 

and chromatin characteristics that may affect off-target cleavage [176]. To date, two studies 

compared the in silico off-target prediction and the experimental off-targets identified by 

Guide-seq [19], and reported significant discrepancies between various tools and the real off-

targets [19, 78]. Therefore, the genome sequencing by using the unbiased methods [177] 

remains the gold standard for assessing off-target cleavage. Once treatment efficacy is 

established, the off-targets should be precisely profiled and deemed acceptable before the 

treatment can be used in humans.      

In this thesis, we also examined the efficiency of high-fidelity repair (HDR) mechanism and 

found that it was modest (≈8%). The HDR repair of CRISPR/Cas9 is known to be a challenge 

since the early studies elucidating CRISPR/Cas9 repair mechanisms [126, 178, 179]. As 

discussed in section 1.6, strategies to inhibit NHEJ pathway were explored to encourage the 

HDR repair, such as the targeting of DNA ligase IV [180], a key enzyme required for the NHEJ 

repair, or the silencing of key NHEJ proteins such as KU70 and KU80 [108], which improved 
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the frequency of HDR repair by several folds. Most gene therapies for cancer aim to knock out 

or silence the expression of a target oncogene by gene deletions or introducing random indels 

via the NHEJ causing frameshift mutations, and therefore the knock-in editing efficiency may 

not be as necessary to serve this purpose. However, understanding the mechanism of HDR 

repair is the key to improving its frequency in mammalian cells. The HDR repair only occurs 

during the S, G2 and M phases of the cell-cycle [28]. Therefore, the timing of the CRISPR/Cas9 

delivery relative to the cell-cycle is important when HDR repair is desired. This was confirmed 

by transfecting HEK293T cells with chemical inhibitors to arrest the cell-cycle at M phase and 

revealed that the HDR repair frequency increased to 38%, compared to 10% when the cell-

cycle was not synchronized [181]. Alternatively, if the HDR repair is required for the correction 

of pathologic point mutations, other engineered CRISPR systems such as the mutant Cas9 

fused to cytidine deaminase for cytosine to thymine conversion [182], or the impaired Cas9 

fused to adenosine deaminase for A•T base pairs to G•C conversion [183].          

The efficacy of CRISPR/Cas9 therapies is promising when used in vitro or ex vivo, however, 

it remains a challenge to demonstrate the same effect in in vivo studies [33]. This is largely due 

to the difficulty in delivering CRISPR/Cas9 into the target organs, the inefficient transfection 

efficiency and Cas9 expression in vivo, the immunogenicity against CRISPR/Cas9 which can 

inhibit in vivo gene expression, and the limited understanding of tumour microenvironment 

which contributes to the low editing efficiency observed in in vivo studies. While efforts 

continue to improve the in vivo efficacy of CRISPR/Cas9 therapies, some reports showed 

promising results. One study tested the intraperitoneal delivery of CRISPR/Cas9 against 

ovarian cancer-related gene DNMT1, packaged in folate receptor-targeted cationic liposomes, 

and inhibited 84% of tumour growth compared to the untreated mice [184]. However, this 

effect was largely nonspecific as the control CRISPR/Cas9 group (nonspecific gRNA) also 

reduced tumour growth by 53% [184], likely as a result of the empty vector effect [185]. On 
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the other hand, the intravenous administration of AAV vectors expressing CRISPR/Cas9 was 

shown to effectively deliver the treatment with significant in vivo editing efficiency (up to 50%) 

[186]. Despite the reported adverse-events associated with the AVV vectors due to their high 

transfection efficiency in non-target organs, the latter study used a hepatocyte-specific 

promoter which led to liver-specific targeting [186]. The use of tissue-specific promoters is a 

good strategy to minimise immunogenicity; however, it also limits its application to certain 

tissues which may not be ideal for treating late stage cancer metastasis.       

On the other hand, our data showed that the in vivo targeting of HPV oncogenes with WT Cas9 

eliminated cancer entirely under immunodeficient and immunocompetent conditions. The in 

vitro editing efficiency of target genes was around 80% via the NHEJ repair, which appears 

consistent with the demonstrated in vivo effect. To the best of our knowledge, this is the first 

time that CRISPR/Cas9 gene-editing could eliminate cancer entirely in immunocompetent 

syngeneic mice, a step closer to utilising this technology to cure disease in human. We attribute 

this result to the high editing efficiency of WT Cas9, the optimal stealth liposomes preparation 

and dosing, and the pivotal role of HPV 16E7 for the survival of HPV-driven cancers. Although 

we opted to test CRISPR/Cas9 in well-researched HPV-driven cancer models to allow us to 

assess the targeting efficiency of CRISPR/Cas9 therapies and their in vivo delivery, other 

cancers are more heterogenous in terms of the diversity of genetic mutations and the 

mechanisms that regulate their development. Now that our data confirmed the efficacy of in 

vivo gene targeting and the efficiency of stealth liposomes for the in vivo delivery, our system 

can be expanded to test more heterogenous cancers. It is noteworthy that the role of 

CRISPR/Cas9 in cancer treatment is not limited to dissecting DNA. For example, the activation 

of epigenetically silenced tumour suppressors by artificial transcription factors fused to the 

catalytically inactive Cas9 (dCas9), which were effective to activate key tumour suppressor 

proteins with subsequent cancer cell death [187]. More importantly, CRISPR systems can play 
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a key role in exploring cancer heterogeneity by barcoding, or labelling, the desired mutations 

in the gene of interest, then tracing down the fate of thousands of genetically labelled cancer 

cells to define the emergence of cancer subpopulations [188]. Another strategy is the use of 

CRISPR activation (CRISPRa) and CRISPR interference (CRISPRi) for genetic screens to 

uncover the role of various genetic mutations in cancer development [189]. Altogether, these 

tools revolutionised cancer research and likely to help identify driver genes, or the Achilles’ 

heel for various cancers.           

5.3 Systemic delivery and immunogenicity  

Local cancers (stage 1 and 2) are usually treated with radical surgery, followed by 

radiotherapy/chemotherapy to minimise the chance of recurrence, a strategy that seems 

effective in most cases [190, 191]. However, HPV-driven cancers are difficult to treat because 

of the high risk of metastasis and the poor prognosis associated with it. Particularly for cancers 

without screening programs, they can be first diagnosed at late stage, meaning the cancer has 

already spread beyond the primary site, with poor 5-year survival [192, 193]. Therefore, cancer 

therapeutics are also tested for their ability to treat cancer when it has already metastasized. 

For this reason, CRISPR/Cas9, if not systemically delivered, may offer little help to advance 

cancer management. As discussed in Chapter 1, different delivery methods were tested for the 

systemic delivery of CRISPR/Cas9 with varying success.  The size of CRISPR/Cas9 

components, the bacterial nature of the Cas9 protein which makes it highly immunogenic, the 

retention of CRISPR/Cas9 treatment in non-target organs, the low in vivo transfection 

efficiency, and the degradation and immune clearance of CRISPR/Cas9 present major 

obstacles to its systemic delivery with high efficiency [33, 194].  

The viral delivery systems for CRISPR/Cas9 largely failed owing to their high 

immunogenicity, except for AAV vectors which were shown to be less immunogenic [42]. 



96 
 

Despite the success and extensive testing of AAV vectors for in vivo gene transfer in humans 

[195-197], its potential use for CRISPR/Cas9 delivery remains limited by its small packaging 

capacity and the immunogenicity owing to its exogenous nature [197]. On the other hand, the 

non-viral delivery methods were tested with varying success. One interesting study condensed 

plasmids expressing CRISPR/Cas9 on TAT peptide-modified Au nanoparticles (AuNP), then 

coated the product with PEGylated liposomes for the systemic delivery against Plk-1 gene of 

melanoma tumours. Once delivered, these particles were irradiated with laser pulsar to thermo-

trigger the release of the cargo [198]. Although successful, this delivery method is labour-

intensive and may not be practical for large-scale production. The potential of thermal injury 

after irradiation is a safety risk that needs to be assessed before it can be used in humans. 

However, Finn and colleagues recently demonstrated that a single dose of intravenously 

administered CRISPR/Cas9 coated in lipid nanoparticles was able to achieve over 97% of 

target protein knockout in the liver of mice [199]. This appears very encouraging to showcase 

the potential of lipid-based nanoparticles to deliver CRISPR/Cas9 with high transfection 

efficiency. It is worthwhile to note that the hepatic uptake of intravenously administered 

liposomes is very common. We have previously shown that about 60% of the intravenously 

administered siRNA-loaded liposomes ended up in the liver [124]. The liver is a major route 

for liposomes clearance [200], and thus the reported high transfection efficiency and in vivo 

efficacy should not be generalised to other organs. Moreover, this study did not assess the in 

vivo efficacy in immunocompetent syngeneic mice, and thus it is not known if the treatment 

would be efficacious under an intact immune system.  
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To the best of our knowledge, our work is the first to demonstrate that CRISPR/Cas9 can be 

loaded in PEGylated liposomes and delivered to tumour xenografts under immunocompetent 

conditions with success. We previously demonstrated that liposomes prepared by the HFDM 

method were very effective at delivering siRNAs to target organs with minimal systemic 

toxicity [54, 124], and therefore we aimed to further optimise this method to deliver 

CRISPR/Cas9 despite the large size of plasmids. As discussed in Chapter 2, these liposomes 

were shown to protect plasmid DNA against serum nucleases for up to 6 hours without 

degradation. Our data also demonstrated that the intravenously administered treatment coated 

in stealth liposomes was effective at clearing established tumour xenografts, which established 

the effectiveness of these liposomes to deliver CRISPR/Cas9 to target organs in mice. It is our 

belief that the characteristics of stealth liposomes played a key role in enhancing the in vivo 

delivery of CRISPR/Cas9 and protected the payload against immune recognition and clearance. 

Shielding liposomes with PEG helped to reduce the interaction with serum proteins through a 

process of steric hinderance [201, 202]. The use of DOPE in liposome preparation further 

enhanced the intracellular processing of plasmid DNA, which explains the observed in vivo 

efficacy of the treatment.  The particle size was optimised (≈ 210 nm) to allow the liposomes 

to accumulate in tumour tissue, which maximised the uptake of the treatment [203]. Smaller 

liposomes were previously shown to undergo renal clearance [204], while particles smaller 

than 50 nm or larger than 300 nm were shown to be cleared by the liver [205]. Larger 

nanoparticles size was shown to prolong the retention of the treatment in the tumour tissue 

[206]. Of note, the optimal particle size of the delivery vehicle is also dependent on the tumour 

microenvironment, such as the size, vascular permeability, interstitial fluid pressure within the 

tumour tissue, the stromal density surrounding the tumour, and tumour-associated 

macrophages [203], and therefore the design of these nanoparticles can be personalized 

according to patient’s tumour characteristics [207].  
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Although not tested for CRISPR/Cas9 delivery yet, other delivery methods can also be 

explored owing to their promising features. For instance, the multifunctional envelope-type 

nanodevice (MEND) which is based on “programmed packaging” was shown to effectively 

deliver nucleic acids and proteins to target tissues with superior efficiency compared to 

PEGylated nanoparticles [208]. This nanodevice is shielded with a cleavable PEG that responds 

to low pH to overcome the PEGylation interference with cellular uptake of the cargo, leading 

to enhanced in vivo delivery of plasmid DNA [209]. Moreover, the carbon nanotubes were also 

shown as an effective delivery vehicle for systemic plasmid DNA delivery [32]. They are 

known for their distinctive length-to-diameter ratio to act as a template for chemical 

functionalization strategies, which makes them a promising molecular transporter system [32].  

Altogether, our findings offer several implications for cancer treatment. First, the systemic 

delivery of CRISPR/Cas9 with stealth liposomes selectively targeted tumour tissue with 

minimal systemic toxicity as evident by the IHC staining. The control groups (nonspecific 

gRNA+Cas9) in the in vivo experiments did not differ from the untreated group (PBS only), 

which shows the specific effect of the treatment to the target genes and that other tissues that 

lack the target gene were not affected. This makes our stealth liposomes an ideal delivery 

vehicle for CRISPR/Cas9 therapies targeting cancers, particularly at the late stage (3 or 4) of 

the diagnosis when the cancer has already metastasized. Second, the delivery of CRISPR/Cas9 

treatment in small and more frequent doses may be safer and more effective. As discussed in 

Chapter 2, the relationship between extracellular plasmid DNA and its intranuclear trafficking 

is nonlinear, and thus increasing the amount of plasmid DNA may not improve the efficacy but 

increase the risk of anti-Cas9 immune response. Although we did not compare the effect of 

various doses of the treatment on tumour growth, we have shown that increasing the number 

of doses significantly halted tumour growth. Therefore, it is worthwhile exploring various 

CRISPR/Cas9 doses and their correlation with treatment efficacy, immunogenicity, and the on-
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target specificity. Third, the delivery of CRISPR/Cas9 components in stealth liposomes was 

not toxic to the liver and did not cause inflammation as demonstrated by IHC staining of tumour 

and liver specimens. This can be attributed to the particle size which minimised the hepatic 

uptake [205], and the small doses of treatment which reduced the duration of Cas9 expression 

[69]. Finally, the described HFDM method for stealth liposomes preparation is straightforward 

and less labour-intensive compared to other methods of preparing PEGylated liposomes [54]. 

This can be helpful and more cost-effective when large-scale production of the treatment is 

required.       

5.4 Immunogenic Cell Death  

As discussed in Chapter 1 and 4, cancer cells maintain low immunogenicity as a key strategy 

to avoid being intercepted by host immune system [210]. Therapeutic agents that trigger 

oxidative ER stress were shown to accentuate the general immunogenicity of dying cancer 

cells, and thus converting the dying cells into a vaccine capable of inducing anticancer 

immunity [73]. As demonstrated in Chapter 4, the observed cell death by CRISPR/Cas9 

treatment was not immunogenic, and thus it failed to establish host anticancer immunity when 

re-challenged with viable cancer cells after the first exposure. As previously explained, ICD 

can be very useful when cancer recurrence rate is high, or in the case of virally-driven tumours, 

when the chronic infection with the virus triggers cancer development. Clinical data showed 

that agents that induce ICD, like doxorubicin, mitoxantrone, oxaliplatin, and 

cyclophosphamide, were associated with improved disease outcome [72, 168, 211]. Thus, 

cancer therapies that trigger ICD are urgently awaited. To convert regulated cell death into 

bona fide ICD, several strategies were proposed [168], such as the concomitant inhibition of 

CD39 to enhance the extracellular release of ATP [212], the co-administration of EIF2A 

phosphatase inhibitors which were shown to expose CALR upon cell death [213], and the 

exogenous supply of TLR4 agonists, i.e., Dendrophilin, which was found to substitute for 
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HMGB-1 release [214]. The detailed discussion of the molecular mechanisms that mediate ICD 

is beyond the scope of this thesis and can be found in Ref [168, 215, 216].     

As explained earlier, ROS-induced ER stress is a key element in ICD. ER stress is primarily 

triggered by the accumulation of unfolded proteins in the lumen of ER, resulting in a series of 

adaptive responses, collectively called unfolded protein response (UPR) [217].  Upon ER 

stress, a pro-survival response is initiated to augment ER folding capacity and recover, 

however, when the stress is so severe and prolonged, pro-apoptotic pathway is signalled 

through complex pathways; such as activating transcription factor 6 (ATF 6), PRK-like ER 

Kinase (PERK), inositol-requiring enzyme 1 (IRE1), and the activation of caspase cascade 

[218]. A major regulator of UPR signalling is GRP78 [219], a well-characterized ER chaperone 

with anti-apoptotic properties [220]. When bound to key ER chaperones, GRP78 blocks ER 

stress response, and thus the co-targeting of GRP78 with CRISPR/Cas9 may enhance the 

anticancer immunogenic response. Indeed, GRP78 has been shown to block caspase activation 

and inhibit apoptosis [221], as well as promote cancer cell survival via AKT signalling [222]. 

Mounting evidence suggests its high level of expression correlates with cancer metastasis and 

drug resistance in a variety of cancers  [223]. Now that it is possible to express multiple gRNAs 

and Cas9 in one vector with high editing efficiency [148], it is worthwhile to explore the effect 

of simultaneous targeting of HPV 16E7 and GRP78 on the immunogenicity of cell death.  
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5.5 Conclusions  

The following conclusions can be drawn from the work presented in this thesis: 

A) The targeting of HPV E6/7 with both WT Cas9 and FokI-dCas9 significantly inhibited 

cancer cell proliferation. However, gene-editing with FokI-dCas9 was modest and may 

not be feasible as a targeted gene therapy for HPV-driven cancers.  

B) The repair of CRISPR/Cas9 edits is mainly achieved via the random NHEJ repair 

mechanism. HDR repair was modest and ineffective.  

C) When intravenously administered, PEGylated liposomes prepared by the HFDM 

method protected plasmid DNA against serum nucleases, and effectively delivered 

CRISPR/Cas9 therapeutics to target organs despite the large payloads.  

D) The in vivo targeting of HPV-driven tumours with CRISPR/Cas9 cleared established 

tumours under immunodeficient and immunocompetent conditions. The observed 

anticancer effect was very specific to the targeted tissue. The presence of a functional 

immune system did not affect the in vivo efficacy of the treatment.   

E) The in vivo delivery of CRISPR/Cas9 components coated in stealth liposomes were not 

toxic and did not elicit unfavourable host immune response when tested in syngeneic 

mice. The treatments did not affect the wellbeing of the animals.  

F) The CRISPR/Cas9 targeting of HPV 16E7-driven tumour xenografts halted tumour 

growth via apoptosis. However, the observed cell death was not immunogenic.  

Based on the work presented in this thesis, we recommend the following to further optimise 

the use of CRISPR/Cas9 for cancer therapy:  

A) In view of the limitation of the in silico models in predicting the off-target edits for 

gRNAs, the off-target effects of the treatment should be assessed by using the unbiased 

genome sequencing methods [19] before it can be used in humans.   
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B) While the assessment of the off-target effects in our data is still ongoing, the specificity 

of CRISPR/Cas9 treatment can be further improved by testing the delivery of Cas9 

mRNA or protein for gene-editing. This is particularly true for Cas9 mRNA, given the 

ease of its packaging in PEGylated liposomes due to the negative charge of mRNA, and 

the high on-target specificity and editing efficiency which is comparable to Cas9 

protein delivery [82].    

C) While our data showed a consistent anticancer effect both in vitro and in vivo, testing 

the efficacy of the treatment in Patient-derived xenograft (PDX) models can help to 

predict the effect of the treatment in the clinic [224]. Given the heterogeneity of the 

genetic alterations involved in cancer development, testing CRISPR/Cas9 therapeutics 

in PDX models is therefore essential to ascertain the efficacy of treatment prior to 

clinical testing.    

D) Although our data did not show inflammation or hepatic toxicity as a result of the 

administration of CRISPR/Cas9 treatment, with no effect on the wellbeing of the 

animals, more work can be done to further confirm the safety of the treatment. This 

includes the assessment of liver enzymes (ALT and AST), and the inflammatory 

cytokine (interferon α, IL-6, IL-12, and TNF α) in both untreated and treated mice.  

E) Although our data showed the cell death mediated by the knockout of HPV 16E7 was 

not immunogenic, it is worthwhile to explore the effect of targeting GRP78 as well on 

the immunogenicity of cell death.   
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SUPPLEMENTARY TABLES  

 

Table S1 Shows the list of PCR primers to confirm the cloning of target sequences into 

pcDNA.H1sgRNA plasmid.  

gRNA Forward (5’>3’) Reverse (5’>3’) 

16E6 T1  TGCATGTCGCTATGTGTTCTG TGTGTCCTGAAGAAAAGCGGA 

16E6 T2 TGCATGTCGCTATGTGTTCTG AGCATAGCTCTTAAACACCCCTT 

16E7 T1 TGCATGTCGCTATGTGTTCTG CTTAAACGACAGAGCCCATTACA 

16E7 T2 TGCATGTCGCTATGTGTTCTG CGTAGAGTCACACTTGCGGA 

18E6 T1 AAGGGAATAAGGGCGACACG ATAGATTTTTACGGATCTGAGTGGT 

18E6 T2 GGAATAAGGGCGACACGGAA GTCTGAATAACGGATCTGAGTGG 

18E7 T1 GGAATAAGGGCGACACGGAA CTATGTCACGGATCTGAGTGGT 

18E7 T2  GCGTTTCTGGGTGAGCAAAA TCATCGTTTTCGGATCTGAGTGG 

 

 

Table S2 Shows the sequences of the target sites within HPV E6 and E7 oncogenes, and the 

repair template sequences used for HDR repair  

Name Target sequence 5’>3’ Binding 

site 

Expected cut site 

within the target 

gene  

HPV-16 E6 T1 Ccactgtgtcctgaagaaaagca 349-369 382 

HPV-16 E6 T2 Tccataatataaggggtcgg 394-411 

HPV-16 E7 T1 Ccggacagagcccattacaatat 141-162 169 

HPV-16 E7 T2 Gcaagtgtgactctacgcttcgg 176-195 

HPV-18 E6 T1 Ccataaatgtatagattttta 197-215 228 

HPV-18 E6 T2 Ttattcagactctgtgtatgg 240-258 

HPV-18 E7 T1 Ccggttgaccttctatgtca 66-83 96 

HPV-18 E7 T2 Gaaaacgatgaaatagatgg 108-125 

Non-specific tcgtactctacagcagatgc   

 

Name  Template sequence  

HPV-16 E6 

repair template 

attaactgtc aaaagccact gtgtcctgaa gaaaagcaaa gacatctgga caattaataagtaagcaa 

agattccata atataagggg tcggtggacc ggtcgatgta tgtcttgttg 

HPV-16 E7 

repair template 

aatagatggt ccagctggac aagcagaacc ggacagagcc cattacaata ttgtaacctaattaatt 

ttgttgcaag tgtgactcta cgcttcggtt gtgcgtacaa agcacacacg tagacattcg 

Underlined nucleic acids are the protospacer-adjacent motif, nucleic acids highlighted in bold 

represent the inserted modification (stop codon and AseI restriction site), T1: target 1, T2: 

target two.  
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