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Abstract
Despite a vaccine being available, human papillomavirus virus (HPV)-driven cancers remain the ninth most prevalent 
cancers globally. Current therapies have significant drawbacks and often still lead to poor prognosis and underwhelming 
survival rates. With gene therapy becoming more available in the clinic, it poses a new front for therapeutic development. A 
characteristic of HPV-driven cancers is the ability to encode oncoproteins that aberrate normal p53 function without mutat-
ing this tumour-suppressor gene. The HPV E6 oncoprotein degrades p53 to allow the HPV-driven carcinogenic process to 
proceed. This review aimed to investigate the use of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 
gene-editing technology and how it may be used to overcome HPV-mediated silencing of p53 by hyper-expressing the p53 
promoter. Increasing p53 bioavailability may have promising potential as a therapy and has been a goal in the context of HPV-
driven cancers. Clinical trials and proof-of-concept pre-clinical work have shown positive outcomes and tumour death when 
p53 levels are increased. Despite previous successes of RNA-based medicines, including the knockout of HPV oncogenes, 
the use of CRISPR activation is yet to be investigated as a promising potential therapy. This short review summarises key 
developments on attempts that have been made to increase p53 expression in the context of HPV cancer therapy, but leaves 
open the possibility for other cancers bearing a p53 wild-type gene.

Key Points 

Restoring p53 may be a key clinical factor for the treat-
ment of HPV cancers.

CRISPR-based gene therapy may be a promising treat-
ment modality for HPV-driven cancers

1 Introduction

High-risk human papillomavirus (HPV) types 16 and 18 are 
the causative agents for most HPV-driven cancers. Despite 
there being an effective vaccine against HPV, HPV cancers 
still rank ninth for the most prevalent cancer type in the 
world [1]. HPV is implicated in over 99% of cervical cancer 
cases, with HPV16 alone accounting for 70.8% of those [2]. 
Oropharyngeal squamous cell carcinomas are also caused 
by persistent HPV infection [3], an aetiology strongly asso-
ciated with HPV type 16 [4]. Indeed, the global incidence 
of HPV-associated cancers has not significantly improved 
since 2008, with these cancers being especially prevalent 
in lower income countries [5]. With the global incidence 
being strongly associated with several external carcinogenic 
and geographic factors, its seemingly upward trend is hard 
to reverse.

Current standard therapies, including chemotherapy, sur-
gery, or both, have not improved survival rates in the past 2 
decades, suggesting that there is a need for more novel treat-
ment approaches. The carcinogenic process in HPV cancers 
is largely attributed to the E6 and E7 oncoproteins encoded 
by HPV [6]. A notable interaction that exists is the ability 
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for HPV to dysregulate wild-type p53 function, via the E6 
oncoprotein [7]. p53 is a tumour-suppressor protein and its 
inhibition results in cells losing control of the mitotic cell 
cycle at the G2/M checkpoint. This works synergistically 
with E7, which inactivates the phosphorylated retinoblas-
toma protein (pRb), taking the brakes off the cell cycle and 
thereby allowing cells to proliferate uncontrollably [8–10]. 
Mutations or dysregulations having the same effect on p53 
are highly selected for in other cancers [11], including lung, 
colon, invasive ductal breast, pancreatic and high-grade 
ovarian serous carcinoma [12]. Coining the term “guard-
ian of the genome”, p53 has versatile roles as a tumour-
suppressor gene.

With gene therapy becoming more available in the clinic 
and the advances of the Clustered Regularly Interspaced 
Short Palindromic Repeats-associated Cas 9 (CRISPR/Cas)-
based systems, it gives rise to new avenues for gene editing-
based therapies. Indeed, therapeutic editing using CRISPR 
technology to correct p53 mutations have been proposed for 
a few human diseases including Li-Fraumeni syndrome (see 
review by Mirgayazova et al. [13]). However, in this review, 
we aimed to address the possibility of overcoming wild-type 
p53 dysregulation, as commonly seen in HPV-driven can-
cers. Here, we review the aetiology of HPV-driven cancers 
with previous efforts to reverse this, and why overcoming 
HPV oncogene-mediated silencing of p53 using genetic 
manipulation is a potential treatment option.

2  The Physiological Function of p53

p53 can be activated via two distinct pathways. Firstly, the 
onset of the DNA damage response (DDR) causes the serine/
threonine protein ataxia-telangiectasia mutated (ATM) and 
ATM-Rad3 (ATR) signal kinase pathways to stabilise and 
activate downstream checkpoint kinases (CHK). ATM-Chk2 
is responsible for detection of predominantly double-strand 
breaks, whereas ATR-Chk1 is broader and may be activated 
by general DNA stressors, such as stress on the replication 
fork during replication [14]. Once ATM-Chk2 and ATR-
Chk1 are activated, these kinases phosphorylate p53 (Fig. 1). 
Secondly, hyperproliferative signals, which can be caused by 
transcription factors such as E2F, trigger prompt activation 
of the alternate reading frame product (ARF). Other onco-
genic insults such as c-myc and k-ras are also able to prompt 
stabilisation of ARF. ARF are a class of GTP proteins that 
activate the cell cycle, and when dephosphorylated into 
GDP, block entrance into the cell cycle. Specifically, ARF 
blocks the E3 ubiquitin ligase activity of the minute dou-
ble murine 2 protein (MDM2), so that p53 is not subjected 
to proteasomal degradation through the tagging process of 
ubiquitination [15]. MDM is a gene that encodes E3 ubiqui-
tin-ligases, which are involved in the p53 negative feedback 

loop, degrading p53 rapidly when there are no signals for 
DNA stabilisation, such as in DNA damage.

There is also a dimerization partner, RB-like, E2F and 
multi-vulval class B (DREAM) complex, known as the 
p53-p21-DREAM induction pathway, that regulates the 
progression from G2 into the mitotic phase of the cell cycle 
[9]. DREAM is a large dimerization complex that recruits 
several genes that all regulate the cell cycle, notably pRb/
E2F. Normal cells conform to a set number of cell divisions, 
defined as Hayflick’s limit [16], by regulating apoptosis and 
cellular senescence. Otherwise, cells are transformed and 
cancerous. Apoptosis can occur from p53 activating pro-
apoptotic signallers such as PUMA and NOXA, which then 
act at the mitochondria, where apoptosis largely occurs [17, 
18]. Finally, all this activity that is initiated by p53 leads 
to cellular senescence—p53-mediated degradation and 
purposeful cessation of the cell cycle. A quiescent stage is 
a hallmark at which the cells are considered to no longer 
respond to growth factor signalling.

As one of the functions of p53 is p53-dependent apopto-
sis, its functions need to be tightly regulated. Ubiquitination 
is a form of post-translational modification, which results in 
p53 being directed for proteasomal degradation via the 26S 
proteasome [19, 20]. This process is otherwise normal and is 
achieved through MDM2. Another class of MDM proteins is 
MDM4, which targets the p53 transcription start site, slow-
ing levels of expression [21]. Collectively, these two prevent 

Fig. 1  DSB and SSB causes prompt activation of p53 by phosphoryl-
ating down-stream pathways with eventual p53 stabilisation. MDM2 
is part of p53 negative feedback loop. Image created with biorender.
com
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p53 from inducing expression of several down-stream pro-
teins including PUMA and NOXA, so that p53-mediated 
apoptosis is regulated.

3  The Role of p53 in Cancer

Naturally p53 is a transcriptional regulator, and outside the 
context of cancer may regulate processes for other develop-
mental pathways. As discussed, p53 has potent anti-tumour 
effects. Consequently, p53 is one of the most mutated genes 
associated with cancer [22, 23]. There are a few ways in 
which p53 mutations may arise. Germline p53 mutants 
can be inherited, leading to the development of Li-Frau-
meni or Li-Fraumeni-like syndrome [24]. This is the early 
development of cancer at a young age, coupled with poor 
prognosis as the cancers are of high risk, generally differ-
ing from the tissue of origin, making initial detection and 
treatment even more challenging [25]. Missense mutations 
can occur across multiple codons that are found within the 
DNA-binding domain, leading to aberrated binding and 
subsequent function of p53 [26]. Finally, viral proteins can 
mitigate the effects of p53, not by mutation, but rather by 
dysregulation. Viral proteins are able to target p53, allow-
ing constant induction into the DNA replicative phase and 
cell cycle, bypassing its checkpoints and avoiding apoptosis 
[25]. Mutations in p53 are involved in, but not exclusive 
to, ovarian, oesophageal, colorectal, head and neck, larynx, 
and lung cancers, as well as primary leukemia, testicular 
cancer and malignant melanoma [27]. Other cancer types 
may aberrate, regulate or inactivate p53 to promote malig-
nancy, but not necessarily mutate it. Some examples of this 
include sarcomas [28], myelomas [29] and HPV-driven can-
cers. The modes of p53 dysregulation including deletions, 
methylation, mutations, microRNAs (miRNAs), isoforms, 
and regulators in cancers have been reviewed elsewhere in 
detail [29]. Overall, p53 deficiency or mutations are strongly 
selected for during the evolution of a cancer cell.

4  p53 Dysfunction in Human Papillomavirus 
(HPV) Cancers

As part of the HPV life cycle, HPV encodes two oncopro-
teins, E6 and E7. Persistent HPV infection is required for 
the development of cancer [30, 31]. HPV first infects the 
deeper basal layer, where it also remains in a low copy num-
ber, making it harder to be detect by the immune system, 
remaining latent [32]. Viral load then steadily increases 
when progressing towards malignancy, where expression of 
E6 and E7 then concurrently increase, eventually becoming 
an invasive cancer spreading through to the more superficial 
suprabasal cell layer [32]. Only when integration of HPV has 

occurred do E6 and E7 oncoproteins become active, caus-
ing cells to progress towards malignancy [6]. Similarities to 
this may be drawn with that of the lytic lifecycle of a phage, 
where it remains latent until eventually producing and shed-
ding more viral proteins, causing it to progress invasively. 
Indeed, HPV infection itself is not sufficient to induce cancer 
and requires further genetic mistakes to occur.

E7 functions as a transcriptional regulator [33] by binding 
to Rb protein and alleviating it from the transcription factor, 
E2F, subsequently leading to the entry from a quiescent G0 
stage into a replicative S-phase. This hyperproliferative sig-
nal triggers p53 stabilisation. Although the E6 oncoprotein 
is able to bind to residual amino acids on a ubiquitin-protein 
ligase (UBE3A) known as E6AP [7], binding causes residual 
changes to the enzyme substrate complex, causing E6AP to 
bind surrounding proteins, including p53 [7, 34]. Through 
cross-linking of amino acid residues, p53 is placed right in 
the catalytic centre where it is ubiquitinated and eventually 
degraded by the 26S proteasome [7] (Fig. 2).

5  Previous Efforts to Reverse p53 Deficiency 
in HPV Cancers

There are several ways that p53 expression can be upregu-
lated or bioavailability increased [35]. This has been shown 
to be successful, in the context of cancers still bearing a 
wild-type p53 [36]. Targeting p53 aggregates have also been 
proposed as a potential therapy, as common protein aggre-
gates can lead to p53 clearance in cells [37]. Inhibiting the 
aggregation process has led to elevated levels of normal p53 
functions [38, 39]. Finally, there are several chemical com-
pounds that have been used to increase p53 levels in cervical 
cancer treatments [35]. Other indirect ways include inhibi-
tion of MDM, which is involved in the negative feedback 
of p53. To this effect, the therapeutic potential of targeting 
MDM to re-engage p53 activity with MDM2-specific inhibi-
tors has been tested in both pre-clinical and clinical settings 
for a range of malignancies with a low frequency of p53 
mutations, such as haematological malignancies, and indeed 
a number of these molecules are under clinical evaluation 
for acute myeloid lymphoma and multiple myeloma [40].

Previous studies have explored ways in which wild type 
(WT) p53 function can be restored or increased within the 
context of HPV cancers (Table 1). One successful example 
is a p53 gene therapy drug, gendicine, which was approved 
by the China Food and Drugs Administration (CFDA) in 
2003. Gendicine is a human recombinant adenovirus that 
expresses a WT p53 protein, commonly used in combina-
tional therapies within a clinical setting [41]. Expressing a 
WT p53 protein in combinational therapy has been the most 
common way in which p53 levels are increased and has cer-
tainly been shown to induce great therapeutic benefit when 
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used in a combinational therapy setting. A clinical trial has 
compared the use of an adenoviral vector expressing p53 
when used in combination of neoadjuvant chemotherapy and 
found that combinational therapy resulted in tumour regres-
sion almost comparable to that in a cisplatin, vinblastine, 

and bleomycin (PVB) treatment group [42]. Other pre-
clinical studies have also explored the in vitro use of an 
adenoviral vector expressing p53 (rAd-p53) [43], and others 
have ventured into the delivery of a WTp53 plasmid using 
nanoparticles in HeLa cells, an HPV-positive (+) cervical 

Fig. 2  Normal cell versus human papillomavirus (HPV)-transformed cells outlining the roles of E7 and E6/E6AP/p53 interaction. Image created 
with biorender.com

Table 1  Attempts to increase p53 expression in human papillomavirus (HPV)-driven cancers

UBE3A ubiquitin-protein ligase E3A, NF‑κB nuclear-factor kappa-light-chain-enhancer of activated B cells, CIN cervical intra-epithelial neopla-
sia, CSCC cervical squamous cell carcinoma, RITA reactivation of p53 and induction of tumour cell apoptosis, SCID severe compromised immu-
nodeficiency, LACC  locally advanced cervical cancer, PVB cisplatin, vinblastine, and bleomycin

Treatment type Model Results References

Human recombinant adenovirus express-
ing WTp53

Review of past clinical trials within the 
past 2 decades

Significant improvement in cancer survi-
vorships in combinational therapies

[41]

Adenoviral vector expressing p53 (rAD-
p53) in combination with cilaxtel (anti-
microtubule agent)

In vitro—HeLa cells rAD-p53 group had 62% apoptosis rate 
and rAD-p53 + cilataxel (anti-microtu-
bule) group had 83% apoptosis rate

[43]

WTp53 packaged into nanoparticles In vitro—HeLa cells 19.2–33.6 relative fold increase in p53 
expression compared to control

[44]

Bortezomib (proteasomal inhibitor) and 
siRNA silencing of E6/E7

In vitro—HNSCC cell lines; PCI: 
SCC090, UM-SCC-47, UD-SCC-2 
(HPV+) and UM-SCC-22A, UM-
SCC-1, 1483 (HPV-)

2.1–3.6-fold increase in p53 expression [45]

MicroRNA; miR-375 downregulating 
UBE3A (E6AP)

In vitro—HeLa cells miR-375 overexpression with radiotherapy 
increases p53-dependent apoptosis

[46]

Curcumin and paclitaxel to upregulate 
NF-κB-p53-caspase-3 pathway

In vitro—HeLa and Caski cells ~ 1.3-fold increase in p53 expression [47]

Celecoxib to target anti-p53 networks In vitro—HeLa and patient-derived cell 
lines; CINII, CINIII and CSCC cells

CINII (~ 10%), CINII (~ 40%) and CSCC 
(~ 55%) increase in p53 expression when 
treated with celecoxib

[48]

RITA to activate p53 and p53 apoptotic 
pathways

In vitro—HeLa and Caski cells
In vivo—HPV+ cervical cell xenograft 

model SCID mice

Presence of p53 through immunoblotting 
in vitro and tumour suppression in vivo

[49]
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cancer cell line [44]. Inhibiting proteasomal degradation of 
p53 using bortezomib and siRNA targeting of E6 and E7 
also increased p53 levels in HPV+ head and neck squamous 
cell carcinoma (HNSCC) cells, and hence could serve as 
a dual-targeting approach [45]. miRNAs are also involved 
in p53 regulation through ubiquitin ligases. Indeed, miR-
375 overexpression combined with radiotherapy increases 
p53-dependent apoptosis in HeLa cells [46]. Curcumin is a 
derivative of turmeric and when combined with paclitaxel, 
an existing chemotherapeutic agent, was shown to increase 
p53 levels in HPV+ cervical cancer cells [47]. Celecoxib 
is a non-steroidal inhibitor of COX-2 and targets anti- and 
pro-p53 networks, resulting in a net upregulation of p53 
in a range of HPV+ cancer cell types, including patient-
derived tumours [48]. RITA, a class of drug that activates 
p53 and its apoptotic-dependent pathways, has been shown 
to induce p53 and p53-apoptotic-dependent proteins in vitro 
and HPV+ cervical cancer tumour suppression in vivo [49]. 
Finally, reactivating p53 by targeting pathways or interrupt-
ing oncoprotein function has also been successful in restor-
ing some p53 function [50, 51]. These studies in particular 
reveal a lot about the interaction that the oncoproteins have 
at the molecular level, through p53 interaction or surround-
ing proteins that affect p53 function. All these interventions 
have been shown to increase p53 expression and restore the 
activity of p53-dependent apoptotic pathways to culminate 
in tumour cell death. Finally, any form of E6 silencing or 
knockout using siRNA- or CRISPR-based technologies 
would also result in subsequent increase of p53 expression 
[52].

6  Using CRISPRa to Hyperactivate p53 
in HPV Cancers

CRISPR activation (CRISPRa) is a candidate therapeu-
tic tool for HPV-driven cancers. In general, the CRISPR 
system consists of a gRNA, also known as CRISPR RNA 
(crRNA), allowing for efficient Watson-Crick base pairing 
to the complementary DNA. Inclusion of a tracrRNA helps 
direct and complex the gRNA with the Cas9 endonuclease 
[53]. CRISPRa is a variant of CRISPR that allows activation 
of endogenous genes through promoters [54]. It consists of a 
“deficient” cas9 (dCas9), whereby the nuclease’s activity is 
diminished through mutating its domains, but still allowing 
for gRNA/Cas9 complexing to occur [55]. When a deficient 
Cas9 variant is fused with heterologous activator domains, 
endogenous genes may be hyper-expressed based on what 
the gRNA targets [53]. Using activator domains such as a 
construct of VP64-p65-Rta amplifies the response when 
hyper-expressing endogenous genes [53].

CRISPRa has been adopted as a tool for multiplexed acti-
vation of endogenous genes as an immunotherapy (MAEGI) 

[56]. The aim is to increase the amount of tumour-associated 
antigens using CRISPRa, allowing for more robust binding 
CD8+ T cells, thus inducing a stronger adaptive immune 
response [56]. CRISPRa has also been used to screen and 
study pro-oncogenes by activating them [57], revealing 
information on cancer pathways and vulnerabilities for future 
treatments. Outside these methods of screening, this system 
has not been used to increase bioavailability of tumour sup-
pressor proteins, such as p53, let alone been used within the 
context of treating cancers. Given that HPV cancers retain a 
WT form of p53, reversing the HPV-mediated degradation 
of p53 and subsequent function by hyper-expressing p53 is 
an attractive proposal.

This poses the future possibility of utilising such a CRIS-
PRa/dCas9 mechanism with a gRNA intended to target a p53 
promoter. Having a gRNA that targets a p53 transcriptional 
activator, with the utilisation of a dCas9 fused with activator 
domains, could then hyper-express p53 and potentially over-
come HPV-mediated p53 degradation. The question remains 
then whether the anticipated effects of p53 hyper-expression 
would be advantageously therapeutic, resulting in the reduc-
tion of tumour burden and overall disease. Indeed, a recent 
study provided proof-of-concept data that increasing p53 
bioavailability using fenofibrate, which belongs to a class 
of drugs prescribed to manage dyslipidaemias, resulted in 
the alteration of HPV+ head and neck tumour microenviron-
ment in vivo and loss of HPV+ cancer cell proliferation [58]. 
After all, it is well known that the introduction of p53 into 
the tumour microenvironment has anti-tumour effects result-
ing in cellular senescence [58–60] and p53-dependent apop-
tosis, causing cancer cell killing [58, 60–62]. A proposed 
design could utilise the well-known CRISPR doxycycline 
inducible system known as the tet-on/off system [58, 63], 
which is an approach our lab is currently testing in an effort 
to hyper-express p53. It is hypothesised that healthy cells 
remain untouched and that only tumour cells will be killed 
[62]. This is because the onset of oncogenic stressors and 
DNA damage are major contributors to the stabilisation of 
p53 [64, 65], likely to otherwise be absent in normal cells 
where p53 is regulated by MDM2. Only transformed cells 
that have DNA damage, or hyper-proliferative signals, such 
as caused by E7, would stabilise p53. Even if p53 were to 
be expressed in normal cells, its own negative feedback loop 
would kick in and rapidly degrade excess p53, further ration-
alising p53 being a good candidate for hyper-expression in 
HPV cancers.

7  Potential Challenges and Conclusions

In the context of HPV cancers, a switch from MDM2-p53 
binding to E6-mediated degradation of p53 is a further 
hallmark of HPV+ cancers [4, 7]. It is a possibility that 
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this will prove to be problematic as the increased levels of 
p53 will then need to compete with not only the E6 onco-
protein but also its own negative feedback loop involving 
the class of MDM proteins [20, 21]. The E7 oncoprotein 
has also been shown to play a role in p53 aberration to 
some extent. The p53-p21-DREAM is a target for the E7 
oncoprotein and is directly involved in the p53-p21 activa-
tion pathway [10]. Therefore, increasing p53 expression 
alone may not be enough to overcome this and may require 
a combined approach, such as using standard chemother-
apy [41, 42]. It has also been observed in yeast that hyper-
expression of p53 leads to the formation of prions [66]. 
Whilst this is not yet proven in mammalian cell culture, it 
is a possibility that despite initial hyper-expression of p53, 
which may lead to tumour death, the formation of prions 
may cause a paradoxical induction of another cancer.

Directly targeting HPV E6 and E7 oncoproteins using 
RNA-based methods including siRNA, miRNA and 
CRISPR has been previously utilized to target HPV-
driven cancers (see recent review by Salinas-Montalvo 
et  al. [67]). Indeed, the use of CRISPR technology to 
delete HPV E7 has been shown to be successful in killing 
almost 100% of tumours in in vivo HPV+ cervical can-
cer models. [61]. As effective as this may be, it is likely 
that combination therapy of targeting HPV oncogenes and 
increasing p53 bioavailability can provide more efficacious 
therapeutic outcomes. Indeed, the co-delivery of a plasmid 
expressing p53 and the CRISPR-based targeting of the E7 
oncoprotein led to the inhibition of HPV+ tumour growth 
and ultimately reversed the effects of HPV carcinogenesis 
in transgenic mice [60].

HPV-related cancers are becoming increasingly more 
prevalent, despite the vaccine being largely protective, 
especially for HPV+ head and neck cancers [68–70]. It 
is too early to draw conclusions of the impact of the HPV 
vaccine, which was initially designed for cervical cancer, 
on the incidence of other HPV-driven cancers as longitu-
dinal studies to address this are currently ongoing. With 
poor prognosis and survival rates, HPV cancer patients 
need better therapy options. Despite being relatively new, 
gene therapy is making its way to the clinic in various 
forms. Reintroduction of p53 into the tumour microenvi-
ronment by simply adding a recombinant or pharmacologi-
cally targeting MDM has proven protective. This reflects 
the potent anti-tumour effects when p53 is present and 
why so many cancer types develop in the presence of p53 
mutations or aberrations.

In conclusion, there are a lot of possibilities with the 
advent of gene-manipulating technologies such as CRIS-
PRa, not just for hyper-expressing p53 for HPV-driven 
cancers, but also for other cancers carrying a WT p53 
gene.
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