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The field of gene editing is undergoing unprecedented growth.
The first ex vivo human clinical trial in China started in 2016,
more than 1000 US patents have been filed, and there is expo-
nential growth in publications. The ability to edit genes with
high fidelity is promising for the development of new treat-
ments for a range of diseases, particularly inherited conditions,
infectious diseases, and cancers. For cancer, a major issue is the
identification of driver mutations and oncogenes to target for
therapeutic effect, and this requires the development of robust
models with which to prove their efficacy. The challenge is that
there is rarely a single critical gene. However, virally driven can-
cers, in which cells are addicted to the expression of a single
viral oncogene in some cases, may serve as model systems for
CRISPR/Cas therapies, as they did for RNAi. These models
and systems offer an excellent opportunity to test both preclin-
ical models and clinical conditions to examine the effectiveness
of gene editing, and here we review the options and offer a way
forward.

The Concept of Oncogene Addiction as the Basis for Targeted

Anti-cancer Therapies

Oncogene addiction may be defined as the unconditional dependence
of cancer cells on the expression of a single gene, or multiple genes, in
order to survive and grow. The notion of “oncogene addiction” was
first described by Bernard Weinstein in 2000,1,2 based on the obser-
vation that despite the involvement of multiple genetic and epigenetic
abnormalities in the process of cancer development, a single gene
inactivation may halt cancer growth and survival.

Several models were proposed to explain the biological mechanisms
of oncogene addiction.3 The first hypothesis was genetic streamlining,
which is based on the well-known notion among early evolutionists
that useless organs and structures are lost over time.4 This hypothesis
postulates that in the presence of selective pressure of the tumorigenic
microenvironment, molecular pathways that are deemed non-essen-
tial to cell viability would be inactivated.3 In other words, this change
renders cell viability entirely reliant on dominant pathways, which if
lost, cellular fitness would collapse. On the other hand, the “oncogenic
shock” theory hypothesized that oncoproteins possess pro-survival
and pro-apoptotic signals.5 In normal cells, this signaling duality al-
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lows for rapid switching between biological outputs, which is crucial
to counteract oncogenic insults with pro-mitogenic signals. In tumor
cells, the survival output dominates over the pro-apoptotic signals.
Upon disruption of an oncogene product, the pro-survival signals
are believed to last for a shorter duration compared to pro-apoptotic
signals, thus resulting in an apoptotic response.6 The synthetic
lethality model was put forward to elucidate the molecular events
leading to this phenomenon.7 This model states that for any two or
more genes to be synthetically lethal, the loss of function of either
gene is compatible with cell viability, but the loss of function of
both or all genes is lethal to cellular fitness.7 In the context of cancer,
the latter model is not limited to gene-gene interactions; it also in-
volves the combination of other epigenetic or pharmacological per-
turbations that result in a lethal phenotypic outcome.8

More recently, the oncogene amnesia model was proposed to explain
tumorigenesis.9 This model accommodates the role of host mecha-
nisms in cancer development. It assumes that for a certain onco-
gene(s) to be able to signal the malignant transformation of normal
cells, physiological barriers (or the safety switches that prompt
cell-cycle arrest as a response to genomic stress or instability) must
be shut off by other oncogenes or genetic events. Therefore, the cell
defense checkpoints are oblivious to genomic insult, or are in a state
of cellular “amnesia,” when an oncogene(s) signals malignant trans-
formation.9 In the event of oncogene inactivation, some of these
safety switches are restored; therefore, the cell would become aware
of such a genomic insult. This cellular “awakening” activates the
relevant molecular pathways to promote cell-cycle arrest by apoptosis
or senescence.10

Importantly, the notion of oncogene addiction has provided the con-
ceptual framework to characterize and develop cancer-specific thera-
pies. Given that each cancer is different in terms of the molecular
events involved in its development, and if these oncogenes are the
long sought-after Achilles’ heel of cancer, exploiting this concept
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may lay the first stone toward developing more targeted therapies.
This seems to be particularly relevant to virally driven cancers, where
the driver genes are absolutely known.

Human Papillomavirus and Cervical Cancer: An Example of

Oncogene Addiction

The case for a novel therapeutic for cervical cancer is clear. Cervical
cancer ranked as the fourth most prevalent cause of cancer deaths
worldwide among women in 2012, with 265,000 deaths and another
527,000 new cases.11 The 5-year survival rate has not changed for
20 years, so current treatment strategies have plateaued in efficacy.12

Vaccines cannot treat already-established cancer nor do they provide
protection against all types of human papillomavirus (HPV) infec-
tion.11,13,14 Moreover, current strategies (radiotherapy, chemo-
therapy, and surgery) suffer from serious drawbacks, are harsh on
normal cells, and have not shown adequate selectivity in targeting
the malignant tissue of the cervix.12,15–18

For high-risk HPV types (those that cause cancer), the ongoing
expression of E6 and E7 (and to a lesser extent, E5) oncoproteins is
required and the loss of this expression results in senescence or
apoptosis of these cells.19 It was concluded that the repression of
either E6 or E7 viral proteins results in cell-cycle arrest and cell death.
Further investigation of the molecular pathways associated with E6
and E7 gene silencing revealed that inactivation of E7 gene expression
is associated with re-establishment of the retinoblastoma protein
(pRb) pathway, which triggers cell senescence. On the other hand,
repression of E6 protein reactivates the p53 pathway, leading to
both apoptosis and senescence.19 The course of events involved in
the carcinogenesis of the cervix is consistent with the oncogenic
amnesia theory. Consistent with this is the long period of time
required between the initial HPV infection and the development of
cancer, implicating the involvement of multiple epigenetic and ge-
netic alterations. Such changes were associated with the process of
overriding checkpoint mechanisms, which are crucial for cell mortal-
ity and genomic integrity (Figure 1).9

Genome Editing

Targeted genome editing, by utilizing programmable endonucleases,
has rapidly evolved during the last 5 years. The most well-known sys-
tem is the CRISPR-associated endonuclease (Cas9), which was first
described after the observation that the prokaryotic adaptive immune
system can also be exploited as a programmable platform to generate
precise insertions or deletions (indels) in living cells.20 Briefly, the best
characterized CRISPR system (type II) encodes for Cas protein
(Cas9), which induces double-stranded breaks (DSBs) at specific sites
of the target DNA. Cas9 uses dual RNAs, or a guide RNA (gRNA), for
site-specific DNA cleavage. These gRNAs are made of CRISPR RNA
(crRNA), which binds to the target site through Watson-Crick base
pairing, and trans-activating crRNA (tracrRNA), which is important
for the recognition of and engagement with the Cas9 protein.21 After
cleavage, the DSBs are repaired by either the error-prone non-homol-
ogous end joining (NHEJ) pathway or the high-fidelity homology-
directed repair (HDR) pathway. The latter requires an exogenous
DNA repair construct with homology arms flanking the insertion
site to introduce a defined modification to the target locus.22

The first description of the CRISPR/Cas9 system was an exciting time
for genome-engineering technology. CRISPR/Cas9 is easy to design,
highly specific, well suited for high-throughput use, and has the ability
to domultiplex gene editing simultaneously. It holds enormous poten-
tial for many applications, such as systemic interrogation of genetic el-
ements and functions.23Basically,CRISPR technology canbeharnessed
to generate loss-of-function or gain-of-function mutations in tumor
suppressor genes, oncogenes, or othermodulators of gene expression.24

Upon cleavage of a target DNA by Cas9, and in the absence of a DNA
repair template, the genomic DNA is repaired by the NHEJ pathway,
hence introducing random indels and resulting in frameshiftmutations
and gene knockout. Similarly, multiple target sites can be cleaved to
generate multiple DSBs and hence mediate larger deletions in the
genome.25 The latter editing strategies may be ideal when a loss-of-
function type of editing is intended, such as inactivating certain genes
or gene deletions. Alternatively, genome editing through the HDR
pathway canbe leveraged to create a geneknock in,which is particularly
effective for making small edits (e.g., “fixing” existing mutations or
introducing point mutations or unique restriction sites) or larger edits
(e.g., introducing fluorescent proteins or selection cassettes).23

How CRISPR Machinery Can Be Harnessed against Cervical

Cancer

As previously explained, cervical cancer cells rely entirely on the
continuous expression of the HPV E6 and E7 proteins to survive,
which renders these proteins an ideal therapeutic target. Past attempts
were made to inhibit the expression or translation of these oncopro-
teins.26 One of the early publications in this area used phosphoro-
thioate oligonucleotides complementary to the regions flanking the
start codons of HPV-16 E6 and E7 genes and thus resulted in growth
inhibition of cervical cancer cell lines CaSki and SiHa.27 Several bio-
logical systems have since been exploited to interfere with the gene
expression of E6 and E7 genes or their molecular interactions, such
as using HPV E7 antagonist peptides,28 re-introducing the wild-
type (WT) p53 into cervical cancer cell lines via a recombinant adeno-
virus vector,29 interrupting the binding between E6 oncoprotein and
E6AP and E6BP via zinc-ejecting inhibitors,30 targeting E6 mRNA by
anti-HPV-16 E6 ribozymes,31 or inhibiting the long control region
(LCR) of HPV-18 by interrupting the binding of transcription factor
AP1, using heparinoid GAG-hed.32 More recently, RNAi has been
explored to silence the expression of E6/E7 genes via short-interfering
RNAs (siRNAs) or short hairpin RNAs (shRNAs).33–35

After the CRISPR/Cas9 revolution, researchers aimed to exploit this
technology to target specific sites in the E6 and E7 genes. In HPV-
16 and HPV-18 cervical cancer cell lines, targeting E6 and E7 genes
with the WT Cas9 restored p53 and pRb cellular levels respectively,
resulting in cell death and apoptosis.36–38 The same significant effect
was also observed when HPV-16 E6 and E7 genes were knocked out
in nude mice, leading to inhibition of tumor growth.39 The latter
study also demonstrated that the E6 and E7 genes can be knocked
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 57
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Figure 1. Carcinogenesis of the Cervix

HPV-infected cervical cells express viral oncoproteins, E6 and E7. E6 oncoprotein (the militia man) binds the tumor suppressor protein, p53 (the police officer), resulting in its

degradation. It also stimulates the hypoxia-inducible factor 1 (HIF-1) transcription factor, an innate hypoxic stress response in normal cells that binds to p53 to induce

apoptosis. Because p53 is largely degraded, HIF-1 stimulates the formation of new blood vessels (the supply pipeline), which in turn provide the growing tumor cells with a

blood supply. On the other hand, the E7 oncoprotein (the militia leader) binds the “pocket domains” of pRb protein (the corrupt politician), which interrupts the interaction

between pRb protein and E2F family transcription factors (the worker), resulting in their release in their transcriptionally active form and leading to cell-cycle activation and a

malignant transformation.
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out by targeting their common early promoter region, p97, which is
located just upstream of E6.39 Given that both E6 and E7 genes are
short, choosing unique target sequences within these genes can be
challenging; thus, the notion of targeting other regulatory regions
might serve as an alternative strategy. In fact, HPV gene expression
is largely regulated at the post-transcriptional level, including RNA
processing, nuclear export, mRNA stability, and translation, in addi-
tion to several early and late promoters controlling the expression at
the transcriptional level.40 Therefore, interrupting these regulatory
58 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
networks may be a promising approach. Apart from targeting
the early p97 promoter for HPV-16 E6 and E7 genes (or the p105
promoter for HPV-18), CRISPR-based therapies could be designed
to target, for example, the region extending from the end of the L1
open reading frame (ORF) to the late 30 UTR, the region that encodes
for key RNA stability regulators that preclude the expression of the
viral capsid proteins.41 Because these capsid proteins are highly
immunogenic, restoring their expression would trigger a robust im-
mune response and thus lead to the clearance of the virus.40 Besides
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the early and late promoters, several other promoters have been
described in various HPV genomes, such as a late promoter located
at the beginning of the E4 ORF, which regulates the expression of
L1 capsid protein,42 and one located at the E5 ORF that encodes
for L2 as a first ORF.42 However, exploiting these regulatory pathways
to enhance virus clearance or interrupt gene expression remains hin-
dered by our limited understanding of the molecular interactions
involving multiple genomic regions.

The Therapeutic Potential of CRISPR/Cas9 Systems in Other

Virally Driven Cancers

Designing an effective cancer therapy is challenging because the
drivers of tumorigenesis and the tumor microenvironment are com-
plex and constantly changing.43 However, some cancer types are
driven by well-characterized viral infections that if targeted may
lead to a viable cancer treatment. One example is the role of
Epstein-Barr virus (EBV) in the development of Burkitt’s lymphoma
and nasopharyngeal carcinoma.44 EBV is a double-stranded DNA
virus with 85 genes that infects lymphocytes and epithelial cells dur-
ing the initial replication stage.45 When latent, EBV expresses few of
its proteins that play a role in the malignant transformation, such as
EBV nuclear antigen 1 (EBNA-1), EBNA-2, and latent membrane
protein 1 (LMP-1) and LMP-2.46 These genes are involved in the acti-
vation of multiple molecular pathways that promote cell transforma-
tion, invasion, and cancer metastasis. Despite our understanding of its
role in malignancy, current anti-viral treatments for EBV have largely
failed to clear latent EBV infection. The approved anti-viral drugs for
EBV target DNA polymerase, which is abundant during the active
stage but not in the latent (non-replicating) stage of the infection.
Therefore, attempts were made to utilize CRISPR/Cas9 systems to
target EBV in the latent stage. When human cells derived from Bur-
kitt’s lymphoma with Cas9/gRNAs against the EBNA-1,47,48 LMP-1,
or EBNA-3C genes were targeted,48 a significant reduction in cell pro-
liferation was observed. This resulted in a decrease in viral load48 and
almost a complete clearance of the latent EBV infection.47 Another
research group also used CRISPR/Cas9 to generate a targeted deletion
of 558 bp in the promoter region of the BamHI A rightward transcript
(BART), which encodes for viral microRNAs (miRNAs), in latently
infected nasopharyngeal carcinoma C666-1 cells.49 The results
confirmed the loss of miRNA expression, indicating that this
approach could be utilized as a therapy against latent EBV infection.

In addition, persistent viral infections also seem to play a role in
the development of hepatocellular carcinoma.50 Similarly to EBV,
the currently approved drugs against hepatitis B virus (HBV) have
failed to fully eliminate viral infection from the body.51 This is because
of the highly stable HBV covalently closed circular (ccc) DNA, a
plasmid-like episome in the nucleus of the infected hepatocyte.52

Genome-editing platforms, including CRISPR/Cas9 systems, were
utilized to target and disrupt HBV genome expression with favorable
effects (reviewed in Lin et al.51 and White et al.53).

When treatment requires the full elimination of the virus, CRISPR/
Cas9 systems seem ideal to achieve that goal. This can be applicable
in many other virally driven cancers such as Merkel cell carcinoma,
caused by Merkel cell polyomavirus,54 or Kaposi’s sarcoma, caused
by human herpes virus 8.55 One could utilize the newer CRISPR/
Cas effector C2c2 system for RNA viruses such as hepatitis C, which
causes liver cancer,56 or human T lymphotrophic virus type I, which
causes adult T cell leukemia/lymphoma57; this system is capable of
editing RNA instead of DNA.

Apart from cancers driven by viral infection, the first human trial is
still ongoing to utilize this technology to knock out programed cell
death protein (PD-1) in T cells in patients with metastatic non-small
cell carcinoma of the lung.58 The targeted PD-1 protein helps to halt
the immune response; thus, its knockout should boost the immune
response against cancer cells. While the latter trial is ex vivo, which
allows for the selection of the edited cells and careful analysis of the
product before it is infused back into patients, it should provide
insight on the feasibility and the safety of gene editing in humans.58

More recently, a more ambitious human trial has been approved in
the United States to use the CRISPR/Cas9 system to insert an extra
gene to enable T cells to recognize and target several types of cancers,
together with disabling the PD-1 gene and two other genes.59

Challenges to CRISPR-Based Therapeutics

To design an effective therapy with the potential for its clinical trans-
lation, the treatment needs to be efficacious against the disease of
interest and deliverable to the target of interest, with tolerable or no
serious adverse effects. To date, CRISPR/Cas9-based therapies have
been associated with certain major limitations, such as the targeting
specificity and the possibility of off-target binding of Cas9 protein,60

on-target editing efficiency,61 and the induction of the host immune
response against the delivery vectors.62

On-Target Specificity

Previous studies revealed that not every nucleotide in the gRNA is
needed to pair with the target DNA in order to edit genes, suggesting
the possibility of off-target binding.20 Off-target mutations and sin-
gle-nucleotide variants (SNVs) were also reported in sites with poor
sequence homology to the gRNAs, and these mutations were not in
the predicted regions as per the in silico modeling.63 This issue raises
many safety concerns regarding potential CRISPR/Cas9-based thera-
peutics, and whether it might be associated with undesired mutations
or disruption of normal gene function. Therefore, off-target effects
need to be minimized to nearly zero or, alternatively, they must be
precisely profiled.64 Targeting specificity is broadly determined by
factors related to the gRNA characteristics, the Cas9 characteristics,
the abundance of gRNA-Cas9 complexes, and the uniqueness of the
chosen target sites.65 Several modifications were introduced to
enhance the targeting specificity,66 such as truncating the gRNAs to
shorter than 20 nt (increased specificity by more than 5,000-fold),67

introducing point mutations at the active sites of Cas9 nucleases to
modify its cutting capacity and force it to use two-enzyme binding
to create the DSB,68 or using catalytically inactive Cas9-fused FokI
nucleases or FokI-dCas9.69 The added requirement of two-enzyme
binding to generate DSBs has significantly increased the targeting
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 59
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specificity, but at the expense of on-target editing efficiency.66 Other
modifications also involved manipulating the electropositive charge
of the HNH/RucC groove of Cas9 endonuclease as a means to desta-
bilize off-target binding between non-target DNA and Cas9 and
reduce off-target editing (eSpCas9 variant).70 Disrupting the interac-
tion between Cas9 and the phosphate backbone of the target DNA by
introducing four mutations in the engineered Cas9 (SpCas9-HF1
variant) has also been described.71 Finally, newer Cas9 endonucleases
such as SaCas9 were shown to be more specific.72 Others have shown
that the delivery of purified Cas9 protein complexed with gRNA,
rather than as plasmid DNA, improved on-target editing efficiency
and reduced long-term accumulation of off-target mutations.73,74

Since Cas9 endonucleases are capable of introducing mutations any-
where in the genome, regardless of the degree of sequence similarity
to the on-target sites,75 therapies with such a nonspecific editing po-
tential might pose a serious risk of activating alternative molecular
pathways and altering the intrinsic tumor microenvironment. This
may contribute to the emergence of treatment resistance. Indeed,
several oncogene-targeted therapies previously showed the develop-
ment of resistance to treatment through several mechanisms.76 For
example, the acquisition of second-site mutations in the binding
site of the tyrosine kinase inhibitor, imatinib, as a mechanism to
develop resistance to therapy and reinstate the oncogene function
in patients diagnosed with chronic myeloid leukemia.77 Moreover,
mutations of the alternate components of oncogene-induced
signaling pathways might be another theme for emerging resistance
to oncogene-targeted therapies. For instance, the development of
resistance to vemurafenib, a BRAF enzyme inhibitor approved for
the treatment of late-stage melanoma, occurs by the acquisition of
activating mutations in other components of mitogen-activated pro-
tein kinase (MAPK) oncogenic pathways, such as NRAS,78 or by loss-
of-function mutations in the negative regulator NF1.79 Therefore,
such possibilities should not be overlooked with CRISPR/Cas9-based
treatments, especially in the case of cervical cancer. In spite of all the
exciting preclinical results, none of the previously discussed studies
that utilized the CRISPR/Cas9 system to treat cervical cancer assessed
the specificity of the treatment. Thus, it is not possible to know
whether it had any off-target toxicity. Therefore, genome-wide off-
target detection by unbiased deep sequencing-based methods is
imperative to ensure the stringency of on-target effects with no or pre-
cisely defined off-target edits.66

Knock-In Editing Efficiency

To date, several hundred publications have demonstrated the high ef-
ficiency of Cas9 endonucleases to achieve gene knockouts.80,81 How-
ever, inserting a precise modification via the HDR repair pathway
seems less efficient in most cases.82 Unlike the NHEJ, HDR repair oc-
curs only during the S and G2 phases of the cell cycle83 and concur-
rently with the NHEJ84 and thus is less frequent than the NHEJ repair
mechanism.82 The latter observation raises concerns about the risk of
generating error-prone random indels, which may introduce un-
wanted mutations or contribute to the emergence of treatment resis-
tance. In addition to its low frequency, the HDR repair pathway is
60 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
also limited by the possibility of the continuous re-editing of the target
sites; thus, the Cas9 endonucleases may continue re-cutting the edited
loci until they are sufficiently modified by NHEJ to prevent further ed-
iting.81 To increase HDR editing efficiency,Maruyama et al.82 targeted
DNA ligase IV, a key enzyme in theNHEJ repair pathway, and demon-
strated that inhibiting this enzyme resulted in an up to 19-fold increase
in the frequency of HDR repair. The gene silencing of other key NHEJ
pathway proteins, such as KU70 and KU80 in addition to DNA ligase
IV, by shRNAs has shown a significant increase in the frequency of
HDR repair, which was also correlated with NHEJ inhibition.85 Apart
from inhibiting the NHEJ pathway, modifying the repair template
seems to be another strategy to promote HDR on the expense of
NHEJ pathway. Renaud et al.86 tested different lengths of homology
arms flanking the cleavage site and chemically modified the 30 and 50

ends of the repair oligonucleotides. The latter study reported that phos-
phorothioate-modifiedoligonucleotideswith around100nt of the total
homology region strongly improved the homologous recombination
compared to the conventional phosphodiester oligonucleotides with
shorter or longer homology regions.86 Moreover, Richardson et al.87

mapped the Cas9-DNA interaction and described the asymmetrical
dissociation of the Cas9-DNA complex, releasing the 30 end of the
non-target DNA strand first; thus, designing a donor DNA template
complementary to the non-target strand enhanced HDR efficiency
by up to 60%. To prevent re-editing of alreadyHDR-edited loci, Paquet
et al.81 proposed introducing a Cas9-blocking mutation in the
protospacer adjacent motifs (PAMs) or gRNA target sequence, which
CRISPR/Cas9 requires for targeting. The findings from this study
showed a significant increase in HDR efficiency by 2- to 10-fold
when silentmutationswere introduced to either PAMs or gRNA target
sequences in various cell lines.81 The combination of NHEJ pathway
inhibitors together with modifying the donor template may also be
considered as a strategy to achieve precise, HDR-mediated edits.

Conclusions and Lessons from Previous Oncogene-Targeted

Therapies

The utilization of CRISPR machinery as a versatile genome-editing
platform represents a promising opportunity to design effective and
highly efficient oncogene-targeted therapies against virally driven
cancers. Despite their high editing efficiency, CRISPR/Cas9 systems
remain limited by several challenges that need to be addressed. There-
fore, a fierce debate has been triggered about whether this technology
is sufficiently mature to be used in humans.88 These concerns are
justified, given our limited understanding of how Cas9 endonucleases
are actually editing the genome, the high frequency of random edits
generated, and the possibility of accumulation of mutations. This
dilemma is not unique to CRISPR/Cas9 systems; one study investi-
gated the fate of HPV-16 E7 protein after silencing with siRNA and
reported that the truncated 50 end of the targeted protein is still
actively expressed after treatment.89 This observation raises a critical
question about the events that follow the editing and whether the
generated knockouts (or knock ins) would be associated with any un-
expected outcome. Therefore, it is imperative to roadmap how the de-
signed treatment would affect the target of interest, the proteins
expressed from that target site, the other known genes that interact
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with the target sites, the mechanism of effect (or cell death if in-
tended), and the specificity of targeting by using unbiased sequencing
methods.66

As previously discussed, many oncogene-targeted therapeutics have
suffered from the emergence of treatment resistance.76 Despite the
promising initial response, chronic exposure to such therapies often
gives way to relapse. Since it seems fairly common, the emergence of
resistance to future CRISPR-based cancer therapies should be antici-
pated. Several strategies were proposed to overcome the acquired
resistance to therapy.76 Although targeting either E6 or E7 oncogenes
should hypothetically cure cancer, the single-oncogene targeting strat-
egy might be associated with resistance to therapy as a result of the
acquisition of mutations in the target site. Therefore, targeting multi-
ple oncogenes and molecular pathways simultaneously should be the
recommended strategy to achieve a sustained clinical response. More-
over, tumor heterogeneity should be thoroughly characterized. While
cervical cancer is almost always triggered by the expression of E6 and
E7 oncoproteins, previous evidence reported the high percentage of
intra- and inter-tumor heterogeneity in gene expression profiles
among patients with cervical cancer.90 Further profiling of cervical
cancer showed that it is not only metabolically heterogeneous, but
this metabolic heterogeneity could also predict the response to the
treatment.91 Although carcinogenesis of the cervix is initiated by the
integration and expression of E6 and E7 oncoproteins, most infected
women develop transient dysplasia that spontaneously regresses to
normal. Therefore, it is safe to assume that cervical cancer develop-
ment is multi-factorial, with the involvement of “other” genetic ele-
ments in addition to E6 and E7 oncoproteins. Therefore, in-depth
characterization and profiling of these genetic alterations with the ge-
netic definition of the patients who aremost likely to respond, together
with targeting multiple signaling pathways by employing the more
specific Cas9 variants/modified gRNAs, should enable the design of
more personalized, and yet durable, targeted therapies.
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