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Abstract

In recent decades, tools of molecular biology have enabled
researchers to genetically modify model organisms, including
human cells. RNAi, zinc-finger nucleases, transcription
activator–like effector nucleases, CRISPR-Cas9 (clustered reg-
ularly-interspaced short palindromic repeats and CRISPR-
associated protein 9), retro- or lentiviral gene transfer, and
many other methods can be utilized to remove genes, add
genes, or change their expression. Within the same timeframe,
survival rates for many highly malignant tumor diseases have
not improved substantially. If modern medicine could apply
even a subset of research methods in clinical management,
which are already well established and controllable in basic
research laboratories, this could strongly impact patients'

prognosis. CRISPR-Cas9 is a method to precisely target and
manipulate genomic loci and recent studies have attempted to
use thismethod as a genetic treatment for Duchennemuscular
dystrophy, blood disorders, autosomal-dominant hearing
loss, and cancer. Some of these approaches target mutant
genomic sequences specifically and try to avoid affecting the
respective normal loci. Considering obvious genetic risks
opposing the objected benefits, data are needed to show
whether CRISPR technology is suitable as a future cancer
therapy approach or not. Here, we develop strategies for
the specific targeting of viral cancer drivers and oncogenes
activated by mutation, using the latest CRISPR technology.
Cancer Res; 78(19); 5506–12. �2018 AACR.

Introduction
For decades, scientists have changed the genome of organ-

isms to study the molecular mechanisms of development and
disease. In the past few years, the genome editing technology
CRISPR-Cas9 (clustered regularly-interspaced short palin-
dromic repeats and CRISPR-associated protein 9) has emerged,
which enables the targeted induction of DNA double strand
breaks (DSB) at the desired genomic loci. This method is
controlled by a single-guide RNA (sgRNA) containing an
approximately 20-bp spacer sequence, which directs the Cas9
endonuclease of Streptococcus pyogenes (SpCas9) to its comple-
mentary genomic site (1). An sgRNA is composed of an
endogenous CRISPR RNA (crRNA) containing the spacer and
a trans-acting crRNA (tracrRNA). Specifically, the Cas9 endo-
nuclease cuts the DNA close to the so-called protospacer
adjacent motif (PAM) sequence, which is directly adjacent to
the targeted DNA complementary to the spacer and originally
comprised of an NGG sequence. Thus, only the genomic sites
containing a PAM sequence can be targeted. Moreover, SpCas9

versions with alternative PAM sequences have been created like
the EQR-variant recognizing NGAG (2).

The DSB is subsequently repaired by the target cells nonho-
mologous end-joining (NHEJ) or homology-directed repair
mechanisms. Therefore, insertions or deletions (indel) at the
desired loci in the target genome can be achieved. However,
SpCas9 unspecifically cleaves the so-called "off-targets," which
show sequence similarity to the intended on-target locus (3).

Researchers have started to implement CRISPR-Cas9 to estab-
lish therapeutic approaches against genetic diseases. One example
is the defective dystrophin gene causing lethal Duchenne mus-
cular dystrophy (DMD; ref. 4). Scientists have used aDMDmouse
model to target the loss-of-function mutation in dystrophin exon
23. Via injection of adeno-associated viral vectors, they intro-
duced two sgRNAs and SpCas9 targeting both introns flanking
exon 23 to cut out thewholemutant exon and created a shortened
but functional dystrophin gene. In another recent study, autoso-
mal-dominant hearing loss was treated with cationic lipid-coated
sgRNA/Cas9 complexes in amousemodel of humandeafness (5).
In this approach, the deafness-associated Tmc1 gene was targeted
by sgRNAs, which were designed to preferentially target the
disease-causing mutant genomic locus with single bp sensitivity.
A similar strategy has been previously proposed for cancer therapy
(6). In this perspective article, we present concepts regarding how
to implement the latest CRISPR-Cas9 technology as a therapeutic
application against cancer.

Identification of genomic target loci
Most tumor types are driven by the loss-of-function in tumor

suppressors and/or themutational activation of proto-oncogenes
conferring a gain of function. Many of these activating mutations
in oncogenes affect residues in the encoded proteins that are
critical for their function or regulation and can be found recur-
rently in various patients and cancer types. Frequent recurrent
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mutations include small (3–15 nucleotides) inframe deletions or
single-base substitutions in receptor tyrosine kinases, serine/
threonine-protein kinases or small GTPases like KRAS, PIK3CA,
EGFR, NRAS, and HRAS. In the American Association for Cancer
Research (AACR)GENIEdatabase, these genes are annotated to be
mutated in 15.59%, 11.63%, 5.87%, 5.50%, 2.82%, and1.01%of
all tumor samples, respectively (7). Thus, a high percentage of
patients with cancer would benefit from new innovations target-
ing these driver mutations. For example, recurrent mutations
affecting glycine 12 or glycine 13 (G12 or G13) in the KRAS
oncogene (e.g., KRAS-G12D) drive approximately 95% of the
pancreatic ductal adenocarcinomas (8). Moreover, about two-
thirds of head and neck squamous cell carcinomas (HNSCC) in
oropharyngeal location and nearly all the cervical cancers contain
the genome of the human papillomavirus (HPV), which is impli-
cated in causing cancer through its oncoproteins, E6andE7(9, 10).

To identify these target loci, tumor-derived genomic DNA has
to be analyzed for such oncogenic elements, for example by
whole-genome sequencing. Highly recurrent driver mutations or
viral components, which are expected to be found in a significant
number of patients can be accessed by a simple PCR-based
genotyping assay (11). To find ideas for possible targets, literature
or online databases can be employed like the AACR GENIE
database, where the mutational spectrum of individual patient-
derived samples can be viewed interactively (7).

Mutation-specific targeting of oncogenes using CRISPR-Cas9
DNA sequencing results can be used tomanually design sgRNAs

targeting mutant loci in cancer cells. The goal is to cut activated
oncogenes at or close to their altered genomic sequence without
affecting the corresponding loci in normal cells. To achieve that,
sgRNAs must match the mutant sequence and have as many
mismatches to the normal sequence as possible. Identified genes
could be targeted bymultiple sgRNAs simultaneously to fragment
the desired loci and prevent inframe DNA repair restoring onco-
genic function. Recurrent gain-of-function mutations are often
bound to sequence alterations affecting the substitution or dele-
tion of one specific codon only. Thus, even inframe repairs could
reduce or abolish oncogenic potential. Interestingly, the partial
destruction of an oncogene by CRISPR-Cas9 might trigger an
immune response to the remaining cancer and possibly result in
T-cell responses to mutant neoantigens (12).

Oncogenic deletions generally result in the formation of a
unique DNA boundary. If at least one PAM sequence is close to
that locus, a sgRNA spacer sequence can be designed that is not
found in association with a PAM in the normal genomic locus, or
at least has a high percentage of mismatches to it (Fig. 1A). More
difficult to cut are mutant loci that display a single-base substi-
tution, which does not create a novel PAM (5). For these, sgRNAs
have to be designed inwhich themutant base is located as close to
the PAM sequence as possible (Fig. 1B), because mismatches to
the targeted locus at the 30 end of the sgRNA spacer interferemuch
more with successful DNA cleavage than at the 50 end (13). Ideal
for targeting are those substitutions that create a novel PAM
sequence (Fig. 1C). In such cases, the sgRNAs would certainly
target the oncogenes in cancer cells without the danger of creating
an activating mutation in the corresponding proto-oncogene of
the normal cells. This approach has already successfully been
implemented in a subcutaneous xenograft tumor model of lung
cancer in mice (6). Potential example sgRNAs are displayed in
Supplementary Table S1.

This strategy, to establish mutant-specific sgRNAs, might also
be suitable to target larger rearrangements like the oncogenic
fusion genes derived from chromosome translocations. For that
purpose, individual breakpoints would have to be profiled for
their genomic sequence to create sgRNA spacers spanning the new
boundary, similar to as presented in Fig. 1A. Targeting the new
boundary alone might already abolish the oncogenic function,
but by using an additional sgRNA to target a nearby intron, a large
part of the fusion gene could be removed, similar to the approach
against DMD (4). Because many oncogenic fusions are recurrent,
effective sgRNAs against them could benefit a large cohort of
patients.

All sgRNA sequences have to be verified and optimized for each
individualmutation and tumor type, for example by varying their
length or by incorporating intentional mismatches until the
highest level of specificity for the mutant locus is achieved. To
optimize the cost–benefit ratio, sgRNA sequences that align
specifically to activating mutations in genes like KRAS-G12D or
PIK3CA-E543K, which occur in many patients and various malig-
nancies, are of special interest, because these molecules might be
useable "off the shelf" for all patients with tumors carrying these
highly recurrent mutations.

Targeting the E6 and E7 oncogenes of HPV is a particularly
promising therapy approach against HNSCCs and cervical cancer,
because high-risk E6 and E7 sequences are essential to initiate and
maintain the cells' malignant properties (9, 10, 14, 15). E6
promotes TP53 degradation, whereas E7 inhibits pRB (10). Both
oncogenes contain a multitude of possible NGG-PAM sequences
for CRISPR-Cas9 targeting (Fig. 2). More importantly, none of the
possible sgRNA sequences would have an on-target locus in
normal human cells, because E6 and E7 are specific components
of the HPV genome and could be accessed by the CRISPR
molecules in both episomal and integrated form. Thus, the
disruption of E6 and/or E7 using CRISPR-Cas9 or transcription
activator–like effector nucleases (TALEN) has been proven to
interfere with proliferation and survival of cervical cancer cells
(14, 15), which has been translated recently into a phase I clinical
trial (NCT03057912).

Interestingly, regions in the HPV E7 oncogene were identi-
fied, which are highly conserved in HPVþ tumors, but fre-
quently nonsynonymously mutated in silent HPV infections
(16). This indicates that the amino acids encoded by these
regions of E7 are critical for carcinogenesis. These are predom-
inantly amino acids 22–26 and 56–98 (16). Also for E6, the
residues have been identified that are essential for supporting
the degradation of TP53, mainly amino acids 15–21 and
51–54 (16–18). Thus, we propose targeting HPVþ HNSCC
cells using sgRNAs designed specifically against the corre-
sponding loci in the HPV E6 and E7 coding sequence (Fig.
2). This could enable a reduction of the number of required
sgRNAs and an optimization of the sgRNA strategy to achieve
minimal off-target effects.

The eventual goal is to additionally target individual nonre-
current cancer-specific mutations, which are muchmore frequent
than recurrent alterations and nevertheless often represent the
essential driver mutations. But because this patient-specific ther-
apywould be less cost-efficient, researchersmight start to work on
recurrent gain-of-function mutations that are easier to identify
andmore suitable for targeting. Once perfected, however, there is
no reason why this technology could not be adjusted to every
patient's cancer-specific mutations.
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The advantages of CRISPR-Cpf1
A new development in the field of genome editing is

CRISPR-Cpf1. Cpf1 is an alternative RNA-guided endonuclease
from Acidaminococcus sp. (AsCpf1) and Lachnospiraceae bacterium
(LbCpf1) that differs from SpCas9 in important parameters (19).
Cpf1 requires no tracrRNA, so that the sgRNA needed for genome
editing is less than half the size than in the traditional SpCas9
system. Moreover, Cpf1 recognizes a 50-TTN or 50-TTTV PAM
instead of the traditional NGG-30 PAM of the SpCas9 and there
are alternative versions that function with 50-TYCV and 50-TATV
PAM sequences (20). This PAM specificity alone augments the
toolset of therapeutic CRISPR applications by enabling the target-
ing of T-rich sequences and the smaller RNA molecules are more
suitable for in vivo delivery. Moreover, Cpf1-ribonucleoproteins
induce around10 times less off-target cleavages than SpCas9 (21),
which makes it more suitable for future therapeutic use in
patients, because off-target mutations represent a significant
genetic risk. Most interestingly, Cpf1 does not induce DNA DSBs
with blunt ends as does SpCas9, but instead produces 5-nt

staggered cuts (19). Thus, cutting an oncogene locus with Cpf1
always results in sticky ends, which might facilitate the NHEJ-
mediated knock-in of donor DNA. In this approach, it might be
interesting to provide a donor molecule with the respective
normal genomic sequence or a stop cassette.

Targeting the mRNA of oncogenes
Because of obvious genetic risks, the use of a CRISPR method,

which targets oncogenic mutations without actually cleaving the
patients' genomic DNA, would be much safer in clinical appli-
cation. When a mutant oncogene is transcribed, the mRNA also
carries the altered sequence. Interestingly, theRNA-guidedCas13a
enzyme from the bacterium Leptotrichia wadei (LwaCas13a) has
been identified to target RNA instead of DNA (22). Because
Cas13a requires no specific PAM sequence like SpCas9, almost
any desired mRNA can be targeted. Thus, CRISPR-Cas13a might
be very suitable to degrade the mRNAs of activated oncogenes.

In a subset of gliomas, HNSCCs, breast cancers, and a variety of
other malignancies, a highly oncogenic recurrent deletion of

EGFR mutation:A

B

C

HRAS mutation:

BRAF mutation:

20nt (+) strand spacer

20nt (+) strand spacer

20nt (+) strand spacer

20nt (+) strand spacer

20nt (+) strand spacer

20nt (+) strand spacer

20nt (+) strand spacer

20nt (–) strand spacer

20nt (–) strand spacer

5’-AATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCGATG-3’Normal:

5’-TAGGTGATTTTGGTCTAGCTACAGTGAAATCTCGATGGAGTGGGTCCC-3’Normal:

5’-TAGGTGATTTTGGTCTAGCTACAGGGAAATCTCGATGGAGTGGGTCCC-3’V600G:

5’-TGGACATCCTGGATACCGCCGGCCAGGAGGAGTACAGCGCCATGCGG-3’Normal:

A>T substitution

T>G substitution

5’-TGGACATCCTGGATACCGCCGGCCTGGAGGAGTACAGCGCCATGCGG-3’Q61L:

5’-AATTAAGAGAAGCAACATCTC----------------------AGGAAATCCTCGATG-3’
PAM

mismatch

no PAMs

no PAM

2 PAMs for SpCas9

5’-TAGGTGATTTTGGTCTAGCTACAGAGAAATCTCGATGGAGTGGGTCCC-3’V600E:
T>A substitution

1 PAM for SpCas9 EQR

12del
Deletion:
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Figure 1.

Mutant-specific targeting of activated
oncogenes. Examples for oncogenic
mutations are used to display the
targeting strategy. A, An oncogenic
12 bp deletion (12del) in the EGFR gene
transposes an AGG PAM sequence, so
that a sgRNA spacer can be designed
that is located adjacent to a PAM
sequence only inmutant EGFR, but not
in the normal gene. Thus, SpCas9
activity is only expected to occur at the
mutant locus. B, The HRAS-Q61L point
mutation can be targeted
simultaneously by one sgRNA on the
(þ) strand and one on the (�) strand.
Both sgRNAs have a mismatch to the
normal locus within three or four bp
upstream of the PAM sequence, which
might protect the normal HRAS gene.
C, In melanomas, the recurrent
oncogenic T>G point mutation in the
BRAF codon600 (V600G) creates two
adjacent NGG PAM sequences for
SpCas9 that are not found in the
normal locus. Hence, two sgRNAs
could be designed that specifically
target the mutant DNA. Different from
melanomas, in head and neck cancer
the BRAF codon 600 is recurrently
mutated T>A (V600E), so that a novel
NGAG PAM sequence for the SpCas9
EQR variant is formed.
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exons 2–7 in EGFR has been identified, called EGFRvIII (9, 23).
The frequency of this mutation ranges from 16% up to 86% (23).
This results in a loss of the extracellular growth factor–binding
domain and constitutive signaling independent from ligand
binding. CRISPR-Cas13a could be an ideal system to attempt the
targeting of the novel boundary of exons 1 and 8 in the EGFRvIII-
encoded mRNA (Supplementary Fig. S1), and similarly new
boundaries formed in oncogenic fusion genes.

However,mRNA targetingwould only exert transient oncogene
depletion and it has to be tested for each possible target whether
this is sufficient to provide enough cytotoxic or growth-inhibitory
effect. It appears promising to use the specificity of CRISPR
technology therapeutically without actually altering the human
genome, because that would largely circumvent ethical barriers.
Fortunately, cancer therapy via RNAi has reached already numer-
ous clinical applications (24). We propose that many silencing

© 2018 American Association for Cancer Research
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Figure 2.

Targeting of the E6 and E7 oncogenes of HPV type 16. Both genes contain a high number of NGG PAM sequences for SpCas9 on the (þ) strand (red arrows) and on
the (�) strand (green arrows) that could be validated to target HPV-positive HNSCC or cervical cancer. Regions in the E6 and E7 oncogenes encoding amino
acids (numbers), which are conserved in HPVþ tumors and thus critical for tumor progression, might be highly suitable targets (indicated as red boxes).

CRISPR-Mediated Targeting of Oncogenes

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5509

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5506/2771446/5506.pdf by guest on 19 M

ay 2023



strategies could be taken over with CRISPR-Cas13a technology,
because it exerts insignificant off-target activity and the possibility
of oversaturating endogenous small RNA pathways, a common
drawback of gene therapy by RNAi (25), is excluded by the
application of CRISPR technology.

Resistance against CRISPR-mediated targeting of oncogenic
mutations

Tumors consisting of billions of dividing cells demonstrate
genetic heterogeneity calculable by statistical means. Thus, when
treated with therapeutics, a subpopulation of cells will exist that
has exactly the right genetic composition to resist treatment. Vice
versa, CRISPR-Cas9 will induce sequence alterations in the tar-
geted loci that are heterogeneous among different tumor cells. For
this reason, it is probable that tumor cell clones will arise inwhich
the sgRNA recognition sites have been deleted without destroying
oncogenic function. The targeting strategy described above to
fragment the target locus by using multiple sgRNAs for one
mutation is meant to minimize this chance. However, if resistant
tumor cells are detected after CRISPR-Cas9 treatment, researchers
could determine the specific DNA sequence at the targeted loci
and adapt the sgRNA design to the newly formed sequence. That
way, a CRISPR-based therapy approach against cancer might be

used to overcome the resistance that was self-created. Similar to
chronic antiretroviral therapies againstHIV, theCRISPR treatment
could be used this way in an adaptive manner to manage cancer
disease over long term.

Clinical delivery of therapeutic nucleotides
In clinical trials, good results have been obtained using lenti-

viral or adenoviral vectors to deliver therapeutic nucleotides
against genetic diseases of the blood, immune, and nervous
system (26). However, all target cell populations in these trials
were either treated ex vivo, located in the liver, or lining accessible
surfaces. The technology needed for CRISPR-based cancer therapy
approaches would vary for local and systemic targeting of tumor
cells (Fig. 3).

A potential clinical application for CRISPR technology is local
therapy, for example, to shrink the primary tumor or large
metastases to enable their surgical removal. In the above men-
tioned trial, NCT03057912 against HPV in cervical cancer
CRISPR-Cas9 or TALEN-encoding plasmids are delivered locally
directly to the cervix contained in a polymer-based gel. However,
for other tumor locations this gel-based delivery would not be
suitable. Instead, intratumoral injection of therapeutic CRISPR
molecules should serve as delivery method and the efficiency of

© 2018 American Association for Cancer Research

Intratumoral
injection

Systemic
delivery

Normal genomic DNA

Not complimentary
to sgRNA

No PAM
sequence

Mutant genomic DNA

PAM sequence

Endothelial cellsTumor cells

Cas9/sgRNA
complex

Uncoated/coated
nucleotide complex

Electroporation
of cell membrane

Figure 3.

Potential application strategies for the clinical targeting of oncogenes using CRISPR technology. Therapeutic nucleotides could be injected locally to shrink
theprimary tumor or systemically to also reach distantmetastases. Special coatings and/or electroporation can enhance the transition of therapeutic nucleotides into
tumor cells. Tumor specificity should be achieved by designing sgRNAs that exclusively bind to themutant genomic loci but not to the corresponding normal genes.
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this application could be enhanced strongly by electroporation,
which is a physical method to facilitate the cellular uptake of
hydrophilic molecules of any kind, including DNA. Special elec-
troporation devices are already utilized in clinics to enhance the
uptake of drugs with inefficient cellular uptake such as bleomycin
in local cancer therapy (27). The electroporation-supported deliv-
ery of DNA constructs, which could principally encode the
sgRNAs and Cas proteins, has already been translated into clinical
trials (28). Thus, electroporation-enhanced local oncogene target-
ing appears to be a realistic application for future CRISPR-based
antitumor therapies.

To treat metastasized tumor diseases, it would be highly desir-
able to deliver CRISPR molecules to all the tissues in a systemic
approach. In murine xenograft tumor models, this was accom-
plished, for example, by using tumor cell–derived exosomes and
their ability to aggregate in tumor tissue (29).Unfortunately, there
are no gene therapy clinical trials that demonstrated the efficient
and safe delivery of therapeutic nucleotides to all tissues system-
ically. One explanation might be that most gene therapy
approaches target one particular tissue and aim to avoid unspe-
cific delivery into other tissues. This implies that amore unspecific
nucleotide packaging technology would be suitable that is deliv-
ered to all locations of the human body after systemic injection.
Thus, vehicle systems that were neglected previously might
become valuable for future CRISPR-based treatment approaches
against metastatic cancer. However, a systemic application of
CRISPR technology is still very far from clinical use and awaits
a technological breakthrough.

Off-target effects from CRISPR-mediated targeting
In any therapeutic application of genome editing, off-target

mutagenesis represents a high genetic risk for the patient's healthy
tissues. It is well described that sgRNAs used for CRISPR-Cas9
genome editing canhave hundreds of off-targets (3).DNADSBs at
these unintended sites in normal cells can cause secondary cancers
or cell death, which in a systemic approach can lead to life-
threatening organ failure. Thus, for future approaches, the off-
target loci of therapeutic sgRNAs must be well characterized for
their effects on somatic cells. As discussed above, specific endo-
nucleases like Cas13a or Cpf1 provide less off-target effects and
thus, appear safer for clinical use.However, it is worthmentioning
that unintended mutagenesis at more or less random genomic
sites is a very common side-effect of established cancer therapies

like chemotherapy and radiotherapy, which also can lead to
secondary cancers and severe tissue defects. Some standard cancer
cytotoxins are known to cause single-nucleotide variants and
indel mutations (30).

The barriers for the translation of CRISPR technology into
clinics are high. Despite that, we believe that the great potential
offered by genome editing for cancer therapy demands more
research on its applicability. Researchers have to begin with
finding mutation-specific sgRNAs against the most important
recurrent mutations and refine their approaches to individual
patients' genomes. Subsequently, all effective sgRNAs will have to
be validated for their safety by defining off-targets in benign cell
types. After that, society has to simply decide whether the ther-
apeutic benefits exerted by CRISPR-based therapies outweigh the
genetic risks.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: F. Oppel, H. Sudhoff
Development of methodology: F. Oppel, M. Sch€urmann, P. Goon, H. Sudhoff
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): F. Oppel
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): F. Oppel
Writing, review, and/or revision of the manuscript: F. Oppel, M. Sch€urmann,
P. Goon, A.E. Albers, H. Sudhoff
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): F. Oppel, M. Sch€urmann

Acknowledgments
The authors thank Professor Hans Schreiber from The University of Chicago

for his expertise. F. Oppel acknowledges the German Cancer Aid for their
generous funding within the Mildred-Scheel-Postdoctoral program of the
Mildred Scheel Foundation during his postdoctoral training. F. Oppel thanks
Professor A. Thomas Look from the Dana-Farber Cancer Institute for the
excellent training in cancer genetics. The authors would like to acknowledge
the American Association for Cancer Research and its financial and material
support in the development of the AACR Project GENIE registry, as well as
members of the consortium for their commitment to data sharing. Interpreta-
tions are the responsibility of study authors.

Received February 22, 2018; revised June 27, 2018; accepted August 3, 2018;
published first September 7, 2018.

References
1. Charpentier E, Doudna JA. Biotechnology: rewriting a genome. Nature

2013;495:50–1.
2. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z, et al.

Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature
2015;523:481–5.

3. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, et al. High-
frequency off-target mutagenesis induced by CRISPR-Cas nucleases in
human cells. Nat Biotechnol 2013;31:822–6.

4. Tabebordbar M, Zhu K, Cheng JK, Chew WL, Widrick JJ, Yan WX, et al.
In vivo gene editing in dystrophic mouse muscle and muscle stem cells.
Science 2016;351:407–11.

5. Gao X, Tao Y, Lamas V, Huang M, Yeh WH, Pan B, et al. Treatment of
autosomal dominant hearing loss by in vivo delivery of genome editing
agents. Nature 2018;553:217–21.

6. Koo T, Yoon AR, ChoHY, Bae S, Yun CO, Kim JS. Selective disruption of an
oncogenic mutant allele by CRISPR/Cas9 induces efficient tumor regres-
sion. Nucleic Acids Res 2017;45:7897–908.

7. The AACR Project GENIE Consortium. AACR Project GENIE: powering
precision medicine through an international consortium. Cancer Discov
2017;7:818–31.

8. Morris JPt, Wang SC, Hebrok M. KRAS, Hedgehog, Wnt and the twisted
developmental biology of pancreatic ductal adenocarcinoma. Nat Rev
Cancer 2010;10:683–95.

9. Cancer Genome Atlas Research Network. Comprehensive genomic char-
acterization of head and neck squamous cell carcinomas. Nature
2015;517:576–82.

10. zur Hausen H. Papillomaviruses and cancer: from basic studies to clinical
application. Nat Rev Cancer 2002;2:342–50.

11. Winder DM, Ball SL, Vaughan K, Hanna N, Woo YL, Franzer JT, et al.
Sensitive HPV detection in oropharyngeal cancers. BMC Cancer 2009;
9:440.

12. Tran E, Robbins PF, Rosenberg SA. 'Final common pathway' of human
cancer immunotherapy: targeting random somaticmutations. Nat Immunol
2017;18:255–62.

www.aacrjournals.org Cancer Res; 78(19) October 1, 2018 5511

CRISPR-Mediated Targeting of Oncogenes

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5506/2771446/5506.pdf by guest on 19 M

ay 2023



13. Hsu PD, Scott DA, Weinstein JA, Ran FA, Konermann S, Agarwala V, et al.
DNA targeting specificity of RNA-guided Cas9 nucleases. Nat Biotechnol
2013;31:827–32.

14. Hu Z, Ding W, Zhu D, Yu L, Jiang X, Wang X, et al. TALEN-mediated
targeting of HPV oncogenes ameliorates HPV-related cervical malignancy.
J Clin Invest 2015;125:425–36.

15. HuZ, YuL, ZhuD,DingW,WangX, ZhangC, et al.DisruptionofHPV16-E7
by CRISPR/Cas system induces apoptosis and growth inhibition in HPV16
positive human cervical cancer cells. BioMed Res Int 2014;2014:612823.

16. Mirabello L, Yeager M, Yu K, Clifford GM, Xiao Y, Zhu B, et al. HPV16 E7
genetic conservation is critical to carcinogenesis. Cell 2017;170:1164–74 e6.

17. CooperB, Schneider S, Bohl J, Jiang Y, Beaudet A, Vande Pol S. Requirement
of E6AP and the features of human papillomavirus E6 necessary to support
degradation of p53. Virology 2003;306:87–99.

18. Liu Y, Chen JJ, GaoQ,Dalal S,Hong Y,Mansur CP, et al.Multiple functions
of human papillomavirus type 16 E6 contribute to the immortalization of
mammary epithelial cells. J Virol 1999;73:7297–307.

19. Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova KS,
Essletzbichler P, et al. Cpf1 is a single RNA-guided endonuclease of a class 2
CRISPR-Cas system. Cell 2015;163:759–71.

20. Gao L, Cox DBT, Yan WX, Manteiga JC, Schneider MW, Yamano T, et al.
Engineered Cpf1 variants with altered PAM specificities. Nat Biotechnol
2017;35:789–92.

21. Kleinstiver BP, Tsai SQ, Prew MS, Nguyen NT, Welch MM, Lopez JM, et al.
Genome-wide specificities of CRISPR-Cas Cpf1 nucleases in human cells.
Nat Biotechnol 2016;34:869–74.

22. Abudayyeh OO, Gootenberg JS, Essletzbichler P, Han S, Joung J,
Belanto JJ, et al. RNA targeting with CRISPR-Cas13. Nature 2017;
550:280–4.

23. Moscatello DK, Holgado-Madruga M, Godwin AK, Ramirez G, Gunn G,
Zoltick PW, et al. Frequent expression of a mutant epidermal growth
factor receptor in multiple human tumors. Cancer Res 1995;55:
5536–9.

24. Chen X, Mangala LS, Rodriguez-Aguayo C, Kong X, Lopez-Berestein G,
Sood AK. RNA interference-based therapy and its delivery systems. Cancer
Metastasis Rev 2018;37:107–24.

25. Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, et al.
Fatality in mice due to oversaturation of cellular microRNA/short hairpin
RNA pathways. Nature 2006;441:537–41.

26. Naldini L. Gene therapy returns to centre stage. Nature 2015;526:
351–60.

27. Gehl J, SersaG,Matthiessen LW,Muir T, SodenD,Occhini A, et al. Updated
standard operating procedures for electrochemotherapy of cutaneous
tumours and skin metastases. Acta Oncol 2018;57:874–82.

28. Heller R, Heller LC. Gene electrotransfer clinical trials. Adv Genet 2015;89:
235–62.

29. Kim SM, Yang Y, Oh SJ, Hong Y, Seo M, Jang M. Cancer-derived exosomes
as a delivery platform of CRISPR/Cas9 confer cancer cell tropism-
dependent targeting. J Control Release 2017;266:8–16.

30. Szikriszt B, Poti A, Pipek O, Krzystanek M, Kanu N, Molnar J, et al. A
comprehensive survey of the mutagenic impact of common cancer cyto-
toxics. Genome Biol 2016;17:99.

Cancer Res; 78(19) October 1, 2018 Cancer Research5512

Oppel et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/78/19/5506/2771446/5506.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




