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Summary

Dawn of the CRISPR revolution

A revolution in cancer research is underway. Spurred by
the advent of the CRISPR-Cas9 technology, new methods
to probe the mammalian genomes are being developed. By
providing simple, flexible, and cost-effective ways to edit
and manipulate the genome of somatic cells of adult animals, these new methods present the opportunity to model
cancer progression in vivo with an unprecedented degree of
sophistication. Here we provide a brief overview of this exciting and fast-moving field.

Despite capturing the interest of microbiologists and molecular biologists, the CRISPR-Cas system stayed at least
initially under the radar of the general biomedical research
community. This suddenly changed when several groups
demonstrated the Cas9 protein from Streptococcus Pyogenous could be reprogrammed with synthetic RNAs to generate site-specific double-strand breaks (DSBs) in vitro [5]
and in mammalian cells [6–8]. The CRISPR-Cas9 system
is an example of a type II CRISPR-Cas system and was
chosen because a single protein (Cas9) is sufficient to induce cleavage at the target site. In S. Pyogenous Cas9 is
complexed with two RNAs: the crRNA, whose specific
sequence confers target-specificity, and a 77-nucleotide
transactivating RNA (tracrRNA), which is required for target cleavage [5]. Fortunately, a single chimeric RNA – often referred to as sgRNA or gRNA – can effectively re-
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An overview of the CRISPR-Cas
system
Unless you have been living under a rock for the past
three years, you have probably already heard of CRISPR
(clustered regularly interspaced short palindromic repeats)
– Cas (CRISPR-associated), the powerful new technology
that allows precise manipulation of the genome of individual cells. This brief review will focus on the applications of CRISPR-based genome editing methods in cancer
research, with a particular emphasis on its in vivo applications.
The anatomy and biochemistry of CRISPR systems have
been covered in depth in many excellent reviews (for example see [1–4]), but a brief description of CRISPR’s essential features is needed before focusing on its practical
applications.
Twelve different CRISPR-Cas systems have been identified in bacteria and archaea, where they serve as RNAguided antiviral defense mechanisms. Although important
differences exist between the various systems, all CRISPR
systems use short RNA fragments derived from the
CRISPR loci in complex with one or more Cas proteins to
identify and neutralize invading nucleic acids (see legend
of figure 1 for additional details).
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Figure 1
CRISPR directed antiviral immunity in bacteria.
An outline of how CRISPR-mediate antiviral immunity functions in
bacteria. Upon defective viral infection, short viral sequences are
inserted into the CRISPR array, where they become the new
“spacers” flanked by repeats. The spacers, thus provide a memory
of past infection. To ensure immunity to subsequent infection, the
entire CRISPR array is transcribed and processed into short
crisprRNAs (crRNAs), which form complexes with other “effector”
Cas proteins and guide them to degrade invading viral DNA or RNA
in a sequence-specific manner.
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place the two RNAs [5], thus providing a versatile binary
system to introduce specific DSBs in mammalian cells [7].
The only requirement for CRISPR-Cas9 to function is the
presence, on the target DNA, of a short sequence known as
“protospacer adjacent sequence” (PAM) that has to be located immediately downstream of the sequence recognized
by the gRNA. The PAMs recognized by the S. Pyogenous Cas9 are “NGG” and – with much reduced efficiency
– “NAG” [9]. This requirement somewhat limits the sequence space that can be edited by CRISPR-Cas9. To overcome this limitation, modified versions of the Cas9 protein have been engineered that recognize different PAM
sequences [10]. In addition, the Zhang group has recently
shown that naturally occurring Cas proteins obtained from
other microorganisms, and recognizing different PAM sequences, can also be used for genome editing in eukaryotes
[11, 12].
The ability to introduce specific DSBs into the genome of
mammalian cells is not entirely new: TALENs and zinc finger nucleases engineered to bind and cleave at specific sites
have been used previously with success [13, 14]. However,
the intrinsic simplicity of the CRISPR-Cas9 system – for
which generating a new guide RNA is all that is needed to
cleave at a different site – has made somatic genome editing available to virtually any laboratory equipped for basic
molecular biology.
But how does introducing a site-specific DSB allow for
genome editing? Two major pathways repair DSBs in eukaryotic cells: error prone non-homologous end joining
(NHEJ), and homology directed repair (HDR) (fig. 2). The
first, which is the predominant mechanism in cells that are
in the G0 and G1 phase of the cell cycle, results in the
generation of usually short indels at the repair site, and is
thus ideal to cause frame-shift mutations in protein coding
genes. HDR, on the other hand, is mainly active in S and
G2 phases and uses homologous sequences present in the
cell genome (or provided by the investigator) to repair the

Figure 2
Genome editing by CRISPR-Cas9. Schematic of possible
outcomes of CRISPR-Cas9-induced DSBs. Repairing via nonhomologous end joining (NHEJ) generates indels, while repair via
homologous recombination in the presence of an appropriate donor
fragment can be used to introduce specific genetic changes (in
orange). The sequence recognized by the sgRNA is in red. The
location of the protospacer adjavent motif (PAM) in the target site is
also shown.
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DSB. It can therefore be exploited to engineer precise genetic changes and, in principle, to correct genetic defects
(fig. 2).

In vivo somatic genome editing:
building better mouse models of
human cancer
For the past two decades, gene targeting by homologous
recombination in embryonic stem cells has been the gold
standard to develop genetically engineered mouse models
of human cancers [15]. When used in conjunction with sitespecific recombinases such as Cre or Flpe, this technology
enables the generation mice harboring loss-of-function and
gain-of-function alleles of tumor suppressors and oncogenes whose expression can be induced in a temporally
and spatially controlled manner. These models have proven
essential in dissecting the complex molecular mechanisms
underlying tumor initiation and progression in vivo and
are indispensable to study tumor-host interactions in a
physiologic context.
However, making a new genetically engineered mouse
model is a technically challenging, time-consuming, and
costly process. Murine embryonic stem cells engineered by
homologous recombination are injected into blastocysts to
generate chimeric mice, which are further bred to achieve
germ-line transmission of the mutant alleles. If the allele
is inducible, as is often desirable, mice have to be crossed
to the appropriate Cre- or Flpe-expressing strain. Altogether, the process can easily take more than a year before the
phenotypic consequences of the mutation introduced can
be evaluated. These limitations are overcome by CRISPRbased genome editing, which not only provides a more efficient and accessible platform to introduce specific genetic
changes in ES cells or in the zygote, but also offers the unprecedented opportunity to modify directly the genome of
somatic cells of adult animals [16–20].
In addition to the obvious therapeutic potential of in vivo
somatic genome editing as a way to correct genetic defects
[21, 22], its applications to cancer modeling have already
been convincingly demonstrated (table 1). For example,
several groups have shown that direct in vivo delivery of
Cas9 and the relevant gRNA to the tissue of interest using
naked DNA or viral vectors can be used to inactivate somatically tumor-suppressor genes and initiate tumorigenesis [18, 19, 23–26]. This strategy has been successfully
employed to inactivate the tumor suppressors Tp53, Lkb1,
Apc, and Pten in the lungs of adult mice [18, 24]. Notably,
available data indicate that the tumors obtained in these experiments are histologically very similar to the tumors that
are observed in mice in which the same tumor-suppressor genes are inactivated using conventional gene targeting. For example, CRISPR-mediated Nkx2-1 inactivation
in a KRasG12D; p53-null background was shown to induce
lung cancers with a characteristic mucinous histology [24],
identical to what had been previously described using a
floxed Nkx2-1 allele [27]
The lung is not the only organ in which somatic gene inactivation has been successfully used to induce tumors in
mice. For example, hydrodynamic injection of plasmids
expressing Cas9 and sgRNAs against Pten and Tp53 lead
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to the formation of hepatocellular carcinomas [19], while
retrograde pancreatic ductal injection of lentiviral vectors
expressing sgRNAs against Lkb1 in KRas-G12D-expressing
mice resulted in ductal pancreatic adenocarcinomas [23].
Gene editing in mouse pancreas has also been recently employed to demonstrate a key role for the cyclin-dependent
kinase inhibitor p57 in mediating the therapeutic response
of pancreatic ductal adenocarcinoma to JQ1 and SAHA
[28]. Finally, postnatal and in utero CRISPR-mediated inactivation of Ptch1, Pten, Nf1, and Tp53 has been achieved
in the brain, where it has been employed to model medulloblastomas (Ptch1) and glioblastomas (concomitant inactivation of Pten, Nf1, and Tp53) [26].
Equally appealing is the possibility of using CRISPR-Cas9
to generate somatically specific point mutations in adult
mice. Although technically more challenging and less efficient because it requires the concomitant delivery of a
“donor” DNA fragment carrying the desired mutation, the
feasibility of this approach has been recently demonstrated
with the generation of activating mutations of K-Ras in the
lung [18] and of beta-catenin in the liver [19].
A major limitation of CRISPR-based somatic genome editing is the need to simultaneously deliver the guide RNA
and the Cas9 enzyme to the tissue of interest. To overcome
this limitation, three groups have recently generated trans-

genic mice expressing Cas9 in a Cre- [18, 23] or tetracycline- dependent [29] manner. Because the Cas9 nuclease is
encoded by the animal genome, the investigator need only
to introduce the desired gRNAs and (for gene replacement
experiments) the donor template. This allows the use of
recombinant adeno-associated viruses, for example, which
can infect a wide array of cell types but whose genome
would not be able to accommodate the large cDNA encoding Cas9. Moreover, because the guide RNAs cannot
cleave in the absence of Cas9, the use of these animals virtually eliminates potential biohazards for the investigators.

Modeling chromosomal
rearrangements using CRISPR-Cas9
The CRISPR technology is also uniquely suited to engineer
chromosomal rearrangements, a class of mutations that are
particularly challenging to model using conventional genetargeting strategies. Commonly observed in human cancers, chromosomal rearrangements can contribute to tumorigenesis through a variety of mechanisms, including inactivation of tumor-suppressor genes, transcriptional activation of oncogenes, and the generation of oncogenic gene
fusions. Engineering this class of mutations using gene targeting by homologous recombination requires the genera-

Table 1: Cancer mouse models developed by CRISPR–Cas9 based genome editing
Cancer type

Mouse strain and genotype

Delivery

Mutations/ genomic
alterations

References

Lung adenocarcinoma

CD1 and C57BL/6J (B6)

Adenoviral

Eml4-‐Alktranslocation in lung

Maddalo D, et al. Nature. 2014
[17]

Lung adenocarcinoma

p53+/-− or p53-‐/-‐

Lentiviral

Eml4-‐Alktranslocation in lung

Blasco RB, et al. Cell Reports.
2014 [37]

Lung adenocarcinoma

KrasLSL-G12D/+

Lentiviral

Nkx, Pten, Apc

Sanchez-Rivera FJ, et al.
Nature. 2014 [24]

Liver cancer

FVB/NJ mice

Hydrodynamic injection

p53, Pten,Ctnb1

Xue W, et al. Nature. 2014 [19]

Burkitt lymphoma

Arf/- EμMyc

Lentiviral and retroviral

p53

Malina A, et al. Genes and Dev.
2013 [60]

Pancreatic ductal
adenocarcinoma

KrasLSL-‐G12D/+; R26LSL-Tom;
H11LSL- Cas9/+

Retrograde ductal injection of
adeno/lentivirus

Lkb1

Chiou, et al. Genes and Dev.
2015 [23]

Pancreatic ductal
adenocarcinoma

Kras+/LSL-‐G12D; Trp53loxP/loxP

Lentiviral

p53, Kras G12D, and p57

Mazur, et al. Nature Medicine.
2015 [28]

Medulloblastoma

C57BL/6N mice

PEI-mediated transfection and
inutero electroporation

Ptch1

Zuckermann M , et al. Nature
Communications. 2015 [26]

Glioblastoma

Crl:CD1(ICR) mice

PEI-mediated transfection and
inutero electroporation

Trp53,Pten,Nf1

Zuckermann M , et al. Nature
Communications. 2015 [26]

Acute myeloid leukemia

C57Bl/6 mice or heterozygous
Flt3-‐ITD knock-‐in mice

Lentiviral

Dnmt3a, Ezh2,Runx1, Smc3 and Heckl, et al. Nature Biotech.
Nf1
2014 [16]

Acute myeloid leukemia

p53 null HSPC

Lentiviral

Mll3

Chen, et al. Cancer Cell. 2014
[61]

Burkitt lymphoma

HSPC from Eμ-‐Myc mice

Lentiviral

p53

Aubrey, et al. Cell Reports. 2015
[62]

Nude-‐Foxn1numice

Lipid transfection

Correction of PKCβ A509T

Antal C, et al. Cell. 2015 [63]

Lung adenocarcinoma

Cre-‐dependent Cas9

Adenoviral delivery of guide
RNA

p53, Lkb1 and Kras G12D

Platt, et al. Cell. 2014 [18]

Intestinal hyperplastic polyps

Doxycycline-inducible Cas9

ESC targeting

Apc, Trp53

Dow, et al. Nature Biotech. 2015
[29]

Pancreatic ductal
adenocarcinoma

KrasLSL-‐G12D/+;R26LSL‐Tom;H11LSL-‐Cas9/+

Retrograde ductal injection of
adeno/lentivirus

Lkb1

Chiou, et al. Genes and Dev.
2015 [23]

KrasG12D/+;p53−/−;Dicer1+/−

Lentiviral

Multiple hits from screen

Chen, et al. Cell. 2015 [14]

In vivo

Ex vivo

Xenograft
Tumor regression
Cas9 knock-in

In vivo metastases screen
Lung metastases
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tion of mice harboring loxP sites at the desired breakpoints
and the expression of the Cre-recombinase to induce the rearrangement [30, 31]. With CRISPR, cells harboring a specific chromosomal rearrangement can be generated much
more rapidly because only the transient expression of Cas9
and two gRNAs is required [32, 33]. This approach is very
effective in murine ES cells and has already been used to
generate mouse models of human diseases caused by structural chromosomal variants [34, 35]. In principle the same
approach can also be used to revert a disease-causing chromosomal rearrangements, as has been recently reported for
hemophilia type A [36].
Of relevance to cancer modeling, this strategy can be used
to engineer specific rearrangements directly in adult animals, a process that entirely bypasses the need to modify the
germline and allows for the rapid generation of preclinical models of human cancers driven by structural chromosomal aberrations.
Our group and the Chiarle group have recently provided
proof of concept for this approach by modeling
EML4-ALK driven non-small cell lung cancer in mice [17,
37]. In humans, the EML4-ALK gene fusion is generated
by an inversion on the short arm of chromosome 2 that
leads to the juxtaposition of the echinoderm microtubuleassociated protein like 4 (EML4) and the anaplastic lymphoma kinase (ALK) genes [38]. This rearrangement characterizes a subset (4–5%) of non-small cell lung cancers and
is clinically relevant because it confers strong sensitivity to
targeted therapy with ALK inhibitors [39].
To model this rearrangement in vivo, we used recombinant
adenoviral vectors to deliver Cas9 and two gRNAs targeting intron 14 of Eml4 and intron 20 of ALK (corresponding
to the most common breakpoints observed in EML4-ALK+
lung cancers) to the lungs of adult mice. Intratracheal injection of the virus in wild-type animals resulted in the development of multiple bilateral lung adenocarcinomas within 8 weeks. Importantly, every analyzed tumor harbored
the desired Eml4-Alk inversion, and the lesions rapidly regressed upon treatment with the ALK inhibitor crizotinib
[17]. Chiarle and colleagues obtained analogous results using two independent lentiviral vectors to deliver the two
gRNAs rather than a adenoviral vector [37].
In addition to its speed and simplicity, this novel CRISPRbased approach offers other important advantages compared with conventional transgenic strategies. By inducing
the rearrangement in only a subset of somatic cells, the
resulting lesions more closely recapitulate the stochastic
nature of tumor formation in humans. In addition, by engineering the specific chromosomal rearrangement, transcriptional and epigenetic regulations of the gene fusion
are faithfully reproduced, as are the reduced dosage of
the wild-type alleles and the expression of the reciprocal
product of the translocation/inversion. Finally, tumor initiation and tumor load can be easily modulated by controlling the timing of infection and the viral titer.
Whether this general strategy can be adapted to model other types of cancers remains to be determined, but preliminary studies from our lab indicate that a wide range
of rearrangements – including duplications and reciprocal
translocations – can be efficiently engineered. Provided
that a feasible way to infect the relevant cell type is avail-
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able, it seems likely that somatic genome editing will substantially increase the number of human cancers that can be
modeled in mice.

CRISPR-based screens
An appealing aspect of the CRISPR technology is the ease
with which large libraries can be generated for functional
screens. Because the short RNA sequence determines the
site of cleavage, pooled libraries against hundreds or thousands of genes can be created in a relatively inexpensive
way. In fact, targeted and genome-wide CRISPR-libraries
have already been successfully used for positive selection
screens [40–42]. The power of this approach was recently
demonstrated in a study in which a genome-wide library
containing more than 65,000 gRNAs was used to identify
drivers of cancer metastasis [40].
Compared to positive selection screens, negative selection
screens are more challenging because, on average, one in
three indels will not generate a frameshift and therefore
bi-allelic gene disruption can be expected in only approximately 45% of cells. This is a significant problem for
drop-out screens because it results in unacceptably high
background noise. A clever way around this limitation is
to design the gRNAs against essential protein domains
rather than against the first coding exons, so that even nonframeshift mutations are likely to result in a functionally
null allele. Vakoc and colleagues demonstrated the feasibility of this approach by using a gRNA library designed
against 192 protein domains involved in chromatin regulation to identify novel therapeutic targets in an acute myeloid leukemia cell line [43].
CRISPR-based screens are also likely to have a major impact on the study of DNA regulatory elements and noncoding RNAs. Because the actual DNA sequence is irreversibly modified, the CRISPR technology has clear advantages compared to RNAi screens as it allows screening
for functionally relevant DNA regulatory elements. Analogously, using paired gRNA vectors designed to generate
targeted deletions of non-coding RNA loci should make
it possible to systematically explore the functions of this
largely uncharacterized class of genes [44].

CRISPR-based approaches to
modulate gene expression
Although genome editing is the most obvious application
of the CRISPR-Cas system in cancer research, it is not
the only one. Cong et al. have generated a Cas9 mutant
that can still be recruited to specific sites in a gRNA-dependent manner even though it has lost the ability to introduce DSB [6]. When fused to chromatin-modifying enzymes [45, 46], transcriptional activators [47], or repressor
domains [48], dCas9 can be used to modulate the expression of endogenous loci in a selective and powerful manner. Additional flexibility can be achieved by indirectly
tethering the second protein to Cas9d using the guide RNA
itself [45, 50]. It is easy to predict that these new ways of
using CRISPR will lead to a better understanding of gene
regulation and chromatin dynamics in cancer. These systems could be adapted to reversibly control the expression
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of endogenous oncogenic or tumor-suppressive loci directly in vivo, especially when combined with transgenic mice
expressing the mutant Cas9 in a temporally and spatially
controlled manner [48, 51].

The road ahead
The pace at which new applications of CRISPR-Cas9 are
being reported is astounding. Although predicting the future is notoriously risky, it is probably safe to say that the
application of CRISPR-based somatic genome editing to
model cancer in mice and other organism will greatly accelerate the pace of discovery.
Furthermore, combining somatic genome editing with the
vast array of already available genetically engineered
strains to sequentially introduce specific genetic lesions
will provide new insights into tumor evolution and metastasis. As already mentioned, specific areas that will likely
benefit the most from these new approaches include the investigation of the non-coding fraction of the human genome and the functional characterization of recurrent chromosomal rearrangements. Beyond the commonly used animals to model cancer like Mus musculus, the relative ease
of using CRISPR-Cas9 technologies should allow cancer
modeling in other model organisms, including pigs [52],
non-human primates [53], and other vertebrates [54].
An important benefit of the CRISPR-Cas system is that
it provides an experimental pipeline to rapidly model and
functionally test newly identified mutations in oncogenes
and tumor suppressor genes. This could have important implication in personalized medicine where it could be used
to guide the choice of the optimal targeted therapy for individual cancer patients (fig. 3).
Of even more direct translational value is the use of
CRISPR-based genome editing to, for example, facilitate
the engineering of patient-derived chimeric antigen receptor (CAR) T-cells. In this setting, CRISPR could be used to

Figure 3
Applications of CRISPR-Cas9 in personalized medicine.
A possible scenario for the use of CRISPR-Cas9 in personalized
medicine. Genetic information derived from high-throughput
analysis of the patient’s tumor samples often results in the
identification of mutations of unclear pathogenetic significance in
known oncogenes and tumor suppressors. CRISPR could be used
to model such mutations in vitro and in vivo and rapidly determine
their functional consequences. Such information can then be used
to design an optimized personalized treatment.
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mediate the insertion of the desired T cell receptor gene at
a specific locus in the T cell genome, thus ensuring optimal
expression and eliminating undesired effects.
As with any new technology, the initial phase of excitement
is invariably followed by a more careful evaluation of its
limitations. In the case of CRISPR, reducing or at least taking into account off-target effects is clearly of great importance. The use of the Cas9-nickase together with two offset
gRNAs has been shown to greatly reduce the chance of undesired DSBs and is an encouraging step in the right direction. The recent development of methods to rapidly generate large pooled libraries of paired gRNA vectors should
allow the use of Cas9-nickase-based approaches also for
large scale screens [55].
Equally important will be the creation of Cas enzymes
with intrinsically lower tendency to cleave off-target sites,
and the development of improved algorithms to identify
gRNAs with reduced off-target potential.
In addition to improving specificity, other important limitations need to be overcome before the full potential of
CRISPR-based genome editing is realized. For example,
although currently available viral vectors have been used
with some success, more effective methods to deliver the
Cas enzyme and the gRNAs to somatic cells of adult animals are needed. Encouraging steps in this direction are the
discovery of more compact Cas enzymes [11], as well as
the development of new non-viral methods to transfer proteins and nucleic acids to tissues and cells [56, 57].
It will also be important to improve the efficiency of
CRISPR-mediated gene replacement in order to be able
to introduce specific genetic changes – including gain-offunction mutations in oncogenes – in vivo. This result could
be achieved by temporarily suppressing NHEJ to enhance
HDR, as recently reported in cells [58, 59].
Finally, the widespread availability of Cas9-expressing viral vectors, together with the ease with which tumor-suppressor genes can be inactivated or oncogenes induced,
raises concerns about possible biohazards. Clear guidelines
will have to be implemented and strictly followed to minimize such risks and to take full advantage of the incredible
potential of somatic genome editing.
Despite all these caveats and limitations, the CRISPR revolution is here to stay and will be seen by future generations as a watershed moment in cancer research. A bright
future lays ahead, filled with opportunities and exciting discoveries.
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Figures (large format)

Figure 1
CRISPR directed antiviral immunity in bacteria.
An outline of how CRISPR-mediate antiviral immunity functions in bacteria. Upon defective viral infection, short viral sequences are inserted into
the CRISPR array, where they become the new “spacers” flanked by repeats. The spacers, thus provide a memory of past infection. To ensure
immunity to subsequent infection, the entire CRISPR array is transcribed and processed into short crisprRNAs (crRNAs), which form complexes
with other “effector” Cas proteins and guide them to degrade invading viral DNA or RNA in a sequence-specific manner.
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Figure 2
Genome editing by CRISPR-Cas9. Schematic of possible outcomes of CRISPR-Cas9-induced DSBs. Repairing via non-homologous end
joining (NHEJ) generates indels, while repair via homologous recombination in the presence of an appropriate donor fragment can be used to
introduce specific genetic changes (in orange). The sequence recognized by the sgRNA is in red. The location of the protospacer adjavent motif
(PAM) in the target site is also shown.
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Figure 3
Applications of CRISPR-Cas9 in personalized medicine.
A possible scenario for the use of CRISPR-Cas9 in personalized medicine. Genetic information derived from high-throughput analysis of the
patient’s tumor samples often results in the identification of mutations of unclear pathogenetic significance in known oncogenes and tumor
suppressors. CRISPR could be used to model such mutations in vitro and in vivo and rapidly determine their functional consequences. Such
information can then be used to design an optimized personalized treatment.
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