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Abstract

CRISPR-Cas9 is an RNA guided endonuclease that has revolutionized the ability to edit genome
and introduce desired manipulations in the target genomic sequence. It is a flexible methodology
and is capable of targeting multiple loci simultaneously. Owing to the fact that cancer is an
amalgamation of several genetic mutations, application of CRISPR-Cas9 technology is considered
as a novel strategy to combat cancer. Genetic and epigenetic modulations in cancer leads to
development of resistance to conventional therapy options. Given the abundance of transcriptomic
and genomic alterations in cancer, developing a strategy to decipher these alterations is critical.
CRISPR-Cas9 system has proven to be a promising tool in generating cellular and animal models
to mimic the mutations and understand their role in tumorigenesis. CRISPR-Cas9 is an upheaval in
the field of cancer immunotherapy. Furthermore, CRISPR-Cas9 plays an important role in the
development of whole genome libraries for cancer patients. This approach will help understand the
diversity in genome variation among the patients and also, will provide multiple variables to
scientists to investigate and improvise cancer therapy. This review will focus on the discovery of
CRISPR-Cas9 system, mechanisms behind CRISPR technique and its current status as a potential
tool for investigating the genomic mutations associated with all cancer types.
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Introduction

Since the development of advanced genome sequencing, researchers have made an excellent
improvement in the field of genetic mapping. However, the major challenge faced by the
scientists is to understand the multiple roles of signaling molecules [1]. Homologous
recombination in the early 2000 gained colossal attention for its ability to alter genome.
However, disadvantages like high cost and high man-power limited its applicability.
Recently, the three most frequently used genome engineering tools are transcription
activator-like effector nucleases (TALENS), zinc finger nucleases (ZFNs) and clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 (CRISPR-Cas9) systems.
ZFNs contain a cleavage region of Fok restriction endonucleases and a common Cys,-His,-
DNA binding domain [1]. TALENSs contains 33-35 evolutionary conserved sequence of
amino acids that can be shuffled to target a specific nucleotide. These genome editing
techniques generate double-strand DNA break and have been utilized to understand
pathophysiology of disease, normal gene function and development of novel therapeutic
techniques [2—4].The major difference between ZFN or TALEN as compared with CRISPR-
Cas9 is that ZFN and TALEN are protein based DNA editing techniques, whereas CRISPR
is a small RNA-mediated sequence specific cleavage technique. CRISPR-Cas9’s ability to
specifically target the gene of interest using guide RNA (gRNA) makes this methodology
highly programmable and nucleotide specific.

CRISPR-Cas9 is a bacterial adaptive defense mechanism against invading pathogens. In the
past years, this technique in prokaryotes has been repurposed as a modern tool for epigenetic
modulations, transcriptional modifications, genome editing and imaging. Double-strand
DNA break created by the Cas9 enzyme in CRISPR technique is repaired by non-
homologous end joining (NHEJ) repair mechanism, thus inducing small deletions or
insertions, which further elucidate the function of that gene. Another way to repair double-
strand break by Cas9 is using homology directed repair (HDR) using the template DNA.
This technology enables researchers to specifically target a pool of genes using single guide
RNA (sgRNA). sgRNA can modulate target genes, thus permitting the identification of a
specific gene function in disease progression, and understanding disease-specific mutations.
Most importantly, CRISPR can be utilized to target multiple genes at once thus making this
technique highly efficient [1]. This endonuclease technology enhances our ability to decode
mutations associated with disease progression especially in advanced tumor development
where multiple genes are involved [52].

Cancer is characterized by a multitude of mutations and the resulting genetic aberrations
leads to a heterogeneous population of cells in tumors. Approximately, 140 genes with
detrimental mutations have been reported in tumorigenic progression [5]. These mutations
then results in the uncontrolled activation of several signaling pathways and play a
significant role in cancer metastasis, proliferation, inhibition of tumor suppressor genes, and
resistance to current therapeutical options. Cancer treatment demands a novel and strategical
approach to understand the role of tumor specific genes in the process of carcinogenesis.
Over the past decade, several oncogenic mutations have been mimicked by CRISPR-Cas9
system jnvitro and invivo. Consequently, it has potentiated our ability to understand the
specific role of several oncogenes. There is a severe demand for such novel tools that can
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recapitulate the tumor characteristics and enhance our ability to specifically target mutated
genes with minimal toxic effects to the surrounding normal cells. Here in this review, we
have compiled the CRISPR-Cas9 technique in a stepwise hierarchy from its discovery to its
application as a promising tool in field of cancer that holds a tremendous capability of
engineering normal and cancer genomes.

1.1 Discovery of CRISPR-Cas9

CRISPR-Cas9 system was initially discovered in 1987 when Ishino et a/., identified a novel
protein sequence while performing the sequence analysis of IAP gene expressed in
Escherichia coli [6]. During the sequencing, they observed 29 nucleotides separated by 32
non-repeating spacer nucleotide units, which is now coined as CRISPR sequence [6, 7].
Until 30 years ago, it was tough to assume the biological relation behind these unique
repeating sequences in prokaryotes due to insufficient DNA sequence data. However, in
1993 advancement in genome analysis techniques lead to the identification of the CRISPRs
in archaea (84%) and bacteria (45%) [8, 9]. Complete genomic sequencing revealed that
these repeating sequences were specific to the prokaryotic genome and were absent in the
genome of eukaryotes and viruses [7]. These short non-repeating spacer nucleotide sequence
was unique for each strain demonstrating the importance of these sequence in preserving
function(s) of all strains [10]. In early 2000, Monjica et a/., linked the expression of these
sequences with the immune system in prokaryotic organisms. However, this massive
discovery remained unrecognized until 2005 when three groups autonomously discovered
the role of CRISPR loci in adaptive immunity. Analogous to this phenomenon, the genes
earlier proposed in hyper-thermophilic archaea to encode for DNA repair mechanisms were
identified to be precisely associated with CRISPR and thus identified as CRISPR-associated
(Cas) genes [11, 12]. Traditionally used Cas9 is derived from S. pyogenes (SpCas9).
However, diverse Cas enzymes belonging to Cpf1, class 2 CRISPR-Cas9 system have been
discovered ever since the potential of CRISPR technology has been identified [13]. Genomic
analysis indicated that similar to eukaryotic RNA interference (RNAI) system, CRISPR and
Cas9 genes work together to establish adaptive immunity against invading plasmids and
viruses in prokaryotes [8, 14, 15]. It was observed that the non-repeating sequences were
acquired from the invading phage DNA and conjugative plasmids [16]. Moreover,
manipulation or removal of these non-repeating sequences sensitized phage resistant strain,
thus confirming their role in adaptive immunity [17]. It has been observed that CRISPR
captures a piece of invading DNA to initiate the memory which later helps the prokaryotes to
fight against pathogens [8]. Comprehensive genome studies ascertained particular
characteristics common to CRISPR loci found in prokaryotes a) Located in intergenic
regions i.e a stretch of DNA located within genes and is mostly non-coding, b) Contain
repeated sequences that are common in all prokaryotes, c) Possess interspersed sequences
that are non-conserved. In beginning of the century, genomic analysis enabled scientists to
identify that certain genes are regularly expressed around the CRISPR region and were
termed as Cas genes. Cas-3 and Cas-4 subtypes of Cas genes are involved in transcriptional
regulation, DNA metabolism, DNA repair-recombination and chromosomal segregation
[11]. At the same time, another group identified that Cas genes are genes encoding for
helicase, DNA polymerase, and RecB like nucleases. In further studies, it was observed that
these foreign sequences were integrated into the CRISPR locus. These repeated sequences of
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foreign DNA along with the CRISPR spacers transcribe as a long transcript that later gets
processed into small CRISPR RNAs (crRNAs) [18, 19]. Transcription of CRISPR repeats
and spacers either form a secondary hairpin RNA structure or an unstructured RNA [20]. In
2011, trans-activating CRISPR RNAs (tracrRNA’s) were discovered in Streptococcus
pyogenes by utilizing the latest RNA sequencing tools [21]. crRNA and tracrRNA facilitate
the immunological actions in prokaryotes [1]. It was observed that prokaryotes like S.
pyogenes possess tracrRNA in a duplex form with pre-crRNA (hairpin RNA structure),
where it forms a complete base pairing with pre-crRNA with only one mismatch. In order
for the crRNA to mature and mediate immunity, it must undergo a two-step process a)
cleavage of tracrRNA from pre-crRNA, b) maturation of pre-crRNA to crRNA. It is
important to mention that none of the Cas proteins have RNAse |11 like motif, necessary for
the cleavage of mature crRNA from tracrRNA, thus RNAse 111 from the organism is
recruited to the complex for cleavage. Deltcheva et al,, identified that only csnl facilitates
the maturation of crRNA by aiding proper base pairing between tracrRNA and crRNA.
Later, csnl was named as Cas9 [7, 21]. Pre-crRNA, tracrRNA, Casl, Cas2 and Cas9 belong
to a larger subunit called CRISPR ASsociated Complex for Antiviral Defense (CASCADE).
When prokaryotes such as S. pyogenes encounter a foreign plasmid or phage DNA, they
incorporate protospacer gene (gene obtained from the pathogen) followed by PAM
(Protospacer Adjacent Motif, 2-6 base pairs) from the invading pathogen in the CRISPR
loci. Cas9 enzyme in prokaryotes do not target the protospacer gene unless it is followed by
a PAM sequence. PAM is characterized as an identification sequence for Cas9 endonuclease
mediated cleavage. In prokaryotes, this sequence is obtained from the invading pathogen.
When a prokaryote encounters a new pathogen, a new protospacer sequence is incorporated
near the AT-rich region, a region between the Cas gene and CRISPR loci. The incorporation
of this new spacer sequence is performed by Casl and Cas2 metal-dependent
endoribonucleases [10, 19]. Once the mechanism of CRISPR-Cas9 was clearly understood
in prokaryotes, Jinek and colleagues devised a unique technique for genome editing where
they deciphered the role of tracrRNA and magnesium. It has been shown that, in spite of the
presence of Cas9 enzyme, crRNA, PAM, absence of tracrRNA and magnesium in the
complex makes the cleavage of target gene unsuccessful. Subsequently, a single guide RNA
was designed which eliminates the use of multiple components, thus making the system re-
programmable. The sgRNA encodes the tracrRNA-crRNA complex along with magnesium.
SgRNA guided Cas9 endonuclease facilitates the cleavage of target gene that is followed by
PAM at 3’ end. Hence, this RNA programmed Cas9 machinery has enabled the scientists to
target and cleave any sequence of interest [22]. The developmental cascade of CRISPR-Cas9
technology has been schematically represented in Figure 1.

1.2 CRISPR as a genetic element

CRISPR-Cas9 genome editing technology is derived from the concept of adaptive immune
response in prokaryotes [23]. It holds several advantages over the conventional genome
editing technologies including a) simplicity in target designing, b) regulation and c) multiple
gene targeting ability [24]. CRISPR consists of two major components: SgRNA and Cas
protein. The sgRNA consists of a sequence also called as scaffold. syRNA encompasses Cas
enzyme binding site and a spacer sequence, called the target sequence which is specific to
the gene of interest. The spacer sequence contains ~20 nucleotides and it is followed by

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaushik et al.

Page 5

PAM [7, 25]. PAM sequences vary based upon the type of Cas9 enzyme [26]. Several types
of Cas enzymes have been identified and the flexibility in manipulating their properties have
led to a multiplexed approach for advanced genome engineering [27]. CRISPR-Cas9 system
can target any gene of interest provided the targeting complex consists of a target gene
sequence along with Cas9 or Cpfl that has endonuclease activity [28]. Cas9 enzyme binds to
the PAM in a sequence specific manner. Once the sgRNA and Cas9 enzymes are
incorporated in the system, Cas9 binds to the scaffold with its positively charged grooves
forming a ribonucleotide complex. Once the complex forms, Cas9 undergoes a
conformational change rendering it in an active state. In its active conformation, Cas9-
sgRNA complex binds to the target gene in a highly specific manner [26]. The complex will
not mediate the effects until there is high sequence specificity between sgRNA and the target
locus. The template strand binds to the gRNA, whereas the non-template strand binds to
HNH/RuvC groove of Cas9 [29, 30]. Once nucleotide specificity is achieved, the sgRNA
will bind to the target locus in a 3°-5’ direction. However, mismatches at the 3 end will
abolish the whole mechanism. On the other hand, minimal mismatches at the 5’ end within
the close proximity of PAM sequence can still lead to effective cleavage [30, 31]. This
cleavage results in the formation of a double-strand break in the targeted sequence which
therefore enhances the activation of two repair mechanism 1) Non-homologus end joining
(NHEJ) repair and 2) Homology directed repair (HDR). NHEJ repair is an error prone
mechanism that repairs DNA double-strand break by performing insertion of indels, causing
amino acid deletion, mutation, insertions or frame shift mutations in the open reading frame
of target locus [32, 33]. HDR is a natural repair mechanism initiated in microorganisms and
humans following a DNA double-strand break [34]. This repair mechanism can be utilized
to anneal the DNA double-strand breaks following CRISPR mediated cleavage [35, 36].
sgRNA mediated cleavage of DNA can be annealed by providing donor template to the
targeted cells. The donor DNA contains desired insertions or modifications. These insertions
are flanked with segments of DNA homologous to the cleaved DNA. Thus, the homology
directed repair mechanism of the cells utilize the donor template and create an insertion of
the desired gene in the targeted DNA segment [37, 38].

1.3 Dual functional modulations mediated by CRISPR-Cas9

CRISPR-Cas9 can mediate both activation and repression of the target gene. Cas9 can bind
to the target DNA without causing any cleavage [39]. The nuclease sites (HNH and RuvC)
can be rendered inactive by performing point mutations at D10A and H840A in spCas9.
This results in the production of dead Cas9 (dCas9). dCas9 retains the ability to bind to the
gene sequence but loses the ability to cleave the gene sequence at any locus due to mutations
in its nuclease site. dCas9 can be tagged with transcriptional activators and repressors to
form dCas9 fusion proteins. These fusion proteins (dCas9 + transcriptional activators/
repressors) can be directed to bind to the transcriptional start site [40, 41] .Once the fusion
proteins bind to the start site, they mediate the activation or suppression of the target gene
similar to the activators and repressors [37, 42]. Furthermore, Cas9 enzymes can be
engineered by combining with epigenetic modifiers such as p300 and TET1. The resultant
modified Cas9 enzymes can be used to perform high-grade epigenetic engineering for a
particular chromatin. This helps researchers to understand the effect of a single epigenetic
marker. For example, methylation or acetylation of a particular chromatin. However, it is
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important to note that these epigenetic modifications are inheritable and can be expressed in
the future progeny of the cells [43].

2. CRISPR and cancer

The specificity of CRISPR-Cas9 technology in genome editing underscores its potential to
treat various diseases like cancer, cystic fibrosis, AIDS, hematologic and neuronal disorders
[44-48]. A multitude of uncontrolled genetic and epigenetic mutations characterizes the
progression of cancer. Certain oncogenic mutations are evidences of genomic instability in
cancer. Recent advances in genome editing has enabled our understanding about the genetic
profile in healthy and diseased state [49, 50]. CRISPR-Cas9 technology provides better
understanding about the functions of genetic anomalies through invitro, invivo and exvivo
experimental mutation models.

Genetically engineered pre-clinical tumor models facilitate the understanding of complex
tumor microenvironment and designing of novel anti-cancer agents. In the current scenario,
genetically editing each gene is laborious and exorbitant. Henceforth, an affordable and
precise method to meet the above-mentioned constraints is warranted. CRISPR-Cas9
mediated genetically modified tumor models has become an indispensable tool in oncology
[51]. 1t holds the potential to modify a wide array of genes, which are aberrantly regulated in
human cancers (Table: 1). Several studies have reported the ease of developing genetically
modified mice models by CRISPR-Cas9 [51-55]. A multitude of genes have been
simultaneously edited by manipulating the embryo in a RNA guided manner to generate an
efficient manipulated mice model [52]. In another study, Cre dependent Cas9 mouse models
were created by viral/non-viral delivery of guide RNAs in neurons, immune cells and
endothelial cells (Figure 2). Introduction of Cas9 by Cre recombinase in the lung generated a
lung adenocarcinoma model. Adeno associated virus vector carrying SgRNA was injected in
the mice which generated loss of function mutations in p53, LKB1 and HDR mediated
mutation in Kras (G12D), leading to the formation of tumors in lungs [53]. A recent study
has reported the specific targeting of oncogenes by CRISPR-Cas9. Tumor promoting genes
like TMEM135-CCDC67 and MAN2AL1-FER fusion genes were found to be aberrantly
regulated in prostate cancer and hepatocellular carcinoma respectively [54, 55]. In this study,
catalytic domain of Cas9 was mutated at D10A which converts Cas9 into nickase.
Consequently, adenovirus mediated introduction of nickase Cas9 into cancer cells caused
single — strand breaks in the target DNA and sgRNA targeted the breakpoint sequences of
the mutated fusion genes. Another adenovirus was used to deliver the suicide gene herpes
simplex virus (HSV1) thymidine kinase (TK) into the chromosal breakpoints of the fusion
genes TMEM135-CCDC67 and MAN2A1-FER in nickase Cas9 mediated manner.
Subsequently, HSV1-TK phosphorylate the prodrug ganciclovir (synthetic nucleoside
homolog) to ganciclovir monophosphate and subsequently to ganciclovir triphosphate,
which disrupts the target DNA synthesis by elongation termination. Xenograft
transplantation of TMEM135-CCDC67* and MAN2A1-FER* human prostate and liver
cancer cells resulted in tumor formation in immune-deficient mice. In due course, tumor
bearing mice were injected with adenovirus carrying HSV1-TK and treated with ganciclovir.
HSV1-TK mediated activation of ganciclovir resulted in suppression of tumor growth by
30%. Furthermore, it also inhibited the metastatic efficiency of the tumors. These findings
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suggest that mutated Cas9 intervened suicide gene insertion into cancer cells may be a
futuristic and novel genome editing strategy for cancer treatment [56]. 77p53 has been
shown to be mutated in several tumor types and therefore serves as a potential candidate for
mutagenesis. It has been demonstrated that, 77053 was inactivated in mouse embryonic
fibroblasts (MEFs) with lentiviral and retroviral delivery of Cas9 and sgRNA. The
subsequent population obtained after 77p53loss showed a significant increase in the 7rp53
mutant population. Moreover, it has been reported that, 7753 specific SgRNA had very high
specificity to 7rp53thus showed minimal off target effects [57]. Apart from the mutations
that result in uncontrolled tumor progression, cancer cells also exhibit characteristics of
acquiring resistance to chemotherapeutic drugs. For example, estrogen receptor targeting
drugs such as tamoxifen and fulvestrant are highly successful in treatment of breast cancer.
However, it has been reported that, breast cancer cells acquire resistance with prolonged
treatment with tamoxifen and fulvestrant. This phenomenon can be corroborated to
mutations in amino acids that are located on the helix12 region of the estrogen-binding site.
Harrod et al., performed a knock-in experiment utilizing the CRISPR-Cas9 technique, where
they inserted a single tyrosine 537 in wild type and estrogen responsive MCF7 cells. They
observed that Y537S mutation promoted estrogen receptor activity in MCF7 cells thus
confirming the role of ER mutation in acquired tamoxifen resistant in breast cancer [58].
Shalem et al., generated a SgRNA lentiviral library to identify the genes whose inactivation
results in the acquired resistant to BRAF inhibitor vemurafenib. Moreover, in their later
studies, they utilized the CRISPR-Cas9 lentiviral technique to design a genomic library to
identify the genes responsible for the acquired resistance in vemurafenib resistant melanoma
cells [59, 60].

Within the last decade, miRNAs have gained tremendous importance for its role in
upregulation of oncogenic pathways. miRNA gene is responsible for the transcription of pre-
miRNA which is then processed by Drosha and Dicer to produce mature miRNA. Several
studies have shown that miRNA expression can be modified by targeting the 5’ region of
pre-miRNA using CRISPR-Cas9 technology. CRISPR-Cas9 has been widely used to
modulate miRNA expression in various cancer models such as hepatocellular carcinoma,
renal cell carcinoma, pancreatic cancer, ovarian cancer, and chronic myeloid leukemia [61].
The precision and accuracy of the CRISPR-Cas9 technique has also been tested in invivo
mouse model. However, this strategy requires adequate precision to develop successful
experimental models. Insertion of a specific recombinase site similar to LoxP is useful in
modifying somatic cells in adults. Notably, for the first time, Tyler Jack’s laboratory
employed the CRISPR-Cas9 machinery to developed Pfenand 7rp53 knockout mice, which
resulted in the formation of liver tumors. It has been shown that, tumor formation was a
result of Pren phenocopying its mutations from CRISPR deletion through Cre-LoxP
technology [62]. Sanchez-Rivera ef al., demonstrated that, direct intra-tracheal delivery of
Cre-LoxP, Cas9 and specific sgRNAs combined the over-expression of mutant Kras and
suppression of 7rp53, resulting in the production of tumor with different tumor
histopathology [63].

Several pioneering studies have reported the role of CRISPR-Cas9 in enhancing anti-tumor
immunotherapy by targeting immunological molecules like program cell death protein 1
(PD-1) and cytotoxic T- lymphocyte antigen — 4 (CTLA-4) [64]. It has been reported that,
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CRISPR-Cas9 technology has been strongly implicated in engineering immune cell
receptors like chimeric antigen receptor (CAR) in T- lymphocytes, which is collectively
termed as CAR — T cells [65]. Patient - derived T-cells are engineered and expanded to
express a highly specific CAR. Subsequently, CARs facilitate T-cells to recognize and lodge
an immune response against antigen expressing cancer cells [66]. Recently, FDA has
approved two CAR-T cell therapy for treatment of non-Hodgkin lymphoma and diffuse B-
cell lymphoma [67]. This mode of anti-tumor immunotherapy has shown relapse free long-
term patient survival and a complete remission of cancer was achieved in more than 80% of
patients [68, 69]. However, CAR — T cell therapy has become ineffective due to the shared
expression of CAR in normal and malignant T-cells, which results in internal self-killing of
CAR-T cells. Secondly, generating enormous amount of T-cells pose a technical and
financial challenge. Moreover, CAR-T cell therapy pose a huge risk of graft vs host disease
which can lead to the deterioration of the patient’s body system. Current studies suggest that
development of second-generation CAR-T cells by genomic editing CRISPR-Cas9
technology will overcome the limitations in CAR-T cell therapy [64, 67, 70, 71]. CD7 has
been reported to be an attractive immunotherapeutic target for treatment of T-cell
malignancies. However, normal T-cells also express CD7, which makes CD7 targeted CAR-
T cell therapy ineffective and pave way to induce fratricide in T-cells. In a ground-breaking
study by Cooper et al., authors have enrolled the genomic engineering CRISPR-Cas9 system
to generate CD7 and T-cell receptor alpha chain (TRAC) deleted CAR-T targeting CD7
(UCARTT) cells. In other words, CD7 expression was eliminated from healthy T-cells by the
CRISPR-Cas9 system. It has been evidently demonstrated that, injection of UCART?7 cells
kills T-cell acute lymphoblastic leukemia (T-ALL) cells and patient - derived T-ALL, and no
adverse events like xenogenic graft vs host disease was reported [70]. The immune functions
of T-cells are attenuated due to the expression of various inhibitory or immune checkpoint
signaling molecules like PD-1, CTLA-4, lymphocyte activated gene -3 (LAG-3) and domain
containing protein-3 (TIM-3). Therefore, specifically knocking out these signaling
molecules reverses T-cell exhaustion and promotes anti-tumor immune response. The
multiplex genome editing capacity of the guide RNAs in the CRISPR-Cas9 system has
facilitated the knockdown of a multitude of T-cell inhibitory molecules on a one-shot
protocol. Fas receptor, a member of the tumor necrosis factor — a. (TNF- a) family of death
receptors plays a crucial role in functioning of T-cells. Binding of Fas ligand to Fas receptor
results in T-cell apoptosis, thereby deteriorating T-cell mediated killing of cancer cells. Ren
et al., proved that one-shot CRISPR-Cas9 machinery was able to generate CD3™ HLA-1~
Fas™ CAR T-cells that are resistant to apoptosis. Furthermore, dual inhibitory resistant
universal CAR-T cells were generated using CRISPR system. These cells are characterized
by TCR™, HLA-17, PD-17, CTLA-4" genotype [72]. PD-1 is a cell surface receptor and an
immune checkpoint protein, which boosts immune-evasion in cancer cells. Binding of PD-
L1 surface proteins on tumor cells to PD-1 receptor in T-cells results in diminished activity
of T-cell mediated cytotoxic activity against tumor cells. CRISPR-Cas9 genome modulation
system was used to engineer patient derived T-lymphocytes to knockdown PD-1 in T-cells.
Subsequently, these specifically edited T-lymphocytes was expanded and re-injected in the
patient to stimulate T-cell mediated immune response against cancer cells. In 2016, the first
clinical trial in tumor immunotherapy using the CRISPR-Cas9 technology to engineer PD-1
receptors in T-cells was performed [73].
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3. Industrial prospects of CRISPR technology

The precise applicability of the CRISPR-Cas9 system has attracted several large-scale and
small-scale pharmaceutical industries to formulate the clinical applications of CRISPR-Cas9
machinery. Biotech companies CRISPR Therapeutics, Intellia Therapeutics and Editas
Medicine are currently the pioneers in the CRISPR-Cas9 market [64]. CRISPR Therapeutics
has collaborated with Vertex Pharmaceuticals and submitted its clinical trial application for
evaluating the effects of CRISPR-Cas9 system in treatment of B-thalassemia. The therapy is
known as CTX001 and has revolutionized the CRISPR-Cas9 market. The company is also
involved in designing a CRISPR-Cas9 based treatment option for sickle cell disease.
CTXO001 employs an ex-vivo approach where the genomes are engineered by CRISPR-Cas9
system to cleave and inactivate the target gene BCL11A. CRISPR edited genome is re-
injected into the patients [74, 75]. Editas Medicine employs CRISPR-Cas9 and CRISPR/
Cpf-1 system for genome editing. EDIT-101 is the company’s leading research program,
which aims at engineering CEP290 gene in retinal tissue for treatment of Leber Congenital
Amaurosis type 10, an inherited eye disorder that causes blindness in children. Editas has
partnered with Allergan for the EDIT-101 program. Moreover, Editas is also commissioning
CRISPR-Cas9 system for T-cell mediated immunotherapy in cancer in collaboration with
Juno Therapeutics. Juno therapeutics has sanctioned around $ 47 million for research
support to develop CRISPR based therapies for cancer [76]. Intellia Therapeutics has
employed CRISPR-Cas9 system to counter-act genetic anomalies, hematologic disorders
and autoimmune diseases. The company has developed a CRISPR based treatment in
alliance with Regeneron Pharmaceuticals for the treatment of transthyretin amyloidosis.
Novartis is also a part of the company’s collaboration program for the development of
CRISPR based CAR- T-cell tumor immunotherapy [77]. Apart from biotech firms,
Microsoft giant Bill Gates has acknowledged CRISPR-Cas9 system as a revolutionary tool
in the field of health sciences. The billionaire realized the potential of CRISPR genome
editing technology and is one of the early investors in Editas Medicine for developing
CRISPR based treatment. Researchers from Gates foundation are evaluating the effects of
CRISPR-Cas9 mechanism in improving the livestock, crops and malaria [78]. According to
an authenticated report from Forbes, $120 million has been invested in Editas Medicine,
where technology giants Bill Gates and Google contribute a major part to the investment
[78, 79]. Development of CRISPR-Cas9 machinery is financially backed up by several tech
giants and industries, which shows a promising futuristic approach for treatment of human
diseases and inherited anomalies.

4. Pitfalls of CRISPR technology

Despite of extensive and profound applications of the CRISPR-Cas9 technology in genome
re-organization and treatment of various diseases, its applicability is hindered by certain
limitations. The efficiency and specificity of the CRISPR-Cas9 system is limited by
numerous factors like Cas9 activity, selection of target site, design of sgRNA, Cas9 delivery
and off-target effects [80]. The precision and specificity of CRISPR can be modulated at the
SgRNA level and Cas9 level [13]. Even though the sgRNA is designed utilizing high
specificity for the target locus, there are multiple genes in the human genome that might
share a homology with the target gene of interest. Hence, these off target effects must be
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minimized while designing the guide RNA [81]. Cas9 cleaves the target DNA sequences by
binding to the 20 nucleotides of the target sequences [36]. It has been demonstrated that
sgRNA encoding +85 nucleotide tracrRNA enhanced Cas9 activity and incorporated
increased genetic aberrations /nvivo. On the other hand, mutations in proximal region of
PAM abrogated the Cas9 activity [82]. An equilibrated Cas9 activity is essential for a
successful sgRNA guided Cas9 genome editing. As mentioned earlier, sSgRNA-Cas9
complex aids in knockdown of the target gene. However, it has been evidently reported that,
a disproportion in Cas9 activity leads to off-target effects. Researchers have modified the
conventional spCas9 to Cas9 nickase. The modified nickase encodes a D10A mutation and
as a result, it has retained only one nuclease domain of spCas9 enzyme out of two (HNH/
RuvC) [83, 84]. Cas9 nickase causes only a single strand nick rather than a double-stranded
break. Owing to this phenomenon, Cas9 nickase mediated genome editing requires at least
two Cas9 nickase enzymes, which can target the same sequence at different locations, thus
reducing the possibility of off target effects [85]. Slaymaker et a/., designed a Cas9 mutant
with 32 substitutions and tested its ability in HEK (human embryonic kidney) cells to reduce
off target effects. They discovered that, mutated SpCas9 (K855A) reduced off target effects
as compared to wild-type SpCas9 [86]. Similarly, the off target nicks produced by Cas9
enzyme were studied by Kleinstiver et al., and Joung’s Lab where they hypothesized that,
Cas9 with mutations in the phosphate backbone binding region can reduce the binding and
cleaving of non-template DNA strand by Cas9 independent of sgRNA. This mutated Cas9
was termed as SpCas9-HF1 containing the mutations in the following amino acid sequence:
N497A, R661A, Q695A, and Q926A [83]. It has also been shown that, RNA guided Cas9
endonuclease activity is high, irrespective of the binding of noncomplementary sequences in
the target nucleotides, which leads to off-target mutations in human cells. Therefore, a tight
control in proportions of sgRNA-Cas9 complexes proves to be a crucial factor to improve
specificity of target gene mutations [87]. Cas9 mediated silencing of target genes is
facilitated by transfection of plasmids encoding sgRNA and Cas9 into target cells [88]. The
unmethylated CpG nucleotides in the bacterial DNA can activate an immune response and
diminish the CRIPSR-Cas9 genome editing process [89]. Moreover, lipid based transfection
reagents like lipofectamine that are used to transfect SgRNA-Cas9 encoded plasmid can
cause cytotoxic effects to the target cells. Alternative non-cytotoxic transfection methods
like electroporation, nucleofection, microinjection, sgRNA-Cas9 chemical conjugation, Cas9
— peptide conjugation and cationic lipid mediated delivery of Cas9 have been adopted to
transfect sgRNA-Cas9 plasmids in mice, human and zebrafish [80, 90-92]. sgRNA-Cas9
complexes delivered by viral vectors display greater efficiency and less cytotoxicity in
transfected cells [80]. In addition, viral vectors like integrase defective lenti-viral vectors
(IDLVs), adenoviral vectors (ADVs) and recombinant adeno associated viral vectors
(rAAVs) possess huge capacity to encode sgRNA-Cas9 complexes for efficient delivery into
target cells. Furthermore, the compatibility of viral vectors to enter into a large number of
cell types makes it a widely used system to deliver CRISPR machinery in mammalian cells
[93-95].

In a revolutionary study by Charlesworth et al., it has been discovered that, humans possess
pre-existing humoral and cell mediated adaptive immunity to Cas9 endonuclease enzyme
derived from Streptococcus pyogenes and Staphylococcus aureus, thus limiting the
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applicability of CRISPR-Cas9 technology in management of various diseases [75]. This
claim is underpinned by another study led by Simhadri et a/., In this study, they have shown
that, American population possess pre-existing antibodies to Cas9 enzyme, which raises a
major concern in terms of safety and efficacy. However, the levels of currently detected anti-
Cas9 antibodies are low to elicit an immune response, but high titers of anti-Cas9 antibodies
can exert a deadly immune response, which can hinder the clinical applications of CRISPR-
Cas9 technology. The immunological action against Cas9 enzyme is currently under
extensive investigation in pre-clinical animal models [96].

Apart from the technical challenges, ethical and legal issues are major pressing concerns that
prevent the applicability of CRISPR-Cas9 system to a vast extent. As mentioned earlier,
specific knockout of targeted genes by CRISPR-Cas9 technology can be achieved by
altering the genome in germline. Scientists have employed CRISPR-Cas9 mechanism to
engineer human embryos to replace defective DNA [36, 97-101]. Embryonic genome
editing has raised several ethical and legal concerns in using CRISPR-Cas9 system for the
betterment of living beings in the environment. Scientists speculate that, embryonic genome
editing may lead to irreversible effects in future generations and ecological imbalance due to
the inheritance of unintended alterations [102]. Off-target mutagenesis by CRISPR-Cas9
system has resulted in some deleterious effects such as cell death and transformation in
humans. Although, inherent mutations caused by CRISPR-Cas9 genome editing in the
embryos can generate novel /nvivo models and treat various diseases, it can also lead to an
imbalance in the ecological system. Uncontrolled inherent mutations can generate organisms
with genetic traits of modified sequences and disrupt the ecological system. In a
controversial study by Huang et at., researchers applied CRISPR-Cas9 system to modify
beta-globulin gene in tripronuclear zygotes (non-viable human zygotes) for treatment of p-
thalassemia [101]. However, this study was rejected by Nature and Science journals on
ethical grounds, but it created an uproar among the public. Even though, CRISPR-Cas9
technology is in its primitive stage and major aspects have to be unearthed, strict policies
underscoring the safety assessment and regulatory norms should be employed for further
application of CRISPR technology.

5. Future prospects of CRISPR-Cas9 technology in cancer treatment

CRISPR-Cas9’s potential of specific genome editing has dawned a new era in the
development of mankind. Recent advancements in technology has decoded the effects of
CRISPR-Cas9 system in improving agriculture, livestock and treatment of various human
diseases and genetic disorders. Markedly, we envision a new era in management of several
diseases including cancer. This novel gene engineering machinery has opened a
contemporary approach in understanding the role of several signaling molecules in the
process of carcinogenesis. Consequently, it will aid us in administering unique strategies to
design novel cancer therapeutics. The flexibility in programming CRISPR-Cas9 technique
has highlighted its emergence as a modeling tool for cancer biologists [103]. CRISPR-Cas9
based technology has the potential to restructure the concepts in cancer biology by providing
improvised approach for personalized therapy, gene therapy, immunotherapy and genetic
disorder treatment. In future, we prospect this technology will provide an essential genome
array across almost all cancer cell lines. Complete genome information along with the
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genetic and epigenetic data that already exists will be an exciting approach for the discovery
of novel targets. CRISPR has emerged from a niche technique to a mainstream technology
within a decade. Albeit of the rapid progression of the CRISPR-Cas9 system, it still possess
several challenges that require keen attention for its improvised application. Off-target
effects or unintended mutations, immune response, toxicity of transfection reagents,
genomic editing in embryos, which can lead to inheritable mutations, ethical and legal
concerns are some of the key limitations encountered in the application of CRISPR-Cas9
system. Several studies have been published to counteract the limitations and improve the
feasibility of CRISPR-Cas9 applications. Despite the adverse effects of CRISPR technology,
several biotech firms and technology giants like Bill Gates and Google have foreseen the
future of CRISPR technology as a revolutionary tool for mankind to defend against various
disorders. As a result, non-pharmaceutical investors and companies have bankrolled several
millions of dollars for the development and application of CRISPR technology. Bill Gates
has quoted “/f the world is to continue the remarkable progress of the past few decades, it is
vital that scientists, subject to safety and ethics guidelines, be encouraged to continue taking
advantage of such promising tools as CRISPR”. Henceforth, progression in approaches to
neutralize the limitations and adherence to ethical and legal norms will pave way for a well-
developed application of the CRISPR-Cas9 technology.
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Figure 1:
Schematic representation of various stages in the discovery of CRISPR-Cas9 technology
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Figure 2:
CRISPR-Cas9 as a tool for /n-vivo mouse modelling
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CRISPR-Cas9 targeted genes in various cancer models

Table 1:

Cancer Type CRISPR-Cas9 targeted genes Reference
Bladder cancer p21, E-cadherin, hBAX [104]
Tripple negative breast cancer SHCBP1 [105]
Non-small cell lung cancer Cd74-Rosl, Eml4-Alk, Ki5b-Ret [106]
Non-small cell lung cancer Met [107]
Melanoma 1d1, 1d3 [108]
Breast Cancer Her2 [109]
Cervical cancer HPV E6, E7 [110]
Lymphoma MCI1, TP53 [111]
PDAC p57 [112]
Glioblastoma Pten, Apc, Nfl [113]
Medulloblastoma Ptchl [113]
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