
Abstract 
The Clustered Regularly Interspaced Short Palindromic 
Repeats-Cas-9 (CRISPR-Cas9) system has been a 
revolutionising tool in the field of molecular genetics, 
which provides a versatile range of editing potentials. 
Researchers can produce breaks or alter genomes with 
ease using the system. Cancer is one of the multi-gene 
diseases whose genes need to be studied in detail. The 
CRISPR-Cas9 technology may also provide a promising 
potential in the field of cancer genetics. The current 
narrative review comprised 50 research articles which 
were keenly analysed and the applications and outcomes 
of CRISPR-Cas9 system in cancer genetics were 
comprehensively and critically discussed. It was 
concluded that application of the system had great 
potential to help understand cancer biology of various 
types and could be used for its genetic modelling. 
However, much work is still needed to be done to apply 
the technology for understanding the mechanism of 
cancers and to help in the designing of appropriate 
therapies. 
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Introduction 
Today, cancer is the most dangerous and serious threat to 
human health and life. A number of different types of 
therapies have been used and are still in practice for the 
cure/management of cancer and they include surgeries 
and therapies including radiation and chemotherapy, but 
the high rate of relapse and cancer's resistance to 
therapies contribute to the poor prognosis. Therefore, 
there is always a need for suggestion of new therapeutics 
and improvements in the present strategies for cancer 
therapies. It is known that in the genome of cancer cells 
there are many epigenetic and genetic factors 

contributing to the development of cancer. These 
changes include inactivation of tumour suppression 
genes, like PTEN (phosphatase and tensin homolog) and 
p53, activation of genes, like RAS (rat sarcoma) and ErbB 
(Erb-b2 receptor tyrosine kinase), chemo-resistance 
resulting from mutations in genes, like MDR1 (multi drug 
resistance 1), and mutations that occurs in epigenetic 
factors and their loci, like DNMT1 and others.1-5 Therefore, 
genomes of cancer cells are needed to be corrected or 
disabled in faulty segments which may be one or more. 
The restoration of genes' function responsible for tumour 
suppression can provide a horizon for effective therapies 
of cancer.6 In the modern era, many studies and 
researches have been carried out showing the 
therapeutic applications of genome engineering 
techniques that target the required defective segment of 
cancer genome precisely and effectively, resulting in 
knock-out and knock-in changes.7,8 Molecular targets of 
cancer cells are repressed or activated for long term 
through these genetic techniques. Theoretically, these 
techniques need a tool that can specifically target the 
desired sequences and correct or disable them with low 
off-target actions so that their side effects are minimum. 

For targeting genes and increasing its efficiency, double 
stranded breaks (DSBs) are needed to be produced in 
locus of genome of interest which are repaired by Non-
Homologous End Joining (NHEJ) pathway and leads to 
Insertion-Deletion (Indels).9 When the deoxyribonucleic 
acid (DNA) template of external donor is present, accurate 
modifications in DNA can be mediated by Homology 
Directed Repair (HDR) pathway while repairing DSBs. 
Genome engineering techniques are developed using 
endonucleases that are specific to the target site, like Zinc 
Finger Nucleases (ZFNs) and Transcription-Activator-Like 
Effector Nucleases (TALENs)10 which have been used in a 
wide range of organisms and cell cultures.10 They both 
have been used widely but high cost and complicated 
designing of the required specific endonuclease have 
limited made their application. 

A simple and precise genome editing tool was 
discovered in 201211,12 when two pivotal studies were 
released in the journals Science and Proceedings of the 
National Academy of Sciences (PNAS) of the United 
States, which helped transform bacterial Clustered 

J Pak Med Assoc

718

NARRATIVE REVIEW 

CRISPR Cas System: An efficient tool for cancer modelling 
Mehran Akhtar,1 Tazkira Jamal,2 Mudassir Khan,3 Shah Rukh Khan,4 Shohra Haider,5 Fazal Jalil6

1,2,4,6Department of Biotechnology, Abdul Wali Khan University, Mardan, 
3Department of Health Care Biotechnology, Atta-ur-Rahman School of Applied 
Biosciences, National University of Science and Technology, Islamabad, 
5Department of Biotechnology, Quaid-e-Azam University, Islamabad, 
Pakistan. 
Correspondence: Fazal Jalil. Email: fazaljalil@awkum.edu.pk



Regularly Interspaced Short Palindromic Repeats-Cas-9 
(CRISPR-Cas9) into a basic, programmable genome-
editing tool, which has revolutionised genome editing 
techniques. CRISPR and CRISPR-associated 9 (Cas9) 
nuclease, together called CRISPR Cas-9 system, has been 
successfully applied in mammalian cells.13 It is derived 
from the immune system of bacterial cell and consists of 
two components; endonuclease Cas9, which is guided by 
ribonucleic acid (RNA) and a chimeric single guide RNA 
(sgRNA). The combination of CRISPR RNA (cr(RNA) and 
trans-activating CRISPR RNA (tracr(RNA)11 further 
streamlined the system by merging crRNA and tracrRNA 
to produce single guide RNA (gRNA)). The sgRNA binds 

and guides Cas9 to the specific target sequence based on 
complementarities.14 The target sequence must be 
adjacent to the Protospacer Adjacent Motif (PAM) 
sequences which may be NAG or NGG for Cas9 derived 
from streptococcus (S.) pyogenes. The sgRNA guides the 
Cas9 endonuclease to target sequence cleavage, 
producing DSBs which are then repaired by HDR or NHEJ. 
A study in 2014 reviewed the disruption of genes and its 
modification in different organisms and cell cultures 
through CRISPR and its repair by HDR and NHEJ,15 and 
found that manipulation of DNA is a complex process 
and requires living organism, which have some common 
ethical concerns. 
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Figure-1: Different variants of Cas9 enzyme that can be used for different purposes. A) Normal Cas9; in this Cas9, both the domains are active and produces double stranded breaks 
(DSBs). These is the common type of Cas9 used for gene knockout and knock in. In this case, the DSBs are repaired either by Non-Homologous End Joining (NHEJ) method or Homology 
Directed Repair (HDR) method. B) Cas9 Nickase D10A; In this type, only one domain is working i.e. HNH while the RuvC domain is mutated (D10A) and not functional so it results in 
single stranded breaks. C) Cas9 Nickase H840A; it is also nicked i.e. one domain (RuvC) is functional while the other (HNH) is mutated (H840A). D) Double Nicking Cas9; In this type of 
Cas9 system, two nicked Cas9 are used (one D10A and one H840A nickase). They produce sticky ends and are very effective because of its less off target activity. It has been used to 
reduce off target action and has been fruitful. E) Dead Cas9 (dCas9); dCas9 has its both domains mutated and not functional. It binds to its target sequence but doesn't produce breaks. 
It has been used for gene silencing. F) dCas9 with Effector Domains; dCas9 has been tagged with many different effector domains according to required function and has been used for 
gene identification and transcription activation/inhibition.



To study cancer biology, the common model organism 
used in studies are mice. As CRISPR technology is an 
advanced tool for gene editing, the ethical concerns 
associated with this technology are the same as that of 
the previous such tools.  

The current narrative review was planned to review 
recent work done in cancer studies using CRISPR-Cas9 
and to highlight its potential for effective solutions to the 
problems in cancer genetics. 

Applications of CRISPR-Cas9 in Cancer 
Studies 
CRISPR-Cas9 technology has been widely used in cancer 
studies which includes carrying out genetic modelling in 
rapid manner, mouse models being prepared rapidly and 
genomic engineering of somatic cells in different 
organisms and cell cultures as well.4,5,16 

Carrying out genetic modelling in rapid 
manner 
Large-scale efforts of sequencing genome in the current 

years have contributed largely to understanding the 
genetic changes that are present in tumours. Studying 
functional genetics at medium and large scales showing 
the role genes for tumour suppression and oncogenes in 
cell cultures, mouse models, allografts and xenografts are 
largely based on overexpression of complementary DNA 
(cDNA) and knock-down techniques by RNA interference 
(RNAi). All these techniques have led to several crucial 
discoveries in the field of cancer studies, but there are also 
some crucial hindrances in its way to effective strategy for 
cancer studies. Expression of genes has led to very high 
level in the systems based on cDNA expressions,17 which 
can cause artefactual and inverse effects on the biological 
process and signalling pathway of the cell. Inhibition 
stability and the degree to which gene is silenced is 
uncertain in case of inactivation based on RNAi. These 
may be useful and don't have any such limitation in some 
cases and some experimental purposes, but, for 
consistency to be obtained, inactivation is required 
permanently and completely. Stable knockdown 
transfections using viral vectors and shorthair pin RNA 
(ShRNA) are also possible. Off-target actions also limit the 
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Figure-2: Mouse models generated with Clustered Regularly Interspaced Short Palindromic Repeats-Cas9 (CRISPR-Cas9). Mouse models with required genetic modifications was never 
as easy as it is now using CRISPR-Cas9 tools. It simply requires injection of sperm cell to egg cell followed by Cas9 messenger ribonucleic acid (mRNA) and target single guide RNA 
(sgRNA) injection. Then it is transferred to surrogate mother and will produce CRISPR edited mice with required characters.



techniques based on RNAi. These limitations can be 
overcome by using CRISPR-Cas9 system for specific target 
modification accurately and rapidly. It can also 
differentiate between passenger and driver mutations 
which effectively simplify the genetics of cancer genes. 
Single endogenous loci or multiple loci can be modified 
permanently through CRISPR system by delivering its 
component which may be stable or transient. Transient 
delivery of sgRNA and Cas9 coding plasmid has 
successfully edited genes of cells present in cell cultures18 
while some studies have reported successful results for 
transient delivery of sgRNA ribonucleoprotein (RNPs).19 
On the other hand, for stable delivery of components of 
CRISPR, lentiviral vector or reteroviral vectors can be 
used.20,21 Moreover, bionanoparticles have also been 
used recently for transient delivery of CRISPR components 
for cancer modelling.22,23 Hit-and-run strategy is adapted 
by the CRISPR components in transient delivery so it has 
an advantage as it doesn't need constant supply or 
expression of CRISPR components for many endogenous 
editing processes and can lead to serial and unlimited 
editing. In vivo and cell-based assays can be used to test 
mutations in the cell lines in order to examine mutation's 

effect on phenotypes associated with cancer. Established 
primary or cancer cell lines of human or mouse origin can 
be subjected to this technique. Cancer genes can be 
studied well by generating models of animals through 
this approach as discussed below. 

Generating mouse models with ease and 
speed 
Different aspects of cancer that are fundamental for 
cancer development, like cancer progression, its initiation 
and maintenance, are better studied with the help of 
genetically-engineered mouse models (GEMMs) and non-
germline GEMMs (nGEMMs).24 These models are also 
useful for testing range of agents that play a critical role in 
anticancer therapy and drug resistance mechanism.25,26 
However, manipulation of embryonic stem (ES) cells or 
pronuclear injection is needed for GEMMs to be 
generated which is an expensive and slow process, along 
with extra caring of mouse that carry the gene of 
interest.24 Multiplex genetic manipulations is a 
considerable limitation. CRISPR-Cas9 sets aside this 
limitation as it has the capability of modifying multiple 
genes at a time. Disruption of multiple alleles, up to eight, 
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Figure-3: Therapeutic applications of the Clustered Regularly Interspaced Short Palindromic Repeats-Cas9 (CRISPR-Cas9). This is the 1st phase of clinical trials. A) Blood Lymphocytes 
from patients with solid tumour have been taken. B, C) CRISPR-Cas9 mediated gene knockout of programmed cell death protein 1 (PD1) is performed. D) Then these cells are transferred 
back to the patients and are supposed to cause immunological response in them.42



in a single step, two-gene deactivation in embryo of a 
single cell mouse and double knock-out animal 
production in one step have been done by CRISPR-
Cas9.27,28 A study demonstrated that such mice can be 
generated that carry a small deletion with the help of 
sgRNA pairs.29 Mice or ES cells can be generated through 
these methods that have quite a few loss of function (LoF) 
and gain of function (GoF), paving the way for precise, 
accurate and easy GEMM and nGEMM production. Studies 
provide many suggestions, like, while studying cancer 
through mouse models, it should be kept in mind that in 
most models, there are less induced mutations but 
CRISPR-Cas9 can induce many alleles responsible for 
cancer in mouse models.16 Along with developing new 
models, CRISPR-Cas9 technology can also be used for 
advancing the existed models of mice for cancer studies. 

Genome engineering of somatic cells 
It is now possible to manipulate ES and germline cell-line 
at the genetic level through CRISPR-Cas9 with ease and 
speed, which also has potential of editing genome of 
somatic cells both in vivo and ex vivo. 

In vivo cancer modelling from ex vivo 
CRISPR-mediated somatic genome editing 
Many studies have demonstrated the use of CRISPR for ex 
vivo genome editing of somatic cells in order to study 
mutations and mouse models' generation having 
haematopoietic cancers.20,30-33 In Arf-/-E?-Myc lymphomas, 
a tumour suppressor gene, Trp53, was edited ex vivo using 
CRISPR, which was then transfected into syngeneic mice. 
These cells, which lacked p53, showed substantial 
enrichment when treated with doxorubicin.26 Another 
tumour suppresser gene, Mll3, was disrupted ex vivo by 
CRISPR in mouse primary hematopoietic stem and 
progenitor cells (HSPCs) with shf1;Trp53 -/- to study acute 
myeloid leukaemia (AML) tumour suppresser genes.30 
Another group31 generated AML mouse models with ease 
and speed using CRISPR system by single and multiple 
genes ex vivo editing in mouse HSPCs mediated by 
lentivirus. 

In vivo cancer modelling from in vivo 
CRISPR-mediated somatic genome editing 
CRISPR system has also been useful in direct gene 
mutations in vivo in model animals. Two tumour 
suppresser genes, PTEN and Trp53, were successfully 
targeted by CRISPR-Cas9 for induction of liver tumour 
having exactly the same histopathology as observed in 
Ptenfl/fl Trp53fl/fl GEMMs. CRISPR components, along 
with DNA template having single strand that encoded β-
catenin mutant form, were successfully transfected to wild 
type (WT) mice livers which resulted in low 0.5% 

hepatocytes generation with nuclear β-catenin, but had 
detectable frequency.34 Apart from liver, three tumour 
suppresser genes of lung cancer were also mutated using 
crerecombinase and CRISPR components encoding 
lentiviral vector into mice models with KrasLSL-
G12D/+Trp53fl/fl and KrasLSL-G12D/+ lung cancers which 
proved to have the required features of the targeted 
gene.35,36 Furthermore, Indels were also harboured in 
target sites with no off-target activity being detected 
which paved the way for in vivo editing of somatic 
genome using targeted Cas9 activity. Rearrangement of 
large chromosomal oncogene was demonstrated in a 
similar study using CRISPR technology through adenoviral 
vector delivery that encoded echinoderm microtubule-
associated protein-like 4-Anaplastic lymphoma kinase 
(Eml4-Alk) targeting two sgRNAs and Cas9 nuclease to 
induce inversion.37,38 Besides, CRISPR technology was also 
seen to have feasibility in these studies for modelling 
rearrangement of large genomic regions as Eml4 and Alk 
have about 11 mbp separation in between them. In a 
separate study, induction of in vivo rearrangement of 
chromosomes by using CRISPR technology was 
demonstrated.39 Thus it is evident from these studies that 
mouse models can be generated more rapidly by using 
CRISPR-Cas9 system being delivered by viral vectors or 
plasmids. Some studies also suggested delivery of CRISPR 
components through nanoparticle -sgRNA complexes40 
and protein-RNA (Cas9-sgRNA) complexes.41 In future, in 
addition to these methods, other delivery methods would 
also have to be developed. 

Future Perspectives 
CRISPR has been one of the hot topics since its discovery 
for its versatile nature and broad applications in almost all 
forms of life. Yet, CRISPR's role in translational and basic 
cancer research is still unfolding. CRISPR technology has 
been used in an effective way to generate experimental 
models for studying different types of cancers in both 
animal-based and cell-based cultures. It can also 
investigate the genome non-coding region, and will thus 
facilitate cancer genetics studies as it has been one of the 
poorly understood aspects of cancer. This system can be 
used as a person-specific system to study cancer by 
researchers and will aid researchers to study genome-
specific traits and much more related to cancer genetics. If 
used in patients, it will allow researchers to identify 
potential resistance mechanisms, providing a roadmap to 
cancer genetics. Still, we are looking forward to seeing the 
results of pilot clinical trial43 as these will change the whole 
history of gene therapy and surely will be great news for 
cancer patients and other genetically disordered people. 

In future, CRISPR efficiency will depend on the effective 
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delivery and limited or no off-target actions of CRISPR-
Cas9. Though this technology still confers many 
limitations, there is no doubt that gene therapy for cancer 
patients using CRISPR technology is a prime opportunity 
for researchers to counter cancer. In short, CRISPR has no 
parallel so far in genome editing, and will greatly 
influence cancer research and studies. 

Conclusion 
Application of CRISPR-Cas9 system has great potential to 
help understand cancer biology of various types and 
could be used for its genetic modelling. However, much 
work is still needed to be done to apply the technology 
for understanding the mechanism of cancers and to help 
in the designing of appropriate therapies. 

Disclaimer: None. 

Conflict of Interest: None. 

Source of Funding: None. 

References 
1. Monteiro L, Warnakulasuriya S. Genetic Aberrations and 

Molecular Pathways in Head and Neck Cancer. Squamous cell 
Carcinoma. 2017; 33:97-111. 

2. Hamid A, Gray K, Shaw G, MacConaill LE, Evan C, Bernard B, et al. 
Compound Genomic Alterations of TP53, PTEN, and RB1 Tumor 
Suppressors in Localized and Metastatic Prostate Cancer. Eur Urol. 
2019; 76:89-97. 

3. Wang Z. ErbB Receptors and Cancer. Methods Mol Biol. 2017; 
1652:3-35. 

4. Swayden M, Iovanna J, Soubeyran P. Pancreatic cancer chemo-
resistance is driven by tumor phenotype rather than tumor 
genotype. Heliyon. 2018; 4:e01055. 

5. Feinberg A, Koldobskiy M, Göndör A. Epigenetic modulators, 
modifiers and mediators in cancer aetiology and progression. Nat 
Rev Genet. 2016; 17:284-99. 

6. Mishra S, Yadav T, Rani V. Exploring miRNA based approaches in 
cancer diagnostics and therapeutics. Crit Rev Oncol Hematol. 
2016; 98:12-23. 

7. Chen S, Sun H, Miao K, Deng CX. CRISPR-Cas9: from Genome 
Editing to Cancer Research. Int J Biol Sci. 2016; 12:1427-36. 

8. Wang G, Chow R, Ye L, Guzman CD, Dai X, Dong MB, et al. 
mapping a functional cancer genome atlas of tumor suppressors 
in mouse liver using AAV-CRISPR–mediated direct in vivo 
screening. Sci Adv. 2018; 4:eaao5508. 

9. Richardson C, Kazane K, Feng S, Zelin E, Bray N, Schäfer A, et al. 
CRISPR–Cas9 genome editing in human cells occurs via the 
Fanconi anemia pathway. Nature Genet. 2018; 50:1132-9. 

10. Jiang S, Shen Q. Principles of gene editing techniques and 
applications in animal husbandry. Biotech. 2019; 9:28. 

11. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna J, Charpentier E. 
A Programmable Dual-RNA-Guided DNA Endonuclease in 
Adaptive Bacterial Immunity. Science. 2012; 337:816-21. 

12. Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9-crRNA 
ribonucleoprotein complex mediates specific DNA cleavage for 
adaptive immunity in bacteria. Proc Natl Acad Sci U S A. 2012; 
109:E2579-86. 

13.  Lee C, Cradick T, Bao G. The Neisseria meningitidis CRISPR-Cas9 
System Enables Specific Genome Editing in Mammalian Cells. Mol 
Ther. 2016; 24:645-54. 

14. Tycko J, Myer V, Hsu P. Methods for Optimizing CRISPR-Cas9 
Genome Editing Specificity. Mol Cell. 2016; 63:355-70. 

15. Doudna J, Charpentier E. The new frontier of genome engineering 
with CRISPR-Cas9. Sci. 2014; 346:1258096. 

16. Sánchez-Rivera F, Jacks T. Applications of the CRISPR–Cas9 system 
in cancer biology. Nat Rev Cancer. 2015; 15:387-95. 

17. Zhou J, Yuan J, Long H, Tan X. Expression Profiles of a Tung Tree 
Phosphate Transporter cDNA and Structural Characteristics of the 
Encoded Protein. Cytol Genet. 2019; 53:162-8. 

18. Boyle W, Twaroski K, Woska E, Tolar J, Reineke T. Molecular 
Additives Significantly Enhance Glycopolymer-Mediated 
Transfection of Large Plasmids and Functional CRISPR-Cas9 
Transcription Activation Ex Vivo in Primary Human Fibroblasts 
and Induced Pluripotent Stem Cells. Bioconjug Chem. 2019; 
30:418-31. 

19. Montagna C, Petris G, Casini A, Maule G, Franceschini G, Zanella I, 
et al. VSV-G-Enveloped Vesicles for Traceless Delivery of CRISPR-
Cas9. Molecular Therapy - Nucleic Acids. 2018; 12:453-62. 

20. Malina A, Mills J, Cencic R, Yan Y, Fraser J, Schippers L, et al. 
Repurposing CRISPR/Cas9 for in situ functional assays. Gene Dev. 
2013; 27:2602-14.  

21. Michael AC, Emily KL, Artur S, William LB, Reuben SH. A lentivirus-
based system for Cas9/gRNA expression and subsequent removal 
by Cre-mediated recombination. Methods. 2019; 156:79-84.  

22. Lu B, Javidi-Parsijani P, Makani V, Mehraein-Ghomi F, Sarhan W, 
Sun D, et al. Delivering SaCas9 mRNA by lentivirus-like 
bionanoparticles for transient expression and efficient genome 
editing. Nucleic Acids Res. 2019; 47:e44. 

23. Philippe EM, Valérie R, Floriane F, Aline M, Emilie L, Blin J, et al. 
Genome editing in primary cells and in vivo using viral-derived 
Nanoblades loaded with Cas9-sgRNA ribonucleoproteins. Nat 
Commun. 2019; 10:45. 

24. Zitvogel L, Pitt J, Daillère R, Smyth M, Kroemer G. Mouse models in 
oncoimmunology. Nature Reviews Cancer. 2016; 16:759-73. 

25. Engelman J, Chen L, Tan X, Crosby K, Guimaraes A, Upadhyay R, et 
al. Effective use of PI3K and MEK inhibitors to treat mutant Kras 
G12D and PIK3CA H1047R murine lung cancers. Nature Medicine. 
2008; 14:1351-6. 

26. Chen Z, Cheng K, Walton Z, Wang Y, Ebi H, Shimamura T, et al. A 
murine lung cancer co-clinical trial identifies genetic modifiers of 
therapeutic response. Nature. 2012; 483:613-7. 

27. Wang H, Yang H, Shivalila C, Dawlaty M, Cheng A, Zhang F, et al. 
One-Step Generation of Mice Carrying Mutations in Multiple 
Genes by CRISPR/Cas-Mediated Genome Engineering. Cell. 2013; 
153:910-8.  

28. Yang S, Chang R, Yang H, Zhao T, Hong Y, Kong HE, et al. 
CRISPR/Cas9-mediated gene editing ameliorates neurotoxicity in 
mouse model of Huntington’s disease. J Clin Invest. 2017; 
127:2719-24. 

29. Yang H, Wang H, Shivalila C, Cheng A, Shi L, Jaenisch R. One-Step 
Generation of Mice Carrying Reporter and Conditional Alleles by 
CRISPR/Cas-Mediated Genome Engineering. Cell. 2013; 154:1370-
9.  

30. Chen C, Liu Y, Rappaport A, Kitzing T, Schultz N, Zhao Z, et al. MLL3 
Is a Haploinsufficient 7q Tumor Suppressor in Acute Myeloid 
Leukemia. Cancer Cell. 2014; 25:652-65. 

31. Heckl D, Kowalczyk M, Yudovich D, Belizaire R, Puram R, 
McConkey M, et al. Generation of mouse models of myeloid 
malignancy with combinatorial genetic lesions using CRISPR-Cas9 
genome editing. Nat Biotechnol. 2014; 32:941-6. 

32. Prem KP, Chia-Lin W, Yu-ting Y, Rafii P, Christina L. RNAi and 
CRISPR/Cas9-based in vivo models for drug discovery. Cancer 
Res.2015; 75:LB-078. 

33. Pulver E, Moisés da Silva A, Bouwman P, Annunziato S, Jonkers J. 
PO-333 Somatic engineering of mammary gland epithelial cells 

Vol. 71, No. 2-B, February 2021

CRISPR Cas System: An efficient tool for cancer modelling723



using CRISPR/Cas9 for rapid testing of breast cancer susceptibility 
genes in mouse models. [Online] [Cited 2018 June 29].  Available 
from: URL: 

34. Xue W, Chen S, Yin H, Tammela T, Papagiannakopoulos T, Joshi N, 
et al. CRISPR-mediated direct mutation of cancer genes in the 
mouse liver. Nature. 2014; 514:380-4.  

35. Jackson E, Olive K, Tuveson D, Bronson R, Crowley D, Brown M, et 
al. The Differential Effects of Mutantp53Alleles on Advanced 
Murine Lung Cancer. Cancer Res. 2005; 65:10280-8. 

36. Sánchez-Rivera F, Papagiannakopoulos T, Romero R, Tammela T, 
Bauer M, Bhutkar A, et al. Rapid modelling of cooperating genetic 
events in cancer through somatic genome editing. Nature. 2014; 
516:428-31.  

37. Maddalo D, Manchado E, Concepcion C, Bonetti C, Vidigal J, Han 
Y, et al. In vivo engineering of oncogenic chromosomal 
rearrangements with the CRISPR/Cas9 system. Nature. 2014; 
516:423-7.  

38. Soda M, Choi Y, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et 
al. Identification of the transforming EML4–ALK fusion gene in 

non-small-cell lung cancer. Nature. 2007; 448:561-6.  
39. Brunet E, Jasin M. Induction of Chromosomal Translocations with 

CRISPR-Cas9 and Other Nucleases: Understanding the Repair 
Mechanisms That Give Rise to Translocations. Adv Exp Med Biol. 
2018; 1044:15-25. 

40. Platt R, Chen S, Zhou Y, Yim M, Swiech L, Kempton H, et al. CRISPR-
Cas9 Knockin Mice for Genome Editing and Cancer Modeling. Cell. 
2014; 159:440-55.  

41. Zuris J, Thompson D, Shu Y, Guilinger J, Bessen J, Hu J, et al. 
Cationic lipid-mediated delivery of proteins enables efficient 
protein-based genome editing in vitro and in vivo. Nat 
Biotechnol. 2015; 33:73-80.  

42. Cyranoski D. CRISPR gene-editing tested in a person for the first 
time. Nature. 2016; 539:479. 

43. ClinicalTrials.gov. NY-ESO-1-redirected CRISPR (TCRendo and 
PD1) Edited T Cells (NYCE T Cells) [Online] [Cited 2020 February 
07]. Available from: URL: 
https://clinicaltrials.gov/ct2/show/NCT03399448. 

J Pak Med Assoc

M. Akhtar, T. Jamal, M. Khan, et al 724


