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Introduction
We are currently on the cusp of being able to per-

form molecular surgery, where nucleases cut out dis-
ease mutations, and correct nucleotide sequences can 
be stitched back together to repair genes (1). Molecular 
surgery has the potential to facilitate treatment or com-
pletely cure diseases with a genetic basis. This has been 
made possible due to the evolution of genomic editing 
with	 the	 development	 of	 zinc	 finger	 nucleases	 (ZFNs),	
then transcription activator-like effector nucleases 
(TALENs),	and	finally	clustered	regularly	interspaced	short	
palindromic repeat (CRISPR)-associated Cas9 nucleases 
(1). All three methods enable their respective nucleases 

(either FokI or Cas9) to introduce double-strand breaks 
(DSBs)	in	DNA	at	specific	genomic	loci.	Afterwards,	DNA	
repair occurs via either non-homologous end-joining 
(NHEJ)	or	homology-directed	repair/homologous	recom-
bination (HDR/HR) (1). While key differences between 
these	techniques	exist	(Table	1),	the	simplicity,	reproduc-
ibility, and affordability of CRISPR/Cas9 have made it the 
most commonly used technique. This is mainly due to 
the use of guide nucleotides for Cas9, compared with 
the protein engineering that is required for the other two 
methods. Therefore, this review will focus on CRISPR/
Cas9 in terms of its impact on clinical research, its limi-
tations and potential solutions, and clinical applications 

Table 1: Comparison of the three main genome-editing platforms.
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of genomic editing to humans.
The future of genomic editing in scientific research 
– challenges and innovative solutions

Genomic editing has already facilitated the develop-
ment	 of	 new	 disease	models	 and	 the	 identification	 of	
novel drug targets. For instance, the applicability of dis-
ease studies on animal models greatly improved when 
genome	 editing	 was	 used	 to	 efficiently	 create	 primate	
models that closely resemble humans (2). To identify 
novel therapeutic targets for drug development, screen-
ing studies using CRISPR/Cas9 are being conducted to 
identify	specific	pathways	used	by	diseased	cells	(3).

Despite	 recent	 advances,	 the	 issues	 of	 efficacy,	
safety, delivery, and ethics continue to prevent genome 
editing	from	being	applied	clinically.	In	terms	of	efficacy,	
NHEJ-mediated	DNA	repair	efficiently	cuts	and	stitches	
diseased genes at any point in the cell cycle, but if in-
sertions are required then repair could be slowed, as 
HDR is only available during certain cell cycle phases. 
Safety is a concern, especially for CRISPR/Cas9, due to 
off-target mutations that result from Cas9 nucleases oc-
casionally	cutting	non-specifically.	This	presents	dangers	
to humans if harmful mutations are introduced, even at 
a low rate (4). Another challenge involves the delivery of 
editing components to all cells, while avoiding immune 
response,	should	viruses	be	used	for	delivery.	Lastly,	due	
to the ability of this technology to genetically alter individ-
uals and their offspring, many ethical issues are raised 
regarding editing human embryos (1,5).

In order to address the above-mentioned challeng-
es,	NHEJ-mediated	 ligation	of	DNA	 templates	 could	be	
used to increase the rate of recombination if Cas9 is 
modified	to	generate	sticky	ends	in	DNA	(5).	Many	solu-
tions are being researched to address the off-target ef-
fects	of	Cas9.	For	example,	using	a	Cas9	nickase	mutant	
to simultaneously nick both DNA strands, fusing inac-
tive Cas9 to FokI, and using a small-molecule-triggered 
Cas9,	 all	 increase	 the	 specificity	 of	 cutting	 individually	
and in combination (6,7). The delivery of these addition-
al components further stresses the necessity of non-viral 
delivery systems, as viral vectors are small. Therefore, 
nanoparticle- and lipid-based delivery systems are un-
der development (8,9). Policymakers evaluating the eth-
ics of this technology should be particularly concerned 
about the dangers of off-target effects associated with 
CRISPR/Cas9. However, many patients suffering from 
incurable diseases like Duchenne Muscular Dystrophy 
(DMD) are desperate for a cure. Therefore, policymakers 
should take the patient’s wishes into consideration as 
well. Currently, only four countries have approved the use 
of genome editing on human embryos, a process known 
as germline editing. Governments are understandably 
reluctant to move forward with germline editing for fear 
of genetic testing to enhance human performance, and 

opening the debate regarding when and if human em-
bryos are considered living humans.  
Clinical applications of CRISPR/Cas9 and other 
gene editing methods to humans

As previously mentioned, genomic editing has yet to 
be translated to clinical application. However, it is very 
close to being used to treat infectious diseases like HIV. 
In fact, genomic editing of CD4+ T cells to generate cells 
resistant to HIV infection has already reached phase II 
clinical trials (10). Highly publicized cancer trials using 
CRISPR/Cas9 are also underway. However, many cur-
rently	incurable	diseases	like	DMD	and	cystic	fibrosis	re-
quire germline editing, and that is where genome editing 
can have the greatest impact in the near future (1,2).   
Conclusion

The	tremendous	excitement	around	genome	editing	
and the idea of molecular surgery – taking any disease, 
removing causative mutations, and stitching DNA back 
together to leave the cell unharmed – is warranted given 
recent	 progress.	 However,	 issues	 around	 efficiency,	
safety, delivery, and ethics must still be resolved. The 
ethics of using genomic editing on human embryos 
needs to be addressed carefully. Given that only four 
countries have approved germline editing using CRISPR/
Cas9, policymakers are understandably reluctant moving 
forward. However, the success of current clinical trials 
may convince regulatory bodies to use genome editing 
to its full potential.¾
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