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ABSTRACT— Existence of CRISPR/Cas9 systems in bacteria and archaea has been noted to be the reason for these
organisms’ ability to disarm invading nucleic acids. Such immunity is noted to arise from the targeting of the invading
nucleic acids by guiding RNAs (sgRNAS), their cleavage by Cas9 (an endonuclease), and their subsequent integration
into CRISPR locus. Recent studies have shown that the CRISPR/Cas9 tool can be adopted for gene editing in eukaryotic
cells and thus offering potential for its use to treat genetic conditions. In this review, CRISPR/Cas9 has been shown to
be an effective genome-editing tool with studies showing efficacy in zygote editing, in-vivo editing of somatic cells and
ex-vivo editing of somatic cells. Occurrence of off-target effects however make zygote editing in human cells ethically
questionable due to possibility of introducing unwanted mutations that may be passed on to the progeny. Nevertheless,
observations that such off-target effects arise mainly from the promiscuity of sgRNAs rather that errors in
CRISPR/Cas9 system show promise for increased specificity by developing better sgRNAs. Such increased specificity
will facilitate the adoption of CRISPR/Cas9 for clinical use in treatment of conditions such as f-thalassemia, cystic
fibrosis, Duchenne muscular dystrophy and HIV.
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1. USING CRISPR-CAS9 FOR THERAPEUTIC PROTEIN PRODUCTION

Evidence of a genetic etiology for various illnesses has increased efforts to find remedies that target the defective genes.
Specifically, with the completion of the human genome project, scientist have been able to map out the loci of genes
implicated in various ailments such as cancers and thus potentiating the use of genetic engineering technologies to edit
such defective genes. One of these genome-editing technologies is the CRISPR/Cas9 system, a customizable approach to
edit DNA based on the ability of the endonuclease Cas9 to bind and cleave specific nucleotide sequences in the human
genome [1]. CRISPR/Cas systems are systems naturally developed in bacteria and archaea that confer immunity to these
organisms against invading plasmids and viruses [2]. The adaptive immunity provided by these systems in the prokaryotes
arises from the ability of CRISPR RNAs (crRNAS) to target the invading nucleic acids thus leading to the silencing of
these invading nucleic acids through their cleavage and integration of the resultant fragments into the CRISPR locus [3].
CRISPR is the acronym for “clustered regularly interspaced short palindromic repeats” [3], a reference to the genomic
locus of such repeating nucleotide sequences in bacterial and archaea [1]. Cas9 stands for “CRISPR-associated protein 9”
[4], a CRISPR-associated endonuclease that is involved in the crCRNA-guided inactivation of foreign nucleic acids [3]. In
2012, Jinek et al. showed that it was possible to recruit Cas9 to specific genome loci through standard base pairing. In their
study, Jenik et al. (2012) fused crRNA to the trans-activating crRNA (tracrRNA) of the Streptococcus pyogenes to generate
a single guide RNA (sgRNA). The sgRNA was able to recruit Cas9 at specific genome loci and thus facilitating cleavage
of sequences in these loci to achieve a desired effect [3]. This technology has been adopted in the development of
therapeutic proteins that help in genome editing to inactivate mutated sequences that are linked to genetic diseases. This
paper reviews such use of CRISPR-Cas9 to develop therapeutic proteins for various illnesses.

2. APPLICATIONS OF CRISPR-CAS9 FOR THERAPEUTIC PURPOSES

Most of the studies published on use of CRISPR-Cas9 for therapeutic purposes relate to laboratory experiments with
prokaryotes, eukaryotic cells (including humans), and experimental animals. However, the CRISPR-Cas9 technology is
yet to be adopted in clinical use as evident from the lack of any clinical trials using the technology (based on search of
trials for CRISPR-Cas9, CRISPR, Cas9 at www. clinicaltrials.gov/). Such failure to use the technology in clinical trials
may be explained by the ethical issues accompanying genome editing in humans and uncertainty on the side effects of off-
target genome changes that may arise with use of genome-editing tools [5]. Specifically, editing of germ-line cells poses a
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significant ethical dilemma since any genetic errors introduced in such cells can be passed on to subsequent generations
and thus possibly leading to high prevalence of unforeseen genetic illnesses in the population [5]. Such concerns have
limited the adoption of genome editing therapy in humans. For example, the first gene-editing case in people was done
only recently, in 2014, using Zinc finger nucleases (SFNs) that target specific DNA sequences, to treat people with HIV
[6]. Even then, such treatment has mainly entailed ex-vivo strategies, where gene edited cells are introduced into the
patients’ bodies rather than in-vivo strategies, where the gene-editing tools are administered themselves instead of the
altered cells using viral or non-viral vectors [4]. For CRISPR/Cas9 system, the most recent advance in their use in human-
associated cells has been the February 2016 approval for U.K. scientists to use the technology to edit human embryos for
a duration of seven days, after which the embryos are to be destroyed [7]. The subsequent review of the therapeutic use of
CRISPR-Cas9 system is thus based on laboratory data instead of human clinical trials.

3. USE OF CRISPR/CAS9 FOR ZYGOTE EDITING

Use of CRISPR/Cas9 system to edit zygotes has been successfully tried in mice studies. In this approach, components
of the CRISPR/Cas9 tool (e.g. Cas9 messenger RNA, sgRNA, and Homology Directed Repair (HDR) template; a strategy
that seeks to correct errors in double-stranded DNA, are injected into the zygote or into an early-stage embryo [4]. In one
such study, Wang et al. (2013) used the CRISPR/Cas9 tool to introduce mutations in mice through the co-injection of Cas9
MRNA and sgRNAs into mouse embryonic stem cells. Using this strategy, Wang et al. (2013) were able to target Tetl and
Tet2 genes leading to the production of mice biallelic mutations at an efficiency rate of 80% [8]. Further, when the
researchers integrated mutant oligonucleotides into the sgRNAS that were co-injected with Cas9 mRNAs, they were able
to induce point mutations in the two target genes in the resultant mice. This study demonstrated that the CRISPR/Cas9
editing tool could be used to generate mutations, which may be useful in evaluation of genes that are functionally redundant
or in the evaluation of genes that have epistatic interactions. However, the study does not show whether CRISPR/Cas9
could be used to correct existing genetic disorders, a subject that was addressed in a different study reviewed subsequently

[8].

In a different study, Wu et al. (2013) showed that the CRISPR/Cas9 editing tool could be used to correct mutations that
led to cataracts in mice. In the study, Wu et al. (2013) co-injected zygotes of such mice with Cas9 mRNA and sgRNAs
that targeted the Crygc gene. The study showed that the Cas9 system was able to repair the mutation in the Crygc gene
based on HDR template oligonucleotides supplied by the researchers exogenously or based on endogenous wild-type-allele
template [9]. The correction was noted to occur efficiently with limited off-target modifications, with the resultant mice
retaining their fertility and successfully passing on the corrected allele to their offspring [9]. The results of this study thus
showed that CRISPR/Cas9 was not only useful in generating mutations but also in correcting disease-causing mutations.

Before the U.K. approval of a CRISPR/Cas9-based study using human embryo cells, an earlier study that had employed
the technology on human embryo cells had resulted into divisions among scientists over the ethics of using such technology
in embryo cells [5, 10]. In this earlier study, Liang et al. (2015) had used CRISPR/Cas9 to cleave endogenous B-globin
gene (HBB, a gene implicated in causing p-thalassemia, a blood disorder) using Cas9 mRNA and sgRNA transfected into
human triponuclear (3PN) zygotes. Nevertheless, the study found that CRISPR/Cas9 tool also resulted in high off-target
effects (cleavage at non-targeted loci) and could introduce unwanted mutations due to the competition between
exogenously supplied oligonucleotide template and the endogenous delta-globin gene [11]. Such results indicated that
CRISPR/Cas9 may have low fidelity and specificity, a finding that led the researchers to recommend the non-use of
CRISPR/Cas9 for clinical applications [11]. In summary, therefore, while the efficiency of CRISPR/Cas9 in mice embryos
has been shown to be high with low off target effects, more research on the off target effects noted in human cells is needed
before the technology can be reliably used in clinical applications targeting human embryo cells. Further, due to the
possibility of use of CRISPR/Cas9 for non-medical purposes where embryos are involved such as altering traits of resultant
children [4], use of CRISPR/Cas9 technology to edit human zygotes poses a grave ethical dilemma.

4. IN-VIVO EDITING OF SOMATIC CELLS USING CRISPR/CAS9 TECHNOLOGY

While the editing of germ-line cells poses significant issues due to the possibility of transmitting any generated
mutations to the progeny [5], editing of somatic cells poses a significantly lesser issue since any mutations arising from the
process are not transmitted to the offspring. Such lower risk may explain the performance of in-vivo CRISPR/Cas9 tests
targeting somatic cells, albeit in experimental animals. In one such study, Yin et al. (2014) showed that it was possible to
use CRISP/Cas9 mechanism to correct for hereditary tyrosinemia type | in mouse models that had been developed to
express this disease [12]. The disease arises from the mutation in the gene encoding for fumarylacetoacetate hydrolase
(FAH), an enzyme that catalyzes the transformation of fumarylacetoacetate to form fumarate in the catabolism process for
tyrosine and phenylalanine in hepatocytes [13]. In the study by Yin et al. (2014), the authors targeted the Fah gene using
a pX330 vector into which three sgRNAs that targeted Fah had been cloned. Further, they synthesized a 199-nucleotide
single stranded DNA (ssDNA) that would facilitate homologous recombination and ensure the correction of the G—A
splicing mutation that is usually implicated in tyrosinemia I. This sSDNA had a wild-type G nucleotide and was designed
to flank the sgRNA target region [12]. The researchers evaluated the efficacy of the CRISPR/Cas9 system in correcting
tyrosinemia | by having controls that would highlight whether observations were a result of the CRISPR/Cas9 effect or
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other confounding factors. All the mice used for the study had the Fah mutation. In the first group of mice, they injected
saline via the tail veins, while the second group of mice was given the ssDNA oligonucleotide only via the same route [12].
In the third group, the ssDNa oligonucleotides and the vector expressing only Cas9 mRNA (i.e., unguided Cas9) were
administered whereas in the fourth group, SSDNA oligonucleotides, vector expressing Cas9 mRNA and a guiding sgRNA
were administered [12]. The results of the study indicated that apart from the fourth group, the mice in the other three
groups that did not receive NTBC-containing water quickly lost about 20% of their body weight and thus had to be
euthanized [12]. Mice in the fourth group either did not lose weight or lost a lower proportion of weight based on the
guiding sgRNA used. Moreover, the mice in this group that lost weight were able to regain the lost weight on provision of
NTBC water for 7 days, even with subsequent withdrawal of the NTBC water for 28 days [12]. Analysis of liver damage
in the fourth group also showed that these mice had significantly lower damage and immunohistochemical staining using
a Fah-staining antibody showed that the CRISPR/Cas9 gene editing was successful in generating Fah* hepatocytes within
30 days of treatment [12]. The genome-editing in this study occurred with low off-target effects (<0.3% where FAH2
SgRNAs were used), and though the repair frequency was also low (0.4% + 0.12%) [12], positive selection of the repaired
hepatocytes showed that CRISPR/Cas9 gene editing may offer an important tool for treatment of tyrosinemia type I.

In a different study, Ding et al. (2014) also showed the efficacy of using CRISPR/Cas9 to edit proprotein convertase
subtilisin/kexin type 9 (PCSK9) through an in-vivo approach. Mutations in PCSK9 are associated with a reduction in the
levels of low-density lipoprotein (LDLP) and thus lowering the risk of cardiovascular disease [14]. Using CRISPR/Cas9
tool, the authors found out that it was possible to introduce mutations in Pcsk9 in mice liver thus reducing the encoding of
the PCSKO protein. In the study, the authors did not detect any off-target effects, and mutagenesis in Pcsk9 was noted to
be more than 50% in some cases, thus leading to significant drop in plasma PCSK9, increase in LDL receptor levels in the
liver, and decrease in plasma cholesterol levels [14]. Such results indicated efficiency of the CRISPR/ Cas9 in disruption
of gene function, which, in this case, may have therapeutic applications in reducing the risk of cardiovascular disease.

Linetal. (2014) have also demonstrated the efficacy of CRISPR/Cas9 system in editing in-vivo. In the study, the authors
used an HBV-vector transfected to express Cas9 mRNAs and sgRNAs targeting various loci of the HBV-genome in mice
modeled to express chronic HBV infection in their livers. Intravenous administration of the vector containing the
CRISPR/Cas9 components to the mice led to the cleavage of the vector and subsequent reduction in surface antigen for
hepatitis B in the serum [15]. While the mice used did not produce the closed circular DNA (cccDNA) that helps the HB
virus to avoid complete elimination in the liver, the authors were able to verify the efficacy of the CRISPR/Cas9 system in
eliminating HBV using a human cell line that was engineered to express duck HBV [15]. However, the possibility of
residual viral DNA as highlighted in the human cell line experiments necessitates the development of more efficient
delivery options before the clinical application of the technology since such residual viral infections may renew the HBV
infection [4, 15].

5. EX-VIVO EDITING OF SOMATIC CELLS USING CRISPR/CAS9 SYSTEM

Ex-vivo editing of somatic cells may provide advantages over in-vivo editing due to ability to monitor progress before
administration of edited cells, but it also presents challenges of culturing stem/progenitor cells derived from the patient that
need to be gene-edited [4]. Recent progress enabling the generation of induced pluripotent stem cells (iPSCs) has however
provided promise for ex-vivo gene editing in humans since such iPSCs can be propagated and differentiated to form any
type of body cell [4]. Such iPSCs have been used to prove the application of CRISPR/ Cas9 tool for ex-vivo gene editing
in various studies.

In one of the first studies using iPSCs for CRISPR/ Cas9 evaluation, Xie et al. (2014) were able to demonstrate efficacy
of CRISPR/ Cas9 in treating p-thalassemia through an ex-vivo gene-editing approach. In the study, the researchers
generated iPSCs from fibroblasts of a patient who had homozygous alleles for g-thalassemia [16]. The generated iPSCs
were then transfected with vectors containing CRISPR/Cas9 components targeting the HBB gene mutations associated with
causing the disease and an HDR DNA template. The study findings showed that CRISPR/Cas9 was able to correct the
mutations in iPSCs without having any off-target effects, with the corrected iPSCs showing full pluripotency and normal
karyotypes [16]. Differentiation of the corrected iPSCs into erythrocytes using a monolayer culture technology showed
that the corrected iPSCs helped restore the expression of HBB when compared to uncorrected iPSCs [16]. This study
showed that CRISPR/Cas9 technology could be used successfully to generate functional somatic cells that can then be
administered in transplantations to correct genetic-based ailments.

A study by Schwank et al. (2013), the researchers were also able to demonstrate the use of CRISPR/Cas9 system to
correct mutations that hinder cAMP-mediated swelling of epithelial organoids in cystic fibrosis. Using intestinal organoids,
the researchers were able to correct the cystic fibrosis-causing mutation in the gene encoding for proteins of the cystic
fibrosis transmembrane conductance regulator [17]. CFTR is an ion channel whose regulation of ion concentration across
the cell membrane facilitates the transport of epithelial fluid. A dysfunctional CFTR leads to mucus accumulation in the
pulmonary tract and gastrointestinal tract leading to problems such as breathing difficulties [4]. In the study by Schwank
et al. (2013), the researchers isolated intestinal stem cells from patients suffering from cystic fibrosis, cultured them to
generate 3D organoid cultures, and transfected the resultant organoids with vectors cloned with CRISPR/Cas9 components
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targeting CFTR locus [17]. The study showed effective correction of the CFTR mutations with only few off-target effects
thus highlighting the potential use of CRISPR/ Cas9 for ex-vivo treatment of cystic fibrosis.

Two other studies have shown the potential for use of CRISPR/Cas9 system to correct mutations responsible for
Duchenne muscular dystrophy (DMD) using ex-vivo approaches. In one of the studies, Li et al (2015) used iPSCs derived
from patients with DMD to demonstrate the use of CRISPR/Cas9 and TALEN, another gene-editing technology. In the
study, Li et al. (2015) were able to regenerate a full-length dystrophin gene on transfecting the iPSCs with a vector
containing the CRISPR/Cas9 components and HDR DNA template. Differentiation of the corrected iPSCs into skeletal
muscle cells showed normal expression of the wild-type dystrophin protein [18], thus indicating the success of the
technology in correcting mutations responsible for causing DMD. The second study, which was conducted by Ousterout
et al. (2015), showed that it was possible to use the CRISPR/Cas9 system to restore the reading frame that restores the
functionality of the dystrophin gene. The researchers used myoblasts derived from patients suffering from DMD, which
were then transfected with a vector containing the CRISPR/Cas9 components targeting mutation prone exons for deletion
[19]. Using this technology, the researchers were able to delete exons 45-55, which contribute up to 60% of the mutations
implicated in causing DMD [19]. Deletion of these exons helped restore the expression and function of the dystrophin gene
as was shown in in vitro assays using the corrected myoblasts and in in-vivo assays on transplantation of the corrected
myoblasts into mutant mice [19]. Overall, these ex-vivo studies prove the applicability of CRIPR/Cas9 technology in
editing defective genes. Clinical application may however take some time due to ambiguity on specificity of the technology
as discussed subsequently.

6. CHALLENGES IN THE CLINICAL APPLICATION OF CRISPR/CAS9 TECHNOLOGY

The principal challenge in the adoption of CRISPR/Cas9 technology relates to its safety, which in turn is influenced by
its specificity. High occurrence of off-target effects may be hazardous since, as Lanphier and Urnov (2015) noted, they
may lead to mutations with multiple adverse effects that outweigh the benefits. Specifically, since editing of embryonic
cells would confer changes that would be transmitted to the progeny [5], use of CRISPR/Cas9 in editing embryonic cells
for clinical applications is not advisable, especially where alternative safer technologies such as in-vitro fertilization are
available [4].

Ambiguity in research on the specificity of CRISPR/Cas9 technology also poses challenges in its adoption for clinical
use. As noted in a review by O’Green, Yu and Segal (2015) multiple studies have provided mixed results on the specificity
of CRISPR/Cas9 technology with some showing low off-target effects (high specificity), while others show high off-target
effects (low specificity). Nevertheless, advances in technologies for detecting off-target effects have helped to clarify
specificity of CRISPR/Cas9 technology. For instance, these advances have highlighted that differences in CRISPR/Cas9
specificity do not mainly arise from the technology itself but from the promiscuity noted of sgRNAs [20]. As such, the
challenge for increasing specificity of CRISPR/Cas9 has turned to the accuracy in prediction of the sgRNA that would
confer high on-target activity without significant off-target effects [20]. With increasing knowledge of the loci of various
genes following the completion of the human genome project, promise for developing sgRNASs that have lower off-target
effects exist. Such capability to improve the specificity of CRISPR/ Cas9 specificity by focusing on bettering sgRNAs used
makes CRISPR/Cas9 technology a better gene-editing tool compared to other existing tools such as ZFN and TALEN,
which require more effort for assembly of proteins that can help in improving their specificity [20].

7. CONCLUSION

CRISPR/Cas9 tool offers a novel technology for therapeutic applications that seek to reverse conditions that arise with
defective gene function. While not currently used in clinical applications, CRISPR/Cas9 has shown promise for effective
gene editing to correct for mutations implicated in various genetic diseases. Current tests of the technology have involved
zygote-editing experiments, in-vivo editing of genes in experimental animals developed to express diseases of interest, and
ex-vivo editing of defective genes followed by the transplantation of the corrected cells into experimental animals. A core
challenge in all these tests has been the occurrence of off-target effects in some of the studies that indicates potential for
the technology to also introduce unwanted mutations apart from correcting the mutations of interest. Nevertheless, analysis
of the off-target effects showing that such effects arise from promiscuity of sgRNAs rather than defects in CRISPR/Cas9
per se highlight that CRISPR/Cas9 may be a clinically important tool for gene editing in future when better methods for
enhancing the specificity of sgRNAs are developed.
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