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Abstract

The clustered regularly interspaced short palindromic repeat paired
associated protein 9 (CRISPR-Cas9) is a site-specific genome
editing tool that enables scientists to edit or introduce genetic
mutation at will. CRISPR-Cas9 consists of two essential key
players; a programmable RNA called single guide RNA (sgRNA)
and the Cas9 protein which functions as a molecular scissors that
does the cutting. Since its discovery, CRISPR-Cas9 has received
vast attention due to its simplicity, convenience, and superior
precision of use. Its application extends into various fields
including the health sciences where it has been used to enhance the
understanding of pathogenesis and help in therapeutic intervention.
Despite the promising potentials and applications of CRISPR-
Cas9, there are several aspects that need to be addressed including
the method of delivery, off-target cutting and ethical issues in
human germline modification. The purposes of this review are to
perform a comprehensive literature search of publications on the
CRISPR-Cas9 system and to highlight potential applications of
CRISPR-Cas9 in the field of medical sciences. In this present
review, we discuss the background of CRISPR-Cas9, its
mechanisms of genome modification and its applications in the
medical field including its use in the study of animal model
production, genetics, multifactorial and complex diseases. In
addition, we also discuss the limitations associated with CRISPR-
Cas9 application. CRISPR-Cas9 has accelerated medical studies
and facillitate the collection of vast amounts of information.
However, its limitations should be further studied in order to reap
its greatest benefits.
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1. Introduction

Understanding of deoxyribonucleic acid (DNA) has allowed substantial progress in various
scientific fields including the areas of biomedical and pharmacological research. DNA is the
hereditary material which stores information as a code characterized by an arrangement of four
chemical bases: adenine (A), guanine (G), cytosine (C) and thymine (T). Nowadays, enormous data
collected from the Human Genome Project and DNA sequencing experiments has improved the
understanding and the correlation of diseases to their underlying genetic variation. According to the
National Human Research Institute in the United States of America, abnormal DNA sequence
mutation may be partial or whole contributors to genetic disorders. Mutational effects can be
detrimental, beneficial, or neutral, depending on their context or location.

Realizing the role of gene sequences in body function, genome modification techniques
were developed to explore the causes, effects, and potential treatment of gene-related diseases.
Besides the discovery of an endogenous DNA strand break-repair mechanism, Zinc Finger
Nucleases (ZFNs) and Transcription Activator-like Effector Nucleases (TALENs) were developed
and optimized to allow site-specific double strands breaks (DSBs). Despite providing the solution
for site-specificity problem to a certain extent, the use of ZFNs and TALENs were limited due to
their complexity, low flexibility, high cost and extensive labor requirement [1-4]. In 2012, the
CRISPR-Cas9, short for clustered regularly interspaced short palindromic repeat (CRISPR) paired
with CRISPR-associated protein 9 (Cas9), was introduced as a site-specific genome-editing tool.
CRISPR-Cas9 technology enables scientists to introduce or edit any genetic mutation at will, hence
curing gene-related disorders or creating animal models by deleting, adding or changing the targeted
DNA sequence [2, 4].

Comparing to TALENs and ZFNs, CRISPR-Cas9 is a simple technique and provides
significantly higher targeting efficiency, depending on the species and method of delivery [1]. The
CRISPR system has greater potential and broader application in biological science. Numerous
studies have proven the clinical importance and applicability of CRISPR-Cas9 in animal model
production and in the therapeutic intervention. For instance, genomic modification using CRISPR-
Cas9 was used to successfully produce a hepatic cancer mice model and the first ever insulin-
deficient piglet model which mimic the human pathological condition [5, 6]. In a cystic fibrosis (CF)
study, the mutated gene which is responsible for regulator protein malfunction was corrected
successfully using CRISPR-Cas9, resulting in normal gene expression and function [7, 8]. Similarly,
normal cell karyotypes were also achieved in patient-derived induced pluripotent stem (iPSC) cells
through CRISPR-Cas9 mediated modification of the mutated B-globin gene (HBB) and alteration
of HBA2 gene which helped to correct the imbalance between o and 3 subunits [9-11]. Another
successful story was the disruption of the growth of oncogenic cells such as Burkitt lymphoma cells,
HPV-positive SiHa and Caski cells via CRISPR-Cas9 mediated alteration that induced suppression
and apoptotic events [12]. This genomic tool also helps in determining the role of genes and
reverting the drug-resistance causative genes [13, 14].

Despite all these advantages, some aspects including the efficiency of delivery method,
off-target cleavage and ethical issues are major challenges in ensuring CRISPR-Cas9 specificity and
efficiency [7]. The delivery of the CRISPR complex is a crucial step that influences the mutation
outcome [15]. The limitations of the delivery vehicle may affect CRISPR-Cas9 performance and
restrict its clinical use. Besides, the occurrence of cleavage at unintended sites will cause an
undesired mutation and may cause major adverse events [2]. Moreover, ethical issues concerning
the safety and efficiency of human germline cells and embryo alteration prevents the extensive use
of CRISPR-Cas9 as editing tool. According to the National Library of Medicine in the United States,
many countries have banned genome editing involving germline cells and embryos.
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The aims of this review are to perform a comprehensive literature search of publications
on the CRISPR-Cas9 system and to highlight potential applications of CRISPR-Cas9 in the field of
medicine. This will enhance an understanding of the latest advancement in CRISPR-Cas9
technology and its potential use, especially in the field of medical sciences. Besides, the search
should also help in identification of which studies should be explored in the future and increases the
chances of discovering new solutions with better efficacy and therapeutic use to cure the diseases.

The literature search for this narrative review focused on the opportunity for use and
previous applications of CRISPR-Cas9 in medicinal and pharmacological fields. We looked for
English articles published between 2015 until 2021 in Medline, PubMed, Embase and Google
scholar. The search keywords include “CRISPR-Cas9 AND therapy”, “CRISPR-Cas9 AND genome
editing”, “CRISPR-Cas9 AND applications”, and “CRISPR-Cas9 AND diseases”. Articles were
selected according to their relevance towards the study and their potential to meet predefined
inclusion and exclusion criteria.

2. CRISPR-Cas9

Genome editing allows scientists to manipulate DNA by introducing breakage and hijacking the
repair system to give the desired alteration. ZFNs and TALENs were introduced as alternatives to
the classical method which lacked efficiency, and was time consuming and laborious [4]. Both
artificial proteins consist of DNA-binding and DNA-cleavage domains that need to be dimerized in
order to execute the effect [4, 7]. DNA cutting by ZFNs usually forms 5’ overhangs while TALENs
can be varied [16]. Even though ZFNs and TALENSs provided better specificity and precision at the
time, their applications were limited due to complexity, expensiveness, and laborious manufacturing
steps [1-3].

A simpler method named CRISPR-Cas9 was introduced and has received a lot of attention
due to its simplicity, better precision and convenience compared to the previous methods. Unlike
ZFNs and TALENSs, the DNA recognition in CRISPR-Cas9 system relies on a programmable single
guide RNA (sgRNA) instead of a protein design. The sgRNA interacts with the target site on the
basis of Watson-Crick Base Pairing for site recognition and specificity. The designation or
construction process of CRISPR-Cas9 is simple and less tedious than ZFNs and TALENSs. It
involves encoding of sgRNA, Cas 9 and if genome knock needs to be performed, the construction
of a donor template is added to direct homology directed repair. The CRISPR-Cas9 technique is
capable of inducing one or more mutations simultaneously, which means its application in research
requires considerably less time and resources compared to ZFNs and TALENs. CRISPR was said
to be one of the best genome editing techniques [17]. This technology has been widely used to study
human diseases and treatment in cells as well as in animal models.

Initially, CRISPR was discovered in 1987 as the unique sequences of Escherichia coli
comprising 5 repeated segments where each segment was made of 29 nucleotides (nt) and separated
by non-identical 32-nt fragments known as spacers [18, 19]. CRISPR is said to be an adaptive
immune system in bacteria and archaea against invading bacteriophages. Later in 2012, these
alternate spacer nucleotide sequences were officially defined as Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR). In the same year, CRISPR-Cas9 was introduced as a site-
specific genome-editing tool. Due to vigorous study, the CRISPR key components was successfully
identified along with their biological functions, which subsequently contributed to CRISPR
categorization or classification. In 2015, a CRISPR-Cas system was categorized into 5 types and 16
subtypes. The combination of computational and experimental studies further increased the
discovery of CRISPR-Cas diversity, which consisted of 2 classes, 6 types (I, I, III, IV, V, VI) and
33 subtypes [20]. CRISPR-Cas9 falls under type II CRISPR system which is characterized by one
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effector protein and its capability in gene screening and editing activities [21]. Discussion on
programmable guiders in CRISPR-Cas9 DSBs activity and their potential as genomic editing tools
produced a great breakthrough at that moment.

2.1 Mechanism of CRISPR-CASY system

Cas9 protein and programmable RNA called single guide RNA (sgRNA) are the key molecules in
the CRISPR-Cas9 system. Figure 1 shows a schematic representation of CRISPR-Cas9 along with
the site of cleavage. Cas9 derived from Streptococcus pyogenes consists of 6 domains; REC I, REC
I, Bridge Helix, PAM Interacting, HNH and RuvC that are responsible for binding and cleavage
actions. The Cas9 specific cutting action is closely related to its linkage with sgRNA [4,22]. The
sgRNA is a single RNA strand that is made up of two parts: CRISPR RNA (crRNA) and trans-
activating crRNA (tractrRNA). In nature, crRNA and tractrRNA exist as two separated structures.
But for clinical and experimental use, crRNA and tracrRNA are chemically bound together into a
single RNA structure (sgRNA). This avoids the need to express several molecular structures during
an experiment.

The crRNA is a 20 nucleotide (nt) sequence obtained by transcription of alternate repeat-
spacer unit of the CRISPR array that is generated from invading nucleic acid. In CRISPR-Cas9
system, the crRNA sequence is designed according to the desired DNA target site. The crRNA
recognizes the DNA target sequence that is complementary to its sequence (spacer), while the
tractrRNA assists Cas9 to specifically cut the intended DNA strand site effectively by linking the
Cas9 with crRNA, promoting crRNA maturation and facilitating Cas9 activation [23]. Basically,
tracrRNA is the binding scaffold for Cas9.

Besides crRNA, target recognition is also greatly influenced by the presence of a short
DNA sequence called a protospacer adjacent motif (PAM). PAM helps to differentiate between the
self and non-self-DNA. Once Cas9 binds to the sgRNA, it undergoes conformation rearrangement
and become activated. An activated Cas9 will bind to sequence matches to its PAM, melt the bases,
pair with a complementary sequence of sgRNA, and cleave 3-4 nucleotides upstream to the PAM
sequence using Ruv C and HNH domain [4]. To completely cut double strand of DNA, the HNH
domain is responsible for cutting the target DNA strand, while the RuvC domain helps to cut the
other strand located opposite to target strand [22].
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Figure 1. Schematic representation of CRISPR-Cas9
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Figure 2 explains the outcomes possible from the endogenous DNA repair mechanism. The
breakage will be fixed by the host natural repair mechanism either via Homology directed repair
(HDR) or Non-homologous end joining (NHEJ). By controlling these repair machineries, genomic
modification can be done through addition, deletion or substitution at the target DNA sequence [24].
NHE]J is an error prone process that frequently leads to disruption of gene function. The end ligation
by NHEJ is often associated with random insertions or deletions (indels) and even substitution at
DSB site [22]. Unlike NHEJ, HDR requires the presence of a DNA donor template containing a
sequence of interest flanked by homology arms to guide its repairing process. The desired mutation
can be obtained by HDR that supports precise gene modification involving gene deletion, knock in,
correction, or mutagenesis [22]. However, due to the low prevalence of HDR, difficulty in preparing
donor DNA and resistance to cellular assault are the common challenges for HDR [25].

Endogenous DNA repair mechanisms

<N

Non-homologous End Joining (NHEJ) Homology Directed Repair (HDR)

l Donor DNA

I small insertion
[ I s ol delction I rock in

[ [ substitution

Figure 2. An illustration of outcomes from endogenous DNA repair mechanisms
2.2 Applications

The efficient and site-specific action of CRISPR-Cas9 enables its application in various
experimental procedures with different subjects. Numerous studies have employed CRISPR-Cas9
and proved the excellent capability of this system to overcome the issues related to somatic and
germline mutation [13]. One of them was in creating animal models that mimic human pathological
conditions [26]. The production of animal models is crucial in biomedical research as it supports
further understanding of the diseases and directs further research for potential treatments. CRISPR-
Cas9 facilitates animal model production and its single step approach discards the need for previous
labor intensive and time-consuming procedures [5].

One of the methods available for genomic alteration is by using direct injection of sgRNAs
and Cas9 mRNA into single cell embryos. This approach was proven to be effective in generating
the monkey, rat and mouse models [27-29]. Besides, CRISPR-Cas9 was also used to knock out INS
in pig somatic cells, a process which successfully generated the first ever insulin-deficient piglet
model with typical diabetes symptoms since birth [6]. Analyzation confirmed that INS mutations in
21 cell colonies and 5 stillborn piglets derived from reconstructed embryos bearing mutated INS.
All these experimental results confirmed the ability of CRISPR-Cas9 as an efficient and rapid
genome editing tool in introducing one or several mutations simultaneously.

Another remarkable study that demonstrated the CRISPR-Cas9 potential in constructing
animal models involved a sheep model bearing cystic fibrosis disease. CRISPR-Cas9 which was
designated to target exon 2 and 11 sequences was used to edit the primary fetal fibroblasts of sheep
(Ovis aries). Then, the clone embryos were transferred using the somatic cell nuclear transfer
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method into 73 estrus-synchronized recipients. The reported result stated that the new born CFTR—
/— sheep exhibited a severe pathological state similar to CF disease in humans [30].

In the generation of a mouse cancer model, the Cre-Lox recombinant system that targets
the loxP fragment sequence (Cre-LoxP) was widely used to generate models [31]. The Cre-LoxP
system consists of the enzyme Cre recombinase and its recognition site, LoxP. It is a site-specific
recombinase method used for genetic excision [31]. Unfortunately, due to complexity of genetic
events in cancer, it is difficult to determine the role and effect of a specific mutation. In comparison
to CRISPR-Cas9, this conventional method is relatively more expensive and also time-consuming
[32]. By using the CRISPR-Cas9 system, these limitations have become trivial [13]. In the
development of a mouse model sarcoma, CRISPR-Cas9 was reported to be able to generate multiple
subtypes of tissue sarcomas in mice [32]. Comparing to the mice model generated by the Cre
recombinase system, the whole exome sequencing showed that both produced models had similar
characteristics. However, CRISPR-Cas9 is a better option due to its rapid and efficient performance.
Another study that employed CRISPR-Cas9 to alter the tumor suppressor genes, Pten and p53,
successfully induced concurrent knockout of these genes. As a result, bi-allelic mutations of both
genes occurred and resulted in the development of hepatic cancer which possessed great similarities
to the one mediated by Cre-LoxP technology [33]. An alteration of Pten alone increased Akt
phosphorylation and lipid accumulation in liver cells. All those mentioned studies revealed the
opportunity for the CRISPR-Cas9 system to be used in facilitating the production of animal models
that involved states similar to human pathological states.

Apart from applications in creating animal model, the current state of gene editing
technologies and their usage in the treatments of human disease is very possible. CRISPR
technology is quickly transforming life science research around the world and speeding up the
progression into clinical trials. An example of the promising progress is in genetically transmitted
diseases, multifactorial diseases and complex disease.

2.2.1 Cystic fibrosis

Cystic fibrosis is an autosomal recessive disease characterized by the mutated cystic fibrosis
transmembrane conductance regulator (CFTR). CFTR encodes for the cAMP-regulated anion
channel and its mutation leads to dysfunctional protein, causing disruption of multiple organ system.
Most fatalities result from progressive lung infection and inflammation with the onset being during
early childhood. There are numerous types of CFTR mutations which are responsible for the disease
development and progression. However, the most common occurence is an alteration of AF508 [34].
The homozygous deletion of F508 (CFTR F508 del) erases phenylalanine located at 508, causing
CFTR disruption, and consequently leads to protein misfolding, premature degradation and
reduction of CFTR transfer and stability [35-37].

Genomic alteration by editing tools such as ZFNs, TALENs and CRISPR-Cas9 has the
potential to recover the function of an endogenous CFTR gene [34]. In two different studies
involving patient derived intestinal stem cells and the lung epithelial cells, CRISPR-Cas9 was
successfully used to correct the mutation and produce the desired outcome. In the cultured intestinal
stem cells of organoids isolated from CF patients, CRISPR-Cas9 mediated homologous
recombination at exon or intron 11 of CFTR amended the F508 del [38]. The findings showed
successful restoration of the normal expression and phenotype of CFTR. This study highlighted the
opportunity of using CRISPR-Cas9 in editing stem cells ex-vivo that can be transferred to cystic
fibrosis patient in-vivo.

A similar positive result was also obtained in the study of lung epithelial cells derived from
patient induced pluripotent stem cells (iPSCs). The customized CRISPR system and excisable
selection system was utilized to correct the mutation. An efficient result of genomic correction was
obtained with an absence of the local genomic footprint, and scar-free cells were subsequently
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produced [8]. Later, mature airway epithelial that originated from the corrected iPSC cells showed
normal CFTR expression and functionality [8]. Following the result, the possibility of off-target
mutation was studied to detect its occurrence. The outcome showed no random integration or indels
occurred in the predicted off-target site, thus proving the site-specific action and safety of CRISPR-
Cas9.

Another parallel study was done by employing the CRISPR-Cas9 system along with a
single stranded oligodeoxynucleotide (ssODN) to observe the efficiency of CRISPR-Cas9
corrective action in two cell cultures bearing p. F508del mutation; CFTE290- and iPSCs [39].
Though the CRISPR-Cas9 technique was able to modify the causative gene of cystic fibrosis, its
application required additional processes such as cell selection and cultivation as the frequency of
the corrected cells event was rare or low. The findings concluded that genome editing in iPSCs
followed by another clinical process can be beneficial for cystic fibrosis treatment. The autologous
transplantation of corrected cells helps to avoid cell rejection and graft versus host-disease problems.
All studies discussed above have demonstrated the opportunity of CRISPR-Cas9 application in the
study of the pathological and treatment of CF.

2.2.2 Thalassemia

Thalassemia, specifically B-thalassemia, is a haematological disorder caused by a mutated B-globin
gene (HBB). This abnormality consequently leads to reduction or absence of haemoglobin (HB)
subunit f (HB B chain) [11]. B-thalassemia is one of the most common thalassaemic syndromes in
Thailand and Southeast Asia, while thalassemia generally is the most common genetic disease
worldwide [40, 41]. Currently, no medications are available to cure this disease and continuous
transfusion is the regular treatment which help patients to survive [42]. Unfortunately, frequent
transfusions eventually lead to multi-organs impairment. Allogeneic hematopoietic stem cell
transplantation, which is the only curative procedure for beta thalassemia, is limited due to the lack
of HLA-matched donors and the risk of several drawbacks/complications after transplantation [41,
43]. Therefore, another alternative must be discovered or developed as an effective strategy to
prevent or correct the mutation, and this hopefully will greatly help reducing the morbidity and
mortality associated with thalassemia.

CRISPR-Cas9 has been used in several studies to correct the mutation in HBB, and it is
considered as a promising novel therapeutic approach for effective haemoglobin production [42]. A
study involving Beta thalassemia ($-Thal) patient-specific induced pluripotent stem cells (iPSCs)
reported that utilization of the CRISPR-Cas9 system in correcting homozygous CD17 (A-T) point
mutation of HBB have greatly improved the differentiation efficacy of the corrected cells. The
successful restoration of HBB expression produces cell lines with normal karyotypes and full
pluripotency as human embryonic stem cells (hESCs) [10]. The result of this study was in
agreement with the study of the CRISPR-Cas9 mediated correction of 4-bp deletion (-CTTT) at
codon 41/42 (CD41/42) [9]. Both studies demonstrated the capability of CRISPR-Cas9 system in
correcting mutation. In the CD41/42 mutation study, Lenti-CRISPR V2 vector was used to transfect
B-Thal iPSCs. It was reported that the cells exhibited normal karyotyping and retained full
pluripotency. The corrected CD41/42 cell clones also underwent the whole-exome sequencing
process, which further confirmed the correction of mutation and revealed only minimal mutation
load associated with gene editing present in the exome [9].

The CRISPR-Cas9 system was also programmed to target the mutated haemoglobin E in
the HBB gene and induce HDR process with a single-stranded DNA oligonucleotide as a donor
template [41]. Sanger sequencing confirmed the CRISPR-Cas9 corrective action of HbE/B-
thalassemia iPSCs. The corrected clones successfully differentiated into progenitor cells and
erythroid cells that were capable of becoming mature HBB gene and protein.
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In CD34+ hematopoietic stem cells and progenitor cells (HSPCs), CRISPR-Cas9 was used
to modify the erythroid-specific enhancer region of BCL11A and to increase production of foetal
haemoglobin [44]. An elevated level of foetal haemoglobin helps to reduce the morbidity and
mortality related to transfusion-dependent p-thalassemia (TDT). Intravenous infusion of CTX001
(autologous CRISPR-Cas9 edited CD34+ HSPCs) was successfully performed in a TDT patient but
it was associated with several adverse events. A year later, the patient had an increase in fetal
hemoglobin expression and independency toward transfusion. This indicates that the CRISPR-Cas9
mediated mutation was durably maintained and helped to improve TDT. The long-term corrective
effect by CRISPR-Cas9 was once again reported in recent study that involved a-globin locus
alteration in human hematopoietic stem/progenitor cells (HSPCs). Both B and o subunits are
responsible for the development of the main oxygen carriers in erythrocytes (HbA, azf2) [11]. The
lack of a  subunit causes free a-globins to precipitate and disrupt the cell membrane, consequently
cause hemolysis and ineffective erythropoiesis. CRISPR-Cas9 was used to edit the HBA2 gene
which resulted in downregulation of a-globin and upregulation of B-globin. The edited HSPCs were
reported to have maintained their long-term repopulation capacity and multipotency in
xenotransplant mice [11]. The imbalance between o and B was also corrected successfully. Both
previous and recent studies are in agreement that CRISPR-Cas9 is beneficial for thalassemia gene
therapy.

2.2.3 Cancer

Cancer is a multifactorial disease that may develop as a result of multiple genetic modifications and
environmental factors [45]. It is characterized by an alteration of epigenetic regulation, abnormal
cell growth and eventually carcinogenesis. The opportunity and benefits of CRISPR-Cas9
application seems to be boundless, and its advancement may also contribute to improve cancer
treatment. CRISPR-Cas9 helps to suppress progression and induce apoptosis of the cancer cells by
activating and increasing cancer suppressors gene activity. In cellular models of diseases such as
Burkitt lymphoma (BL), bladder, colon, and liver cancer cells, remarkable tumour growth reduction
and apoptosis have been observed, suggesting the potential of CRISPR-Cas9 as cancer therapeutic
tool [7, 46]. In addition, CRISPR-Cas9 can also be employed in breast cancer disease to determine
the role of genes, target and revert the drug resistance genes into sensitive ones.

Several studies which employed CRISPR-Cas9 guided by HPV16-E7 sgRNA successfully
interrupted the gene responsible for malignant phenotype (HPV16-E7 DNA) in human
papillomavirus (HPV) positive cells. The oncogenes E6 and E7 commonly disrupt the tumour
suppressor genes including retinoblastoma (pRb) and p53 in order to promote tumorigenesis and
maintain the malignancy nature of cancer [7, 12]. CRISPR-Cas9 interfered with this process and
suppressed the action of E7 protein. It also increased the production of retinoblastoma (pRb) tumour
suppressor protein. Therefore, it inhibited the progression and induced death in HPV positive SiHa
and Caski cell lines, but not in HEK293 and HPV-negative C33A cells [12]. In concurrent year,
another study which also used CRISPR-Cas9 as an editing tool also reported similar findings
whereby the growth inhibition of HPV cancer cells was obtained. There was notable increase of
tumour suppressor protein (pS3 and p21) in SiHa cell and the mice cancer model [47] thus slowing
down the tumorigenesis process.

Another remarkable use of CRISPR-Cas9 is in the study of breast cancer. Breast cancer is
a prevalent disease affecting people all around the world and is the leading cause of death for
women. Mutation in one of the genes that responsible for normal biological process and cellular
function results in formation of tumour [48]. MicroRNAs (miRNAs), specifically miR-23b and
miR-27b, were reported to have both tumour promoting and suppressing function in various cancer
types, including breast cancer [14, 49-51]. CRISPR-Cas9 was employed to determine the specific
roles of miR-23b and miR-27b by knockout of these genes in breast cancer cells, MCF-7 [14]. In-
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vivo study was also done by inoculating the mutated MCF-7 into the mammary fat pads of athymic
nude mice. The findings showed that miR-23b and miR-27b were oncogenic and they supported
breast cancer progression. However, miR-27b was less oncogenic than miR-23b and had some
tumour suppressive activity in certain circumstances.

In breast cancer treatment, drug resistance issue is a common obstacle which eventually
causes uncontrollable disease progression and high mortality rate [13]. A report discussed the
potential of the CRISPR-Cas9 system to identify the potential target responsible for drug resistance
and also its application in reversing the gene mutation in breast cancer. It was reported that an
application of the CRISPR-Cas9 system can disrupt and inactivate those causative genes. This was
achieved through an alteration of the functional domains of estrogenic receptor (ER) or the human
epidermal growth factor receptor 2 (HER2). Both of these receptors are important for tumorigenesis
as well as acquired drug resistance [13].

The mutated ER and HER2 specifically contribute towards endocrine therapy resistance.
The clinical evidence further explained an example of conditions that play a part in drug resistance
including the loss of Erf3, ERa expression and ERa mutations. This statement was supported by a
cellular study which reported that ER mutation cause development of antioestrogen resistance. The
mutated ERs, especially Y537S and D538G, recruit coactivators and cause conformational changes
that result in ligand-binding dysfunction. It is characterized by the maintenance of an agonist state
and an altered antagonist state that resists inhibition [52]. Some researchers believed that CRISPR-
Cas9 has the potential to alter and repair the mutated exon of ER or HER2. In addition, this robust
tool can also be designed to disrupt the specific functional domains of ER or HER2, which are
responsible for the development of cancer [52].

Fusion oncogenes (FOs) are commonly and exclusively present in various types of cancer
cells. FOs comprised of two genes which are fused together at a coding region that is important for
chromosomal rearrangement. A study which used CRISPR-Cas9 to modify FO reported that tumour
burden reduction and cancer cell elimination was achieved successfully in both in-vitro and in-vivo
study [53]. CRISPR-Cas9 mediated FO deletion in patient-derived xenograft (PDX) and Ewing
sarcoma cell lines showed an effective disruption on cancer cell. Human primary mesenchymal stem
cells (hMSC) with mutated FO (EWSRI1-FLI1) were injected into immunosuppressed mice,
confirming that CRISPR-Cas9 FO targeting system was a specific and safe procedure as it did not
impair genomic stability in healthy cells. In addition, the study also showed that the combination of
chemotherapy agents with CRISPR-Cas9 mediated FO deletion significantly potentiated cell
viability in xenograft models.

2.2.4 HIV/AIDS

Human Immunodeficiency Virus (HIV) is a virus that attacks the body’s immune system,
specifically the CD4 cells. HIV-1 is the common type of HIV which accounts for most infection
cases whereas HIV-2 is relatively uncommon and less infectious. Inefficient HIV management and
control will lead to the severe and life-threatening condition known as acquired immunodeficiency
syndrome (AIDS). AIDS is the end-stage of HIV disease which renders the body totally vulnerable
to other infections.

Several studies on HIV/AIDS have utilised CRISPR-Cas9 to eliminate the virus including
those constitute to the latent viral reservoir [54, 55]. The main challenge in treating this infectious
disease is to efficiently target and eradicate the reservoir [56]. However, CRISPR-Cas9 was reported
to be helpful in overcoming this obstacle through its alteration of the HIV-1 genome or by targeting
the cellular co-factors [54]. Compared to the commonly used Highly Active Antiretroviral therapy
(HAART), CISPR-Cas9 gives a better outcome as it can better target latently infected cells [55,
57]. HAART is able to control HIV-1 replication but it cannot completely eliminate provirus present
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in CD4+T cells. As a result, those viruses remain stable for many years or even decades, and capable
of reactivation later [56, 58].

CRISPR-Cas9 was used in a study to target 10 different sites of HIV-1 DNA that latently
infected T cell lines [59]. Modification of these site results in an interference with viral protein
production that is essential for viral replication and invasive activity. As a consequence, it reduces
viral gene expression and viral production. In the same year, a study showed that CRISPR-Cas9 was
effective in different targeting strategies and at various stages of the infection lifecycle. It is believed
that the inhibitory effect on viral replication in CRISPR-Cas9 harnessed cells resulted from
modification of HIV DNA before and after the integration process [55]. In human-induced
pluripotent stem cells, CRISPR/Cas9 not only induced the disruption of the latent viral genome, it
also enabled cell to effectively target and maintain long term adaptive defenses against HIV-1 [59].

Another study examined the inhibitory action of CRISPR-Cas9 on HIV-1 targeting the
viral long terminal repeat (LTR) and the gene coding region. LTR is an important structure for HIV-
1 nucleic acid integration and gene expression. The study reported that the use of CRISPR-Cas9 that
had been specifically designed to target LTR in HIV-1 LTR expression dormant and inducible T
cells showed reduction in intracellular proviral load and LTR-driven expression [60]. This resulted
from CRISPR-Cas9 mediated cleavage and modification action on LTR sequence. A similar study
which also targeted LTR and the gene coding region, described o an inhibitory action on HIV-1
infection that occurred along with significant reduction of the late viral DNA products and decrease
of the integrated viral DNA [61]. Besides, this study also suggested that CRISPR-Cas9 can target
and edit HIV-1 DNA located either in the cytoplasm or in the nucleus. Cytoplasmic Cas9 can
suppress HIV-1 in a similar manner to nuclear Cas9, but it is ineffective towards latent provirus.

Despite the effectiveness of CRISPR-Cas9 in targeting and inhibiting HIV-1 provirus,
there are several issues that affect its efficiency in HIV/AIDS treatment including HIV-1
quasispecies and the occurrence of viral escape. The diversity of quasispecies requires targeting of
multiple sites and personalized engineering of CRISPR/Cas9, which are challenging to achieve [58].
However, viral escape may be solved through several potential solutions including reprogramming
Cas9, modifying gRNA and even suppression of the NHEJ activity [56].

HIV-1 develops resistance towards single gRNA either by mutagenic reverse transcription
or NHEJ. NHE] repair machinery can cause mutations in CRISPR-Cas9 cleavage site that result in
two opposite effects; suppression of HIV-1 replication and acceleration of viral escape [62]. This
was demonstrated in an animal model study which showed both the positive and negative aspect of
CRISPR-Cas9 application towards HIV-1. It was reported that CRISPR-Cas9 mediated mutations
successfully occurred in different parts of mice, proving the effectiveness of CRISPR-Cas9 in
suppressing and eliminating HIV-1 [63]. However, the subsequent long-term culture T-cells showed
that the virus is capable of escaping from this inhibitory effect. This is due to DNA repair mechanism
which prevents further Cas9 cleavage action, and the fact that some mutations may still be
compatible for viral replication, and thus facilitate virus escape action [55, 58].

2.3 Limitations

Upon its discovery, CRISPR-Cas9 received tremendous attention and intrigued researchers all
around the globe due to its robustness, flexibility and versatility. Despite the CRISPR-Cas9
promising potentials and applications, there are several aspects that need to be addressed. The
method of delivery, off-target cutting and ethical issues in human germline modification are the
examples of limitations to the application of CRISPR-Cas9 as a gene editing tool [15]. By
addressing these challenges, we can find better solutions or alternatives to overcome these
limitations, and then the benefits of CRISPR-Cas9 can be fully reaped and its potential can be
maximized to support medical field advancement.
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The main delivery vehicles for CRISPR-Cas9 can be categorized into three types; physical
delivery, viral vectors, and non-viral vectors [64]. For each delivery vehicle, there are certain
limitations that restrict its application. Physical delivery for instance, is relatively safer than viral
vector, but it is less efficient for in-vivo application [15, 65]. Microinjection, which involves cell
membrane piercing, is a technically challenging and laborious process [64]. Electroporation, on the
other hand, is not efficient to transfect mammalian cells due to sensitivity of these cells towards
precise voltage and current application time. Besides, electroporation also possesses toxic effects,
which leads to cell death and also inefficiency in primary cell cultures [1].

For viral delivery vectors, adeno-associated virus (AAV) is known as the most efficient to
deliver plasmid for both in vivo and in vitro studies. Unfortunately, it is restricted by limited packing
size and infection risk when multiple admission was conducted [15, 54]. AAV also may cause organ
toxicity due to the long-term durability of these vectors in animal model production [1]. In
comparison to AAV , adenovirus (AdV) and lentivirus (LV) have larger diameters, and thus can
tolerate greater insertion [65]. However, AdVs and LVs have the tendency to be integrated into the
host and also cause off-target effects [65]. Non-viral vehicle such as lipid nanoparticles/liposomes
may degrade or fail to translocate into nucleus. In addition, delivery of CRISPR-Cas9 using
nanoparticles is less likely to produce high efficacy results [64].

Chemical method such as lipid nanoparticles (LNP)/liposomes has been extensively
studied and improved over time. Delivery of Cas9/sgRNA using lipoplex (cationic lipid) involves
formation of a stable nanocomplex resulting from electrostatic interaction between cationic lipids
and negatively charged Cas9/sgRNA [66, 67]. This system increases the likelihood of entry into the
nucleus and decrease of enzymatic degradation [66]. However, LNPs are toxic for phagocytic cells,
cause strong immune responses and are rapidly removed from circulation [68]. A novel modifiable
LNP platform called selective organ targeting (SORT) LNP offers better genome editing efficiency
and target delivery. Its effectiveness was successfully demonstrated in CRISPR/Cas gene editing of
tdTomato (tdTom) transgenic mice [69]. Despite its efficient performance, SORT LNP application
is limited to certain organs [69, 70]. Further development is required to improve LNP efficiency and
safe delivery to other non-liver tissues.

Another challenge is the off-site mutation of CRISPR-Cas9 itself. Off-site mutation can be
defined as unintended cleavage that occurs at non-target sites due to similarities with the target site
as well as tolerance of mismatch [71]. Some mismatches between sgRNA and target DNA sequences
are well tolerated, especially those that occur at the 5" upstream region [72, 73]. Several studies also
reported that the mismatches up to 5nt can result in off-site mutation in human cells studies, even
with higher frequency than intended on-site [65, 74, 75]. For CRISPR-Cas9 associated study of
human embryo, whole-genome sequencing detects an off-target event in one of the embryos.
However, this finding was not reported due to insignificance number (n=1) and on-target locus of 1
mismatch with the sgRNA [76]. Another in-vivo study on mouse embryos also concluded that high-
efficiency off-target occurred at the site with three mismatches, and with higher tendency when the
site was <3 mismatches away from the seed region [77]. Nowadays, researchers try to reduce and
overcome these off-target issues by developing and testing numerous types of approaches such as
Cas9 paired nickase, dCas9, biased or unbiased off-target detection, ribonucleoprotein (RNP)
delivery and truncated gRNAs [78]. Hopefully, the ongoing studies will provide better solutions for
the off-target issue.

Ethical issues are major barriers that hinder CRISPR-Cas9 alteration in germline cells.
Even though the application of CRISPR-Cas9 in somatic cells is widely accepted, when it comes to
germline cells, various debates, opinions and responses are involved. This is due to the uncertainty
of the effect, off-target events and lack of understanding on the association between genetic makeup
and phenotype which restrains the use of CRISPR-Cas9 in human germline cells [7, 79]. The
possibility of generating permanent changes that causing multigenerational implications is one of
the major concerns which draws debate in the community [26, 80]. Due to those possibilities,
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germline modification by genome editing tools including CRISPR-Cas9 is not fully supported and
continued to ignite ethical debates. Also, it is difficult to construct informed consent when there is
the risk for genetic alteration that can be passed down to the future generations [81]. The uncertainty
associated with the long-term effects of CRISPR-Cas9 mediated mutation is another worrisome
issue as it can cause unintended drawbacks in the future [7].

3. Conclusions

CRISPR-Cas9 is a simple, robust and versatile genome editing tool that allows scientists to alter
DNA sequence via two series of process; the introduction of DSB to DNA, and the hijacking of the
cellular repair mechanism. The functional molecules in CRISPR-Cas9 system are single guide RNA
(sgRNA) and Cas9 protein which work hand in hand to complete genome alteration. The fact that
certain diseases are greatly influenced by genetic variation makes the use of CRISPR-Cas9 as
manipulation tool very possible in enhancing pathological understanding and as a therapeutic
intervention technique.

Numerous studies have proven the clinical importance and vast applications of CRISPR-
Cas9 in pharmacological field mainly in animal model production and therapeutic intervention. This
simple-to-design genome editing tool has accelerated the studies and allowed discovery of enormous
information on animal model construction as well as genomic modification in genetic, multifactorial
and complex diseases. Despite its advantages that are greatly discussed in the research, there are
some challenges to the current CRISPR-Cas9 system including the method of delivery, off-target
cutting and ethical issues in human germline modification.

As most of the previous research was done only on somatic cells, hence more studies need
to be carried out on germline cells, that is once ethical issues have been resolved. It is our hope that
this report, which contains cumulative information about CRISPR-Cas9 opportunities in the medical
and pharmacological fields, will increase understanding of the latest advancement and the potentials
for use of CRISPR-Cas9 as well as enlightening researchers as to which medical aspects should be
further explored. Therefore, the chances and possibility of discovering new and more efficacy
solutions and therapeutic use for better health quality will be increased.
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