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The advent of CRISPR-Cas9 gene-editing technology has revolutionized the biomedical field, reshaping and elevating the pos-
sibilities in which medicine approaches diagnosis, treatment, prevention, and potentially curing certain diseases. The prospect
of CRISPR-Cas9 gene-editing has transformed the seemingly abstract hypothetical into practical solutions that have the scope
to possibly cure an extensive range of currently “incurable” genetic diseases. This list includes Multiple Sclerosis (MS), a de-
bilitating and chronic autoimmune disorder that causes rapid neurodegeneration in the central nervous system. Although the
etiological cause of MS remains unknown, CRISPR-Cas9 has the potential to effectively ameliorate its clinical symptoms by
acting on several molecular factors that result in the progression of the disease. When attempting to achieve successful genome
editing, several factors need to be taken into consideration. This paper highlights the importance of different stages involved
in the gene- editing process, including components of CRISPR — Cas9 technology, effective expression and delivery methods,
novel approaches to treat MS, as well as the ethical aspects surrounding the therapeutic use of gene-editing to cure and treat an

extensive range of diseases including MS.

Introduction

The ability to manipulate the very basis of human life —
our genetics — carries tremendous potential for applications
in various biological systems for therapeutic and biomedi-
cal purposes. The CRISPR-Cas9 system has allowed for a
breakthrough method of precise, cost-effective, and targeted
genome editing that has the potential to revolutionize and
change the face of modern medicine. In the past few decades,
scientists have drawn upon the idea that genome editing can
be achieved by generating double-stranded breaks in the DNA
to produce precise edits to targeted mutations, resulting in per-
manent changes in the genome'.

In nature, the CRISPR-Cas9 system is derived from bac-
terial/archaeal immunity and was exploited for genome edit-
ing in eukaryotes. Microbiologist Francisco Mojica first dis-
covered the CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) system and Cas (CRISPR-associated)
proteins as mechanisms that prokaryotes used to defend them-
selves and eliminate foreign genetic material from cellular in-
vaders such as bacteriophages, a type of virus that infects bac-
terial. In the case of prokaryotes, the cell employs different
mechanisms to protect themselves against invaders. The pri-
mary stages include adaptation, CRISPR RNA (crRNA) bio-
genesis, and interference, as shown in Figure 12

In the first stage of adaptation, upon cellular attack, the
DNA ejected from the invading virus or plasmid is broken
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into smaller sequences that are integrated into the prokaryote’s
CRISPR archive, called a CRISPR array. The CRISPR locus
contains the code for the Cas proteins, palindromic repeats,
and spacer DNA (i.e., history of previous infections). Follow-
ing this, under the stage of crRNA biogenesis, the CRISPR
system transcribes crRNA along with an RNA-guided endonu-
clease, the Cas9 protein, to break the viral sequences apart and
copy the DNA into the CRISPR system‘2.

During the interference stage, Cas9 carries out the degra-
dation process by searching the DNA of the cellular invader
for sequences that are complementary to the crRNA com-
plexed with the endonuclease. Cas9 recognizes and binds
to the Proto-spacer Adjacent Motif (PAM) within the invader
DNA. The Cas9 protein that was derived from S. pyogenes,
SpCas9, recognizes a PAM sequence of 5’-NGG-3’, which is
most commonly used for gene editing®*. PAMs are an essen-
tial element in this process; even when Cas9 is able to find
complete complementary sequences, the protein is unable to
make edits without the presence of a PAM sequence following
the 3’ of the crRNA®,

Upon binding to the PAM sequence, the Cas9 endonuclease
cleaves the viral DNA and generates double-stranded breaks
through the use of the HNH domain and the RuvC-like do-
main. The HNH domain cleaves the sequence that is comple-
mentary to the crRNA strand, whereas the RuvC domain gen-
erates a break in the non-complementary strand. This disrup-
tion in the invader DNA effectively results in its degradation
and inability to infect the cell*®. Prokaryotes have employed
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this mechanism for centuries to protect themselves from cel-
lular invaders.

Gene-editing in eukaryotes

Upon discovering this phenomenon, researchers Jennifer
Doudna and Emmanuelle Charpentier found that the CRISPR-
Cas9 system could be adapted for effective gene editing at
specific and targeted sites in multicellular organisms®. It was
already known that the double-stranded breaks in DNA that
are generated by the Cas9 endonuclease could induce two pri-
mary repair pathway responses from targeted cells. This in-
cludes the use of either homology-directed repair (HDR) or
non-homologous end joining (NHEJ) by the cell to repair the
damage to the breaks in the DNA (Figure 2)>.

NHE] is a highly error-prone pathway for cells to respond
to breakage in the DNA wherein the cell re-ligates the bases
and inaccurately joins the broken ends of the DNA back to-
gether. This often results in both insertion or deletion (indel)
mutations that can interrupt the coding sequence of a gene,
rendering it broken®. However, a comparatively safer and
high-fidelity alternative repair pathway for cells to employ is
HDR. HDR can be conducted through two primary mecha-
nisms. Firstly, sequences that share homologous DNA and are
in close proximity to the region of the double-stranded break
can be used as HDR templates to repair the double-stranded
break. Secondly, the preferred method for gene editing is
when an artificial donor template is introduced to repair the
damage. This system can be exploited for gene editing by
generating double-stranded breaks (via the Cas9 endonucle-
ase) and using the homology-directed repair mechanism to in-
troduce a sequence of interest in the damaged region'©

To effectively carry out the gene-editing process in eukary-
otes, multiple factors and guidelines need to be taken into con-
sideration.

A notable factor is the difference between genetic engineer-
ing in eukaryotes versus the adaptive immunity in prokaryotes.
Perhaps one of the most prominent differences is that, unlike
bacterial/archaeal immunity, gene editing in multicellular or-
ganisms involves the role of the crRNA:tracrRNA complex.
. It was then discovered that the number of components in-
volved in the gene-editing process could be reduced by con-
densing the crRNA:tractrRNA complex into one guide RNA
for effective delivery (gRNA)1#

In addition, there are three different stages incorporated in
the process of gene-editing within eukaryotic cells. This in-
cludes 1) target and guide RNA selection, 2) generation and
delivery of components; and 3) the identification of the de-
sired mutation'!'Z,

The selection of gRNA plays a major role in generating mu-
tations in areas of interest to conduct the gene-editing process.

The design of the gRNA must be specific and adhere to mul-
tiple guidelines. For mutations to be successfully generated,
there must be the presence of a 5’-NGG-3’ PAM site directly
proximal to the 20-nucleotide targeted region, when using Sp-
Cas94,

The specificity of the target sequence plays an integral role
in both the efficacy of the edit as well as safety concerns as
a result of using this technology. When target sequences are
not highly specific there is an increase in the chance of off-
target edits. These edits occur when the Cas9 endonuclease
binds to non-target sequences and generates double-stranded
breaks, causing mutations in different areas of the genome®.
Several tools and techniques have been developed that aim to
scan and analyze the target specificity of gRNA to reduce the
chance of off-target edits.

The second stage of inducing a specific mutation in a region
of interest is the generation and delivery of the components.
After the first stage, the CRISPR- Cas9 components such as
the gRNA specific to the target site and Cas9 protein have been
developed. These macromolecules can be introduced to the
body through either DNA, RNA, or RNA/protein complexes
as expression methods. Once the expression method has been
selected, the optimum approach for therapeutic delivery must
be considered, taking into account the balance between cost
and efficiency ™.

Delivery of gene-editing technology

A primary barrier to the eradication of multiple diseases is
the effectiveness of delivery at the level of the organelle,
cell, organ, tissue, and the organism itself, especially for
genome-editing therapeutics'V. Although gene-editing tech-
nology presents a revolutionary breakthrough method of cur-
ing diseases, delivery still remains to be an essential factor in
determining the scope of its effectiveness. In theory, the mech-
anisms behind gene-editing are straightforward; however, the
effective delivery of these macromolecules in complex organ-
isms poses an additional and highly difficult challenge for re-
search scientists to overcome’ . Recent studies have high-
lighted the discovery that earlier viral methods of delivery may
pose unintended and adverse effects on the body, wherein the
risk of the therapy is greater than the severity of the condition
itself. The extremely promising potential that gene editing
proposes can only be fulfilled by its ability to safely treat non-
life-threatening diseases without initiating additional risks",
and effective delivery plays a fundamental role in this process.

The challenge of delivery entails a variety of different fac-
tors to take into consideration. Firstly, the optimal use of
CRISPR-Cas9 as a gene-editing tool requires the delivery of
large macromolecules (gRNA and Cas9) into targeted cells, ei-
ther in vivo or ex vivo. Secondly, the macromolecules need to
be delivered to cells simultaneously to ensure the consistency
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