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ABSTRACT: The CRISPR (Clustered Regulatory Interspaced Short Palindromic Repeats) — Cas9 (CRISPR Associated)
system has become the most widely used gene editing tool due to its simplicity and efficiency. Advances in iPSC (induced
pluripotent stem cell) technology have resulted in the development of hiPSCs (human iPSC) that can be differentiated into any
cell of choice while ensuring that the modified cells retain patient-specific genetic information. The CRISPR-Cas system and
hiPSCs have opened new avenues for gene therapy and treatment of previously incurable diseases by transplanting or replacing
damaged or mutated cells with patient-specific, healthy, normally functioning cells. However, the success of these techniques has
been limited in the case of neurodegenerative diseases, as recovery entails the restoration of motor skills and cognitive abilities,
including the patient’s memory. This paper discusses the symptoms and genetic causes of three neurodegenerative diseases, namely
Alzheimer’s, Huntington’s, and Parkinson’s diseases, along with the latest advances in applying the CRISPR-Cas9 system and
hiPSCs in identifying their genetic causes, modeling, and validating them while also briefly touching upon the challenges in the
application of gene-editing techniques to brain cells and the introduction of corrected healthy differentiated cells derived from
hiPSCs into the brain leading to relatively slow progress in finding permanent cures of neurodegenerative diseases compared to
diseases affecting other organs.
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B |Introduction pabilities and can differentiate into any other human cell type.
Humans have been afflicted with various neurodegenerative They have found increasing use in cell replacement in adult
diseases since ancient times, but their causes started to be thor- humans and recently shown instances of providing cures for
oughly researched in the early 20th century. It is only in the last diseases like leukemia by replacing diseased cells with gene-ed-
few decades, with progress in genetics and cell therapy, that ited healthy cells. However, applying hiPSC cell replacement
the root causes of many neurodegenerative diseases and their to treat neurodegenerative diseases is still out of reach. The
effects on the brain have become more apparent. Finding cures gene-edited healthy cells that replace the damaged neural cells
for diseases like Alzheimer’s," Huntington’s,” and Parkinson’s® should connect with other neural cells and restore the patient’s
that onset with age is especially challenging even with today’s motors skills and cognitive abilities, including memory, for a
technologies as a seemingly healthy individual becomes incur- cure. However, hiPSC cells have provided a platform to model
able. neural cells affected by neurodegenerative diseases and study
Neurodegenerative diseases affect motor skills and cognitive the effects of applying gene editing technologies to treat them.
abilities, including memory."® Research in these neurodegener- This paper discusses three common neurodegenerative
ative diseases is incredibly demanding as many genes that cause diseases, namely Alzheimer’s, Huntington’s, and Parkinson’s
these diseases are absent or manifest naturally in experimen- diseases, briefly touching upon their genetic causes, the most
tal animals like mice.® Though motor skills and rudimentary recent and promising gene-editing technique CRISPR-Cas9,
cognitive abilities can be studied to an extent in mice, species 37 followed by the advances in hiPSC technology. Recent ad-
closer to humans in evolution, like non-human primates, pro- vances in the application of the CRISPR-Cas9 system along
vide a modicum of semblance to human behavior and a better with hiPSC in identifying genetic causes of the mentioned
platform for research in these diseases. However, their use re- neurodegenerative diseases, modeling of the mutations, and
sults in increased research costs while raising ethical questions. their corrections in the context of a future potential to treat the
Recent advances in gene editing technologies like ZFN (Zinc diseases are discussed.
Finger Nucleases),” TALEN (Transcription Activator-Like B Symptoms and Causes Three Common

Effector Nucleases),® and CRISPR (Clustered Regulatory In-

; ) Neurodegenerative Diseases
terspaced Short Palindromic Repeats)”'® have opened avenues g

3i f . bl Alzheimer’s Disease:
';o eh1t sglea ic (;g.enes to cczirrect ger}llet_1C .se}clluejnces reIs_II)onm ¢ Alzheimer’s disease (AD), described first by Alois Alzhei-
or hereditary diseases and stem thelr Inheritance. Howeve, mer in 1907, is the sixth leading cause of death in the United

this doesn't cure individual.s already afflicted V‘_]ith theﬁelzdis— States."* About 6.7 million Americans 65 years and older have
eases. Human induced pluripotent stem cells (hiPSCs)*"** are ., . . .
) ) Alzheimer’s disease. AD is an incurable and fatal neural disease
human cells that possess self-renewal and differentiation ca- . .. ..
that steadily leads to a decline in memory and cognitive
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abilities coupled with the loss of bodily functions like bodily
movement, locomotion, and speech. It eventually results in de-
mentia and loss of even elementary involuntary functions like
breathing, culminating in the death of the patient.'*!

AD is classified into familial AD (FAD) and sporadic AD
(SAD) based on its underlying causes. FAD is inherited
through an autosome from one generation to the next, and pa-
tients start to show AD symptoms in middle age. SAD occurs
much later in life, typically after retirement age, but its trigger
is not fully understood and is attributed to environmental fac-
tors.??

Both FAD and SAD are characterized by steady and pro-
gressive neural loss and degeneration, leading to brain atrophy.
The pathological changes in the brain are caused by the extra-
cellular deposits of amyloid beta (AB) peptides in senile plaques
and intracellular inclusions rich in hyperphosphorylated tau
protein called neurofibrillary tangles (NFTs) within the walls
of cerebral vessels.*** Proteolytic processing of the B-amyloid
precursor protein (APP) causes extracellular accumulations of
amyloid plaques called B-amyloid (AP) peptides. Of the many
variants of AP, its more virulent forms, AB42 and AP43 re-
sult in cellular toxicity and dysfunction, while AB40 is present
in abundance in both healthy and AD-affected brains.?*¢
Overproduction of AP, especially the AB42 variant and the
increase in the AB42:AB40 ratio in FAD patients, and the lack
of AP clearing mechanisms resulting in its accumulation in
SAD patients have been observed. Hyperphosphorylated tau
are susceptible to coalescing, causing cell death. Both Af and
NEFTs in AD patients lead to the inflammation of the neurons
and activation of innate immune cells, causing synaptic and
neuron loss.??

Inherited AD in FAD is linked to mutations in three genes,
namely presenilin 1 (PSEN1), presenilin 2 (PSEN2), and am-
yloid precursor protein (APP) encoder gene. Amyloidogenic
cleavage of APP is performed by gamma (y) secretase. PSEN1
and PSEN2 regulate the encoding of y-secretase. y-secretase
is responsible for the final cleavage step of APP in the amy-
loidogenic pathway, resulting in the release of varying lengths
of AP peptides. Ala246Glu (A246E) mutation in PSEN1 lo-
cated on autosome 14 is commonly found in FAD patients,
resulting in AR overproduction.””” Thus, the key to elimi-
nating FAD is correcting the pertinent mutations in gametes
to prevent their transmission between generations and neu-
tralizing or replacing the mutated cells with healthy cells in an
afflicted individual.

Huntington’s Disease:

Huntington’s disease (HD) is an inherited neural disease
that initially manifests itself through involuntary movements
of the body, mainly legs, and difficulty in focusing with lapses of
memory. This gradually progresses into full cognitive decline,
resulting in a significant loss in locomotion and memory, com-
prehension, and ability to perform regular bodily functions like
breathing, eating, and speaking. HD patients exhibit depres-
sion, mood swings, personality changes, and other emotional
instabilities.>® Thus, HD is a neural degenerative disease that
ultimately results in the death of the patient after about two
decades of manifestation of involuntary motor movements. In

the United States, its prevalence is between 3 to 5 cases per
100,000.

In the brain, HD results in shrinkage with neuron degen-
eration in the putamen, caudate nucleus, and cerebral cortex.
There is a loss of efferent medium spiny neurons (MSNs) in
the caudate and putamen.’*** Substantial neural loss in the
brain’s cortical, thalamic, and hypothalamic regions is eventu-
ally observed.**

HD is a hereditary disease triggered by the inheritance of a
single dominant mutant Huntington (mHTT) gene.* HD is
caused when the regular Huntington (HT'T) gene that codes
for huntingtin protein has dozens of CAG trinucleotide re-
peats in the first exon.*® HD typically manifests if the CAG
repeats are greater than 42, with a lower severity of the disease
manifesting itself if the repeats are between 35 and 41. HD re-
sults in young adults if the CAG repeats are greater than 60. >’
The higher the number of CAG repeats, the greater and earlier
in life the likelihood of a person developing HD.** The mHTT
gene results in the production of mutant Huntingtin (mHTT)
protein. The repeated CAG sequences in mHTT result in an
enlarged polyglutamine (polyQ) tract in the protein’s N-termi-
nal fragment, causing it to fold and accumulate in the neural
cells.*** However, the normal or healthy Huntington (HTT)
gene encodes healthy huntingtin 350 kDa protein, essential
for normal human development, including in embryos, and
maintenance of neural health and functions.*** Huntingtin
is essential for forming cortical and striatal excitatory synapses
and maintaining synaptic vesicles in the presynaptic terminal
and postsynaptic density.*** Any gene therapy must ensure
that the regular HT'T gene remains unaffected and only the
mutant mHTT gene is altered. Removing the additional CAG
repeats is key to preventing the transmission of Huntington’s
disease between generations, and their removal in afflicted in-
dividuals is key to its cure.

Parkinson’s Disease:

Parkinson’s disease (PD) is a neurodegenerative disease that
is characterized by tremors in hands, arms, and limbs, muscle
stiffness, slowed movement, loss of balance, and impaired co-
ordination. It is the second most common neural disease after
Alzheimer’s, affecting 1% of the population over 65 years of
age. PD cases in the United States are estimated to be between
half a million and over a million. Many patients develop cogni-
tive decline, depression, anxiety, psychosis, hallucinations, and
delusions much before the motor dysfunctions start to appear.?
Dopamine deficiency is attributed to mood and psychological
changes, while changes in levels of serotonin and noradrena-
line are attributed to motor dysfunctions.***’

Only 10-15% of PD cases are familial and passed from
generation to generation. The causes of the remaining 85%
sporadic PD cases have not been identified. Autosomal dom-
inant PD is attributed to Synuclein Alpha (SNCA) and
leucine-rich repeat kinase 2 (LRRK2) mutations. Autosomal
recessive PD is attributed to mutations in phosphate and ten-
sin homolog (PTEN) - induced putative kinase 1 (PINK1),
Parkin RBR E3 Ubiquitin Protein Ligase (PRKN), Parkin-
sonism-associated deglaze (PARK?7), PARK9 (ATP13A2),
and DaisukeJunkol (DJ-1) genes.*¥!
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Two point mutations, G51D and H50Q, and three mis-
sense mutations, E46K, A30P, and A53T, in SCNA have
been discovered to cause PD.> Repeated regions have been
found in SNCA. A person’s susceptibility to developing PD
is higher when carrying microsatellite repeat regions Repl-
261 or Rep1-263 compared to Rep1-257 or Rep1-259 in the
upstream region of SNCA, as these repeat region(s) enhance
SNCA expression.”

Mutations in LRRK2 account for 4-5% of familial and 2%
of sporadic autosomal dominant PD cases.***> G2019S is a
common mutation in LRRK2 and accounts for 4% of famil-
ial and 1% of sporadic PD.*>*® R1441C is another common
LRRK?2 mutation.””

Under the influence of PINK1, PRKN encodes Parkin E3
ubiquitin ligase, which regulates the quality of mitochondria
and mitophagy.®® 19% of early-onset PD cases result from
mutations on PRKN. The PARK?7 gene, which causes an au-
tosomal recessive form of PD, encodes the DJ-1 protein.”
Mutations in DJ-1 result in autosomal recessive early onset of
PD in less than 1% of the patients.

In both types of PD, there is a significant loss of ventral
midbrain dopaminergic neurons (vmDAns) in the substantia
nigra pars compacta (SNpc), accompanied by the development
of Lewy bodies.***! Lewy bodies are insoluble high molecular
weight protofibrils aggregations.®* Misfolded alpha-synucle-
in (a-syn) accumulation is found inside the Lewy bodies.®® It
has been postulated that dopaminergic transmission through
neurons is inhibited due to a-syn accumulation, resulting in
reduced dopamine transporter levels. Loss of dopaminergic
neuron (DAn) cells of SNpc disrupts the basal ganglia’s motor
control network, resulting in disrupted motor functions.** Mu-
tations in LRRK2 and PARKO result in pathological interaction
between astrocytes and neurons. Dysfunctional astrocytes also
contribute to the increase in &-syn levels in DAn cells, resulting
in their degeneration. About 50% of the dopaminergic neurons
are lost when the patient shows PD symptoms. Neural loss in
the striatum, hippocampus, and neocortex results in cognitive
disabilities.®® PD patients also exhibit neuroinflammation and
mitochondrial dysfunction.®® Thus, rectifying or neutralizing
the underlying mutation(s) in a Parkinson’s patient is indis-
pensable for curing the patient.

B Gene Editing Technique CRISPR-Cas

System:

Among the latest and most prolific gene editing and gene
splicing techniques is Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR)-Cas9 system. Cas stands for
‘CRISPR-associated’ protein. Its simplicity and ease of use
have revolutionized the field of gene editing.

History:

CRISPR was first discovered in Escherichia coliin 1987 while
analyzing a gene responsible for isozyme conversion of alkaline
phosphate.” Sequences containing five homologous sequences
of 29 nucleotides separated by spacers of 32 nucleotides were
found. CRISPRs were subsequently found in 85.2% of archaea
and 42.3% of bacteria, though the number of sequences and
nucleotides varied.®” The occurrence of genetic sequences of
bacteriophages, archaeal viruses, and plasmids in the spacers

of bacteria led to the discovery of CRISPR being used as a
natural adaptive immune or defense mechanism by prokaryotic
host organisms while providing a mechanism to store mem-
ory of past infections by incorporating part of the infecting
viral DNA in the genetic matter of the host organism. Spanish
microbiologist Mojica coined the term CRISPR in the early
2000s." The 2020 Nobel Prize in Chemistry was awarded to
E. Charpentier and J. A. Doudna for developing the CRIS-
PR-Cas9 system for gene editing.

Structure and Function:

A CRISPR system generally consists of short, inverted nu-
cleotide sequences that are repeated but separated by different
non-repeating and typically longer nucleotide sequences re-
ferred to as spacers. The name CRISPR reflects the repeating
inverted nucleotide sequences. The repeat nucleotide sequenc-
es vary between 21 and 47 bp, while the spacers vary between
20 and 72 bp, as shown in Figure 1 below.®® In addition to the
repeat and spacer nucleotide sequences, CRISPR is accompa-
nied by Cas nucleases, which assist in incorporating parts of
the DNA sequences of the attacker into spacer(s) of a CRISPR
nuclease in the host through Cas proteins and protecting the
host prokaryotic cells against such attacks in the future.®” Once
DNA sequences of the attacking entity, like viruses, have been
incorporated into the CRISPR of the host, subsequent attacks
by the entity are neutralized by the host.”” Thus, the changes
to the host genome are typically irreversible and need to occur
only once for a unique set of nucleotide sequences in a spacer.
Ninety-three different Cas nucleases identified to date, rang-
ing from Casl to Cas13, are classified into 35 other families
based on nucleotide sequences.”*

Repeat

Il - = =
T

Spacer

20-72 bp

Figure 1: CRISPR Array is showing spacers and repeats.

A typical leader sequence of hundreds of base pairs is locat-
ed on one side of the repeat sequences and is associated with
adaptation and transcription. Together, CRISPR and Cas are
referred to as CRISPR-Cas system (CCS).

Functional Steps:

Adaptation, Expression, and Interference are the three sig-
nificant functional steps of the CRISPR-Cas system, as shown
in Figure 2 below. Adaptation is the process by which the for-
eign DNA from an invading entity is incorporated into a new

spacer(s) of the CRISPR nuclease.
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Figure 2: Functional steps of CRISPR- Adaptation, Expression, and
Interference, Created with Biorender.com.

The protein complex of Casl and Cas2 integrates a new
spacer into the leader sequence of the CRISPR array. Thus,
Casl and Cas2 genes are preserved in CRISPR-Cas systems
and are indispensable for inserting new spacers into the CRIS-
PR arrays.”? Expression or genesis of CRISPR RNA (crRNA)
processing is the transcription of a CRISPR array into a pre-
cursor CRISPR RNA (pre-crRNA).” Cas endonucleases
process the pre-crRNA into mature crRNAs.

Interference forms an effector protein consisting of one or
more Cas proteins and crRNAs. This effector protein helps
the host to identify a similar or identical genetic sequence
in the invading virus or plasmid. Once the invading genetic
sequence is determined, it is cleaved or split by the protein
complex and neutralized.”

Classification of CCS:

Based on the differences in the number, type, and sequence
of Cas proteins, the CRISPR-Cas system has been broadly
classified into Class 1 and Class 2.”° The two classes are fur-
ther divided into 6 types and 33 sub-types.*’

The Class 1 CRISPR-Cas system uses a multi-subunit
effector complex between 4 and 7 Cas proteins in the Interfer-
ence stage. The Class 1 system is further divided into Type I,
Type 111, and Type IV systems. This class 1 CCS is prevalent
in bacteria and archaea, accounting for 90% of all currently
identified CRISPR-Cas systems.

The Type I system comprises seven subtypes: I-A, I-C, I-D,
I-E, I-F, and I-G. The cleavage of pre-ctRNA in the Type I
system is mediated by Cas5 (I-C) or Cas6 proteins. Different
combinations of Cas3, Cas5, Cas7, and Cas8 proteins are pres-
ent in the effector complex in the Interference step. The use
of Cas3 protein for cleavage of the viral DNA sequence is a
characteristic of the Type 1 system.®””!

The Type III system comprises six subtypes: I1I-A, I1I-B,
III-C, III-D, I1I-E, and III-F. The presence of the Cas10 pro-
tein characterizes Type II1. The Cas6 protein is responsible for
the cleavage of pre-crRNA. The effector complex consists of
Cmr/ Cas proteins and crRNA.

The Type IV system comprises three subtypes: IV-A, IV-B,
and IV-C. Type IV doesn’t contain Casl and Cas2 proteins,
so it can't perform the Adaptation step. It is primarily used to
cleave the invading genome during the Interference step. Type
IV system contains Cas5, Cas7, and Csf1 proteins.”®

The Class 2 CRISPR-Cas system uses a large single mul-
tidomain Cas protein in the effector complex bonded with
ctRNA. The Class 2 system is further divided into Type II,
Type V, and Type VI systems. Class 2 is less common and
currently accounts for about 10% of all currently identified
CRISPR-Cas systems.

The Type II system comprises three subtypes: 1I-A, 1I-B,
and II-C. Cas9, tracrRNA, and a non-Cas protein RNase 111
are used to process the pre-ctRNA. The use of Cas9 protein
in the Interference step is a characteristic of the Type II sys-
tem and is used to cleavage a strand of the targeted genetic
sequence.

The Type V system comprises ten subtypes: V-A, V-B, V-C,
V-D, V-E, V-F, V-G, V-H, V-1, and V-K. The use of Cas12
protein in the Interference step is a characteristic of the Type
V system.

The Type VI system comprises four subtypes: VI-A, VI-B,
VI-C, and VI-D. The use of Cas13 protein in the Interference
step is a characteristic of the Type VI system.””

Genome editing using CRISPR-Cas9 System:

The Class 2 Type IT CRISPR-Cas9 system is primarily em-
ployed for gene editing in laboratories. It consists of a single
guide RNA (sgRNA) and Cas9 endonuclease. sgRNA is an
engineered fusion of CRISPR RNA (crRNA) and trans-acti-
vating CRISPR RNA (tracrRNA). sgRNA directs the Cas9 to
the target DNA by matching the base pairs, as shown in Fig-
ure 3 below.® Cas9 is used to cleave the invading DNA. Cas9
consists of a recognition (REC) lobe and a nuclease (NUC)
lobe. The REC lobe performs nucleic acid recognition. The
NUC lobe contains two unrelated nuclease domains, RuvC
and histidine-asparagine-histidine (HNH), and a C-terminal
region containing a protospacer adjacent motif (PAM) - inter-
acting (PI) domain."* RuvC domain cleaves the target DNA
stand, while the HNH domain cleaves the non-target DNA
stand of the invading DNA. This forms a duplex with crRNA
and the other DNA strands, resulting in a double-strand break
(DSB) in the target DNA.

Cas9

Protein \

CrRNA + tracrRNA = sgRNA

Figure 3: Details of CRISPR Cas9 Cleavage using sgRNA.
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A PAM sequence of nucleotides on the target DNA is in-
dispensable for initiating Cas9 recognition and binding."® For
human gene editing, Streptococcus pyogenes Cas9 (SpCas9)
is primarily used as it has a PAM of NGG, which is present in
12.5% of the human genome. N could be any DNA nucleotide
A,T, C, or G. However, Cas9 from other species has different
sequences and numbers of nucleotides, allowing PAM to be
tailored for specific applications.”®

After the DSB of the target DNA, cells initiate cell repair
mechanisms or pathways to repair the DSB. The two major
repair pathways are non-homologous end joining (NHE]) and
homology-directed recombination (HDR). NHE] functions
in all stages of the cell life cycle but may cause gene disruption
and reduced protein expression called frameshift mutations
because of the introduction of small insertions and deletions
around the break. HDR pathway repairs the DSB ideally and
can insert the required genetic material into the target, but it
requires the cell to be in the dividing stage. This makes HDR
less usable compared to NHE].”

Thus, a combination of Cas9 protein bound to a sgRNA
can be used as a programmable nuclease to cleavage specific
genetic sequences and remove mutation(s) from a genome. If a
template is provided to the repair pathways, the required DNA
sequences can be introduced in the desired DNA sequences.
This can correct or deactivate disease-causing mutations to
non-disease-causing DNA sequences.

B hiPSCs and Its Use in Research of

Neurodegenerative Diseases

Challenges in Using Animals for Neurodegenerative Dis-
ease Research:

Due to genetic differences between humans and lab research
animals, the results obtained using animals in the lab can’t be
exactly replicated or applied to human cells.® This can also be
attributed to metabolic differences between species and the
number of isoforms expressed in key molecules.**® In the
case of neurodegenerative diseases that manifest in humans
as they age, studying or simulating them in lab animals with
much shorter life spans doesn't lead to the correct translation
of the disease pathology and symptoms. Moreover, cognitive
decline and memory loss are multi-faceted, typically involving
higher orders of intelligence, and can’t be studied in detail in
animals like mice. Studying them in the nearest relatives of
humans, like non-human primates, is expensive due to their
dwindling numbers while raising ethical questions about such
experiments.® Thus, using human cells, specifically a patient’s
cells with the desired characteristics, is the best option to study
and find cures for diseases affecting an individual.

Human Induced Pluripotent Stem Cell (hiPSC):

Stem cells possess self-renewal and differentiation ca-
pabilities and can be classified into totipotent, pluripotent,
multipotent, oligopotent, and unipotent stem cells based on
their potency. Pluripotent cells can form cells of ectoderm, me-
soderm, and endoderm but can't create the extra-embryonic
cells of the placenta.?*®¢ Embryonic stem cells (ESCs) possess
all these capabilities, but their limited availability and ethical
concerns about their usage have limited the use of ESCs in
research.

Shinya Yamanaka first developed induced pluripotent stem
cells (iPSC) by converting mouse fibroblast cells into plurip-
otent stem cells in the year 2006 by introducing four genetic
transcription factors octamer-binding transcription factor-3/4
(OCT-3/4), sex-determining region Y- box transcription fac-
tor 2 (SOX2), c-Myc, and kruppel-like factor 4 (KLF4) into
human fibroblasts.'**? The iPSCs were like ESCs in charac-
teristics and appearance and could form the three germ layers
in vivo and in vitro. Stable human iPSCs were generated from
human somatic cells by introducing OCT-4, SOX2, Nanog,
and LIN-28.%7
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Figure 4: Steps in deriving healthy somatic (neural) cells from a patient’s
mutated somatic cells using CRISPR-Cas9 System and hiPSCs, Created
with Biorender.com.

Using iPSCs overcame the limitations of species specificity
encountered when using animal models and genetic overex-
pression when other methods to simulate the disease in cells
that didn't accurately reflect the human disease pathology were
used. iPSCs derived from other human cells and not from
non-embryonic stem cells are called hiPSCs. hiPSCs allowed
researchers to consider the individual genetic variations and
mutations of a patient or subject under study for pathogenesis
studies, cell-based therapeutic measures, and tailor therapeu-
tic medications and agents. It has also broadened the study
of diseases by creating different cell lines and taking genetic
information from other individuals. In the last decade, hiPSCs
have been used extensively iz vitro for drug screening, disease
modeling, studying pathophysiological effects of human dis-
eases, and cell therapy.

For studying and modeling neurodegenerative diseases,
hiPSCs have been differentiated into different kinds of neu-
rons and glia to replicate the disease-induced transformations
in the patients. The hiPSC cells are first differentiated into
specific neuronal subtypes manifested or affected by the dis-
ease by induction of neuroectoderm, followed by patterning
the regional progenitors and, ultimately, maturation of the
post-mitotic neurons. %0
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B Advances in the usage of CRISPR-Cas9
System and hiPSCs in Research of Common

Neurodegenerative Diseases

Alzheimer’s Disease Research :

Gene editing using the CRISPR-Cas9 system on hiPSC
has successfully disrupted or neutralized Alzheimer’s muta-
tions in vitro. Thirty-plus APP genes and 300 plus PSEN1
mutations have been discovered in FAD patients that cause
increased AR levels. A few of these mutations, which were
targeted by the CRISPR-Cas9 system, have been briefly de-
scribed in the previous sections above to highlight the usage of
CRISPR-Cas9 in conjunction with hiPSC to model and treat
genetic mutations of FAD.

The KM670/671NL mutation in APP, referred to as
APPswe, is an APP gene mutation indigenous to Sweden.
Its mutant allele is denoted as APPSW and referred to as
the Swedish APP allele. This mutation results in increased
AB levels in the brain, leading to Alzheimer’s disease. CRIS-
PR-Cas9 was used to target the mutant allele caused by the
APPswe mutation in fibroblasts from FAD patients. APPswe
is a double nucleotide mutation located immediately adjacent
to an NGG PAM site in exon 16 of APP and hence can be
targeted by the Streprococcus pyogenes Cas9 (SpCas9). Three
different guide RNAs (gRNAs) with lengths of 20 (SW1), 19
(SW2), and 17 (SW3) nucleotides against the APPswe were
created. gRNAs composed of 20 and 19 nucleotides disrupt-
ed the APPswe mutation. NHE] pathway was used to heal
the resulting DSB. However, this also led to insertions and
deletions (indels), a drawback of the CRISPR-Cas9 system,
resulting in frameshifts of the DNA sequence. However, the
CRISPR-Cas9 system successfully disrupted the APPswe
mutation iz vitro as there was a 50-60% decrease in A4 and
AR levels in the cell lines of the disrupted APPswe muta-
tion.”

Other mutations cause FAD. The M146L. mutation in the
PSENT1 gene results in autosomal dominant FAD, causing an
increase in the AB42:APu4o ratio. Its mutant allele is denoted as
PSEN1M146L. A 20bp long gRNA resulted in 67.73% dis-
ruption in the PSEN1M146L allele, leading to a significant
drop in the AB4z:APao ratio in the fibroblasts containing this
allele. However, the NHE] pathway caused random indel for-
mation, resulting in frameshift mutations.”?

A heterozygous single point mutation (¢.449C>T) in exon 6
of the PSEN1 gene results in the replacement of leucine (L) by
proline (P) in the 150th position of the amino acid sequence.”
This mutation is commonly called the L150P mutation of
PSENT1, resulting in increased AR peptide production. hiP-
SCs were created from fibroblasts of a patient with the L150P
mutation after introducing the human transcription fac-
tors OCT4, SOX2, KLF4, L-Myc, and LIN-28 along with
a short hairpin against tumor protein P53 (TP53).”* The
CRISPR-Cas9 system was used with single-stranded oligo-
nucleotides (ssODNs) to create an isogenic gene-corrected
control L150P-GC-hiPSC. The ssODN containing the “T”
nucleotide replaced the “C” nucleotide at the location of the
mutation. The sgRNA, along with Cas9, was successfully used
to engineer the desired replacement at the site of the mutation,

resulting in the elimination of the mutation.” The resulting
hiPSC was referred to as L150P-GC-hiPSC and retained all
its pluripotency characteristics after the point mutation.

Another heterozygous mutation (¢.236 C>T) in exon 4 of
the PSEN1 gene changes amino acid A79V. This mutation
is commonly called the 79V mutation of PSEN1, resulting in
the overproduction of AP peptides. As in the L150P muta-
tion above, hiPSCs were successfully created from fibroblasts
of a patient with the A79V mutation after introducing the
human transcription factors OCT4, SOX2, KLF4, L-MYC,
and LIN-28 along with a short hairpin against TP53.74%
CRISPR-Cas9 corrected the A79V-hiPSC by replacing the
“T” nucleotide with the “C” nucleotide in exon 4 of PSEN1.
No indel or frameshift was generated, and the successful new
gene-corrected hiPSC was referred to as A79V-GC-hiPSC.
No other mutation was detected, and the corrected hiPSC
maintained its pluripotency after gene editing.””"*’

Huntington Disease Research:

Huntington’s disease is caused by the presence of 35 or
more CAG repeats in the Huntington gene, referred to as the
mutated HTT gene (mHT'T), creating a mutated huntingtin
protein. Correcting this mutation involves possible deletion of
the additional CAG repeats or replacing the repeated CAG
repeats with a benign sequence.

In one of the earliest attempts to correct the mHTT gene
using hiPSCs, fibroblasts from a patient afflicted with HD
having 72 CAG repeats in the mHTT gene were used. These
patient fibroblasts were used to create hiPSCs. A normal HTT
gene with 21 CAG repeats was created on longer homologous
arms of a bacterial artificial chromosome (BAC). Instead of
CRISPR-Cas9, homologous recombination (HR) was used
to target the hiPSC using a targeting vector comprising of a
4.5Kb short arm, a 10Kb long arm flanking the CAG repeat
region, and a 1.5 kb upstream sequence of HT'T to remove
the exonl, the CAG repeat region, and the 1.5kb upstream
sequence. This resulted in the hiPSCs being corrected to hav-
ing normal 21 CAG repeats in the HT'T gene and not losing
their pluripotency.’® The cell lines of the corrected hiPSCs
showed a reversal of HD phenotypes. The same researchers
later used CRISPR-Cas9 to perform homogenous recombi-
nation to generate HD isogenic allele cells with 21, 72, and
97 CAG repeats. gRNA sequences were used, which resulted
in cleavage within 100 bp of the CAG region of exon 1 of the
mHTT gene.'”!

The CRISPR-Cas9 system was used to correct the CAG
repeats in exon 1 of HTT in hiPSCs, along with a PiggyBac
transposon-based selection system.'” PiggyBac transposon
(PB) selection cassette-based homologous recombination
(HR) donor was used to establish isogenic controls for the HD
hiPSCs by removing the selected cassette from the target lo-
cus. A pair of sgRNAs, consisting of sgRNA-a and sgRNA-b,
using Cas9 nickase (Cas9n), was used to cleavage at the HTT
locus to reduce off-target (OT) activity and enhance homol-
ogy-dependent repair efficiency.'® CRISPR-Cas9 D10A
nickase was shown to introduce DNA gaps that resulted in
contractions, thereby reducing the number of CAG repeats.'**
mHTT hiPSCs were transfected with the HR donor plasmid
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and the sgRNA-a and sgRNA-b Cas9n-expressing plasmids.
The isogenic cell lines of the corrected hiPSCs retained their
pluripotency. Neurons with active synapses were differenti-
ated from the corrected hiPSCs. These neural cells showed
reduced neural rosetta formation, a blossom arrangement of
elongated neuroepithelial cells, but increased cell death due to
growth factor withdrawal.’®® Increased neural cell death when
differentiated from hiPSCs has also been observed in other
expelriments.100

CRISPR-Cas9 disrupted the human mHTT gene on exon
1 in R6/2 mice carrying 115 to 150 CAG repeats in vivo de-
livery in transgenic mice model of HD.'* sgRNA was used
to target CAG repeat sequences upstream or downstream on
exon 1 of the human HTT gene. Instead of using SpCas9,
Cas9 nuclease from Staphylococcus aureus (SaCas9) was used
because it is about 1 kb smaller than SpCas9 and fits into a sin-
gle adeno-associated virus (AAV) that acts as the vehicle along
with the sgRNA. The indels caused by the CRISPR-Cas9
system altered the mH'T'T and reduced the production of the
HTT protein. When the AAV1-SaCas9-HT'T was infused
into the R6/2 mice, 40% lower mHT'T proteins were gener-
ated. The mice exhibited better motor function and survived
15% longer than the mice without this treatment. This exper-
iment demonstrated that the mHTT gene could be disrupted
using the CRISPR-Cas9 system. When the resultant nuclease
was infused 7 vivo, reduced HD symptoms and improved life
expectancy were observed in mice models of HD.”

Parkinson Disease Research:

CRISPR-mediated knockout (KO) was used to create
isogenic models of mutations in PRKN, PARK9, and DJ-1
to simulate the effects of PD, namely, neural degeneration,
neuroinflimmation, and mitochondrial dysfunction.’'*”
CRISPR-Cas9 system was used on hiPSCs with PD mutations
to develop three different isogenic models after disrupting the
PRKN, DJ-1, and ATP13A2 autosomal recessive genes. DAn
cells were subsequently differentiated from these genetically
mutated models.’”® DAn cells with disrupted PRKN gene
didn’t manifest the PARKIN protein. Depletion in mitochon-
drial proteins was observed in all three DAn cell lines.'®’

To check if PD-related mutations can be replicated in hiP-
SCs, 1 bp was deleted from PARK?7 in hiPSCs derived from
a PD patient’s fibroblasts with uniparental disomy and was
matched with CRISPR-Cas9 induced PARK7 mutation in
the Gibco Human Episomal hiPSC line.'"°

CRISPR-Cas9 deleted repeated microsatellite regions
Rep1-257, Rep1-259, Rep1-261, and Repl-263 of SNCA
and replaced them with representative alleles in hiPSCs. The
cis-regulatory effects of repeat regions that differentiated from
the modified hiPSCs were not seen in neurons.!

Neurons differentiated from iPSCs containing SNCA trip-
lication were used to demonstrate the aggregation of &-syn.
The o-syn interacted with the ATP synthase to induce perme-
ability transition pore (PTP) opening in mitochondria. This
causes the mitochondria to swell, resulting in cell death.'?
This proves that an SNCA mutation causes PD-related mi-
tochondria dysfunction. To demonstrate the reverse, cell lines

derived from modified iPSCs in which two alleles of SNCA

triplication were removed showed a lower generation of &-syn
levels.1?

The three known missense mutations E46K, H50Q, and
G51D in SCNA that cause PD were induced using CRIS-
PR-Cas9 in Guangxi Bama minipig cells (not hiPSCs) to
show symptoms like a-syn aggregation and loss of DAn.'"?

To prove that in PD astrocytes lead to neurodegeneration of
vmDAn and transfer of a-syn from astrocytes to the neurons,
hiPSC astrocytes derived from patients carrying the G2019S
mutation in LRRK2 gene were co-cultured with controlled
healthy vmDAns. CRISPR-Cas9 was used to tag the astro-
cytes derived from PD patients with a FLAG peptide to track
the o-syn produced. After several weeks, the a-syn with the
FLAG tag was found to accumulate on the neurons. However,
the healthy vmDAns developed shortened neurites, leading to
neural degeneration and decreased survival rates.*®

B Conclusions

Neurodegenerative diseases, like Alzheimer’s, Huntington’s,
and Parkinson’s diseases, start in the brain but gradually impact
motor skills, body functions, and cognitive abilities, including
memory, ultimately resulting in the patient’s death. The un-
derlying physiological and chemical changes manifesting in
each disease are also different, though the epicenter and gen-
esis of these diseases is in the brain. All these diseases have
underlying genetic causes, which can be corrected with gene
editing techniques like the CRISPR-Cas9 system.

With the advances in the development of hiPSCs, possi-
bilities of treating previously incurable diseases through gene
editing of hiPSCs using the CRISPR-Cas9 system have
emerged. hiPSCs have enabled the use of the patient’s cells
for the treatment, eliminating the possibility of rejection of
the modified cells by the patient’s immune system, leading
to higher success rates while ensuring effective treatment.
However, the application of this technique for treating neuro-
degenerative diseases is still in its infancy, as a true cure would
involve not only reversing the disease but also restoring the
patient’s full cognitive abilities and motor skills.

Nevertheless, applying the CRISPR-Cas9 system and
hiPSCs has allowed researchers to identify and validate the
different causes of neurodegenerative diseases.

In the case of Alzheimer’s disease, the APPswe, M146L,
and PSEN1 mutations on exons 4 and 6 were targeted using
the CRISPR-Cas9 system to validate and correct the disease
in vitro. hiPSC-corrected cells resulted in at least a 50% re-
duction in the AR4:ABu4o ratio, indicating that loss of these
mutations results in the normal functioning of a patient’s cells.
Similarly, the CRISPR-Cas9 system and hiPSCs successfully
demonstrated the ability to correct point mutations 79V and
L150P in exons 4 and 6, respectively.”>**%

In the case of Parkinson’s disease, in which mitochondrial
dysfunction causes cell death, DAn cells differentiated from
the isogenic models of hiPSCs in which PD causing mutations
in PRKN, DJ-1, and ATP13A2 autosomal recessive genes
were disrupted using CRISPR-Cas9 system didn’t manifest
the PARKIN protein and showed depletion in mitochondri-
al proteins. Neurons that differentiated from the hiPSCs in
which the CRISPR-Cas9 system was used to delete repeated
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microsatellite regions Rep1-257, Rep1-259, Rep1-261, and
Rep1-263 of SNCA and replaced with representative alleles
didn’t show the cis-regulatory effects of repeat regions. SNCA
triplication that results in 0-syn aggregation causing cell death
due to swelling of the mitochondria was demonstrated using
iPSCs. Conversely, by removing two alleles of SNCA tripli-
cation, a reduction in ®-syn aggregation was validated with
iPSCS.nl_HS

In the case of Huntington’s disease, different CAG repeats
in exon 1 of the mHT'T gene were successfully deleted using
the CRISPR-Cas9 system. In one study, genetically engi-
neered mice carrying between 115 and 150 CAG repeats of
the human mHT'T gene showed a 40% reduction in the pro-
duction of mHT'T proteins when CRISPR with SaCas9 was
used to edit the mutation by removing the CAG repeats. This
highlights the efficacy of the CRISPR-Cas9 system in editing
not only a single nucleotide but also longer genetic sequences
of different lengths.'%

In summary, the CRISPR-Cas9 system and hiPSCs have
enabled scientists to study the causes and effects of the var-
ious mutations causing neurodegenerative diseases, primarily
in vitro. Research to introduce healthy hiPSCs with corrected
or neutralized mutations of neurodegenerative diseases back
into the patient’s brain is still challenging. The corrected cells
need to be healthy, position themselves at the right places in
the brain’s neural network, and work seamlessly with the rest of
the brain cells. Since the brain controls all cognitive and bodily
functions, any aberration caused by these cells, either physical-
ly or functionally, may lead to debilitating side effects in other
parts of the body or bodily functions. Moreover, the neural
cells differentiated from hiPSCs have low survival rates that
are measurable in days, impeding their transplantation into
humans. Researchers should attempt to implant these neural
cells in animal models, including rodents and non-human pri-
mates, to perfect this treatment method before trying them on
humans. For a true and complete cure, the modified hiPSCs
introduced into the patient in sufficient quantities should be
able to replace the damaged or dead cells and regenerate the
neural network, restoring the patient’s motor skills and cog-
nitive abilities, including memory. It is hoped that this may
become a reality in the coming decades.
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microsatellite regions Rep1-257, Rep1-259, Rep1-261, and
Rep1-263 of SNCA and replaced with representative alleles
didn’t show the cis-regulatory effects of repeat regions. SNCA
triplication that results in 0-syn aggregation causing cell death
due to swelling of the mitochondria was demonstrated using
iPSCs. Conversely, by removing two alleles of SNCA tripli-
cation, a reduction in ®-syn aggregation was validated with
iPSCS.nl_HS

In the case of Huntington’s disease, different CAG repeats
in exon 1 of the mHT'T gene were successfully deleted using
the CRISPR-Cas9 system. In one study, genetically engi-
neered mice carrying between 115 and 150 CAG repeats of
the human mHT'T gene showed a 40% reduction in the pro-
duction of mHT'T proteins when CRISPR with SaCas9 was
used to edit the mutation by removing the CAG repeats. This
highlights the efficacy of the CRISPR-Cas9 system in editing
not only a single nucleotide but also longer genetic sequences
of different lengths.'%

In summary, the CRISPR-Cas9 system and hiPSCs have
enabled scientists to study the causes and effects of the var-
ious mutations causing neurodegenerative diseases, primarily
in vitro. Research to introduce healthy hiPSCs with corrected
or neutralized mutations of neurodegenerative diseases back
into the patient’s brain is still challenging. The corrected cells
need to be healthy, position themselves at the right places in
the brain’s neural network, and work seamlessly with the rest of
the brain cells. Since the brain controls all cognitive and bodily
functions, any aberration caused by these cells, either physical-
ly or functionally, may lead to debilitating side effects in other
parts of the body or bodily functions. Moreover, the neural
cells differentiated from hiPSCs have low survival rates that
are measurable in days, impeding their transplantation into
humans. Researchers should attempt to implant these neural
cells in animal models, including rodents and non-human pri-
mates, to perfect this treatment method before trying them on
humans. For a true and complete cure, the modified hiPSCs
introduced into the patient in sufficient quantities should be
able to replace the damaged or dead cells and regenerate the
neural network, restoring the patient’s motor skills and cog-
nitive abilities, including memory. It is hoped that this may
become a reality in the coming decades.
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