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Abstract: KIF1A-associated neurological diseases (KANDs) are a group of inherited conditions
caused by changes in the microtubule (MT) motor protein KIF1A as a result of KIF1A gene muta-
tions. Anterograde transport of membrane organelles is facilitated by the kinesin family protein
encoded by the MT-based motor gene KIF1A. Variations in the KIF1A gene, which primarily affect
the motor domain, disrupt its ability to transport synaptic vesicles containing synaptophysin and
synaptotagmin leading to various neurological pathologies such as hereditary sensory neuropathy,
autosomal dominant and recessive forms of spastic paraplegia, and different neurological conditions.
These mutations are frequently misdiagnosed because they result from spontaneous, non-inherited
genomic alterations. Whole-exome sequencing (WES), a cutting-edge method, assists neurologists
in diagnosing the illness and in planning and choosing the best course of action. These conditions
are simple to be identified in pediatric and have a life expectancy of 5-7 years. There is presently no
permanent treatment for these illnesses, and researchers have not yet discovered a medicine to treat
them. Scientists have more hope in gene therapy since it can be used to cure diseases brought on
by mutations. In this review article, we discussed some of the experimental gene therapy methods,
including gene replacement, gene knockdown, symptomatic gene therapy, and cell suicide gene
therapy. It also covered its clinical symptoms, pathogenesis, current diagnostics, therapy, and research
advances currently occurring in the field of KAND-related disorders. This review also explained the
impact that gene therapy can be designed in this direction and afford the remarkable benefits to the
patients and society.

Keywords: KAND; KIF1A gene; microtubule; kinesin motor protein; neurological disorder

1. Introduction

KIF1A-associated neurological diseases (KAND) are a group of neurological illnesses
caused by changes in the microtubule (MT) motor protein KIF1A as a consequence of a
KIF1A gene mutation. These genetic changes might produce pathogenic mutations and
lead to neurological disorders in patient [1]. Due to the limited availability of full gene
sequencing and exome sequencing at the time, these illnesses were originally discovered
in 2011, and many patients received the wrong diagnosis [2]. There are various KAND
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variations that can be passed down both dominantly and recessively. Researchers have
noted various types of mutations in the same proteins in patients, and intriguingly, the
majority of them exhibit private variants, opening up the possibility for further investigation
and the discovery of further variants in these KIF1A-related disorders (KRD) [3]. This
uncommon illness, which can also damage the vision, muscles, and nerves, primarily targets
the neurons in the brain [4]. Studies on metabolic diseases, such as diabetes mellitus, have
found that the KIF1A gene is more expressed and more immunoreactive [5]. Furthermore,
this might eventually cause other neurological issues including encephalopathy and brain
shrinkage [6].

The molecular motor KIF1A affects the survival and development of sensory neurons
in our body as well as the movement of membrane-bound cargo [7]. If there are any
disturbances in these neuronal trafficking pathways, which are strictly controlled due to
the functional compartmentalization of neurons and connect the neuron’s body, dendrites,
and axons, neurodegenerative diseases would result [8]. The KIF1A protein’s normal
function can be altered by one mutation or numerous mutations in the gene that codes for
it, resulting in this disorder [3]. Due to the serious life-threatening problems brought on by
genetic abnormalities in this condition, patients” quality of life and life expectancy might
be greatly affected [2]. The detailed work flow of current work is outlined in PRISMA
diagram (Figure 1)
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Figure 1. Work flow of this review and systematic review.

2. KIF1A Gene

Kinesin-like proteins, better known as axonal transporter of the synaptic vesicles,
are MT-centered motors belonging to the kinesin family of proteins, and are involved in
anterograde transport of some major membrane organelles, vesicles, macro-protein, and
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mRNA along the microtubular structures. This in itself explains that the KIF1A gene plays
an important role in axonal transport as well as meiosis and mitosis processes [8]. The
KIF1A is also required for neuronal dense core vesicles (DCV) transport to the dendritic
spines and axons [9].

KIF1A protein comprises a neck region, a tail, and an N-terminal motor domain, as
illustrated in Figure 2 [10]. The motor-domain has MT-dependent ATPase activity and
MT-binding actions, whereas the tail consists of a stalk domain for protein binding, and a
pleckstrin-homology [PH] domain is used for lipid binding. A small strand “neck linker”
and the neck coil regions play an important role in the dimerization process of kinesin-3-
motor and the processive motility [11-13]. The KIF1A gene initially exists as an inactive
dimer and this stage is maintained by autoinhibitory mechanisms. It gets activated when
bound to cargo, forming a homo-dimer enabling the transport of synaptic vesicle precursors
along the MT [10,11,14].
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Figure 2. The KIF1A protein’s typical shape and movement along the MT surface in a healthy
neuronal cell [15]. (Created with Biorender.com).

Variations in the KIF1A gene have been associated with various clinical conditions
and are described in a database known as Online Mendelian Inheritance in Man (OMIM).
Variants in KIF1A were studied in various neurodegenerative diseases with dominant
and recessive inheritance (Figure 3). In patients suffering from severe neurodegenerative
disorders, homozygous recessive mutations in the KIF1A gene were first described as
hereditary sensory and autonomic neuropathy type 2 and as three consanguineous families
with an autosomal recessive form of hereditary spastic paraplegia (HSP) with an autosomal
dominant form of SPG30 [16]. A particular mutation p.T99M was reported in patients
having an intellectual disability (ID), spasticity and axial hypotonia [17]. A partially over-
lapping phenotype-brain atrophy with progressive encephalopathy was recently found to
be associated with de-novo KIF1A mutations [6]. Several de-novo variations and mutations in
patients were classified as either pure or complicated. The complicated type is accompanied
by axonal neuropathy and brain cerebellar atrophy [18,19].
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Figure 3. KIF1A protein depicted schematically, along with the locations of mutations in human
KIF1A linked to several neurological diseases. The KIF1A subunit protein peptide contains these
mutations in a variety of regions and domains [20-23]. (Created with Biorender.com).

3. KIF1A—As a Super Engaging Motor

KIF1A protein has the unique ability to be kinetically tuned to become a super engag-
ing motor that ensures its proper functioning and integrity under hindering conditions
when under loads [24]. The ability of these kinesin motor proteins under mechanical loads
is very important for the proper intracellular transport of the cargo. The high loads on
the kinesin motor will affect the motor speed as well as the MT attachment lifetime. As
the KIF1A belongs to the kinesin-3 family, the super processive behavior under zero loads
of these proteins will purely depend upon the loops and cores of this proteins [10,25,26].
Serapion et al. and Allison et al. found that the processive runs done by the KIF1A get
terminated when under load and thus low average termination forces are required as
compared to KIF5B, by comparing two different motors, i.e., KIF1A and KIF5B. Hence,
therefore, it shows that KIF1A uses a different mechanism to work under loads to increase
its efficiency and is not similar to other kinesin motors.

The distinct feature of KIF1A is its ability to form reengagement structures with the
aid of different loops. Loop 12 plays a significant role in the motility of these proteins, and
especially the positively charged K loop insert present in loop 12 has a crucial role [27-30].
In some studies, the scientists tried to replace the lysine (K) and remove the charge from
loop 12 from the motor and this resulted in a lack of ability of the protein to work under
load [24]. MT nucleotide and loop 12 influence the motor’s ability to reengage under
mechanical load. The degree of expansion of the MT lattice and the polymerization of the
MT with different nucleotides affects the rate at which the reengagement takes place [31-33].
Thus, all these studies reveal that the proper functioning of loop 12 and the arrangement of
MT nucleotides aids in the adaptive nature of KIF1A and its novel mechanism of transport
of cargo by super engagement and reengagement methods.
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4. Symptoms

KAND has a broad phenotypic spectrum of signs and symptoms. Intellectual disability,
spasticity, inherited progressive spastic paraplegia, cerebral atrophy, optic nerve atrophy,
and microcephaly are a few of these (Figure 4). But most frequently, most individuals
show signs of seizures [3]. Cerebellar function impairment has also been reported in some
clinical investigations, and some patients have also shown dysautonomic symptoms such
as temperature instability and urine retention. Due to gastrointestinal dysfunction, people
with severe diseases could need parenteral nourishment [2]. Several studies state that the
mutation in the KIF1A gene directly affects the motility of hetero-dimeric motors [3,34,35].

SYMPTOMS
FORMS OF KIF12 - F KIF1A
DF '__"l"':'_:' RFI ATFEFO T "::'_F:'.
Hereditary sensory Hereditary spastic
neuropathy - Il C paraplegia - 30

Figure 4. KAND symptoms on a clinical basis [36]. Il C is a type of autosomal recessive disorder and
can be represented as 2C also. (Created with BioRender.com.).

The following examples are the typical services that a KAND patient may require [36];

Neurologist—neurological abnormality, seizures, and spasticity
Ophthalmologist—impaired vision
Pediatrician—developmental delay

Specialized therapist—issues with speech and coordination

A team of specialists—intellectual disability

4.1. Autosomal Dominant Variety of KRD [KIF1A-Related Disorders]

Developmental delays, cerebellar atrophy, peripheral neuropathy, ptosis, facial diple-
gia, intention tremors, strabismus, nystagmus, clumsiness, and ataxia are some of the
typical symptoms. Other symptoms include hypertonia (increased muscle tone), hyper-
reflexia (exaggerated reflexes), spasticity (muscle tightness), and hyperreflexia [36,37].

4.2. Autosomal Recessive Forms of KIF1A-Related Disorders
4.2.1. Hereditary Sensory Neuropathy IIC (Also Represented as 2C)

The deterioration of the neurons that results in the loss of feeling is the cause of this
neuropathy. Other signs, such as numbness and tingling, are also detected and eventually
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lead to the loss of sensation. As a result of this affecting sensory neurons, automatic or
involuntary body movements are also directly impacted [36,38,39].

4.2.2. HSP

There are more than 80 genetically different types of HSP [40]. These types of spastic
paraplegias are caused due to variations in the KIF1A gene and are referred to as an
autosomal dominant type of Spastic Paraplegia (SPG30). The major symptoms include
neurological difficulties, severe leg weakness, and spasticity [38,41,42]. The major sites of
mutations in the human KAND protein are depicted in Figure 3.

5. Diagnosis

Traditional diagnostic methods such as multiplex probe amplification, karyotyping,
genetic testing, and chromosomal microarray analysis were employed to screen out all
forms of neurological disorders, including KAND [43-47]. The main drawback of these
procedures was that different mutation types began exhibiting comparable clinical traits.
A cutting-edge method called whole-exome sequencing (WES) is now becoming more
widely used [48]. The WES aids in the diagnosis of the condition and the selection of the
most effective treatment plan for the neurologist, particularly the pediatric neurologist [49].
Although WES is frequently used to diagnose KAND, it has several technical limitations
that make it difficult to detect trinucleotide repeats, big indels, and epigenetic modifications
that could impede the diagnosis of the illness [50,51]. Some of the newer fields such as the
cytogenetics, chromosomal aberration, molecular diagnostic technique, carrier detection
techniques are recently being explored by scientists to develop a novel method for the
diagnosis of KAND.

6. Treatment

There is currently no effective therapy or cure for KAND. However, because gene
therapies have the potential to treat many neurological disorders, researchers are working
on them. Some of the fundamental experimental approaches for gene therapy are listed
in Table 1. Even while there is no concrete evidence that gene therapy may entirely cure
KAND, the preliminary findings from research trials enable the researchers to focus more
on creating a treatment plan. These treatments will target the genes that cause the condition
as well as the neurotrophic factors that support the healthy function and survival of the
neuronal cell [52]. The use of nanoparticles, engineered microRNA, plasmid transfection,
viral vector design, polymer-mediated gene delivery, clustered regularly interspaced short
palindromic repeats (CRISPR)-based therapeutics, and other technologies has advanced
this field [52]. Because surgical treatment cannot cure KAND and there is currently no
approved standard pharmacological treatment, gene-based therapeutics are crucial [53].
By fully comprehending the pathophysiology of the disease and then treating it at the
molecular level, these technologies also have the advantage of repairing genes and treating
disorders that are not at all treatable by utilizing conventional medical procedures [54,55].

Table 1. The fundamental experimental approach for gene therapy used four theoretical modes
of action [56].

Sl no. Modes of Action Specification
1. Gene replacement [57] This is done when the disease is caused due to the loss of functionality of the gene.
2 Gene knockdown [58] This is employed whe{l a function has been toxically increased or when gene
metabolites or gene products have accumulated.
3 Pro-survival or symptomatic gene therapy [56] Here the pathological condition is rev.ersgd by using a pro-survival gene that is
non-specific in nature.
This is typically thought of as the last option. This is primarily used in cancer
4. Cell suicide gene therapy [59] treatment, where it is necessary to eradicate malignant cells. In the case of KAND,

this method’s application is constrained.
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The choice of a gene transfer vector is crucial because it directly affects how effective
the treatment will be. The selection process takes into account a number of variables,
including affinity and blood-brain barrier (BBB) crossing capability. Adenovirus (Ad),
Herpes-Simplex virus (HSV), Lentivirus (LV), and recombinant Adeno-Associated virus
(rAAV) are some of the most often employed viral vectors [56]. Even though all these
methods exist to treat KAND, there is no conclusive clinical evidence that they can also be
used to treat KRDs. The effectiveness percentage is still unknown.

7. De Novo Variations in the KIF1A Gene

De novo variants are primarily seen in patients who also have comorbid conditions
like cognitive impairment, muscle stiffness, or optic nerve atrophy. These conditions co-
occur with clinical symptoms caused by recessive mutations in the KIF1A gene, making
them more harmful. The majority of mutations are found in the motor domain and are
easily anticipated since they have an impact on the protein’s ability to operate normally
as a motor because of the change in the original structure [60]. Only a limited amount
of information is known regarding de novo mutations because there haven’t been many
reports on these mutations published (Table 2). The missense mutations are observed
at the ¢.296C > T/p.Thr99Met location of the KIF1A gene, which can affect the amino
acid produced which will directly have an impact on the protein functions [17]. The
prediction algorithms used are Scale Invariant Feature Transform (SIFT) [61], Polymorphism
Phenotyping v2 (PolyPhen-2) [62], and PANTHER [63].

Table 2. Various parts of the KIF1A protein susceptible to mutation [26-29].

Sl no. Domains Proteins under Mutations.

p.S58L
p.G102D
p.V144F
p.R167C
p.A202P
p.S5215R
p-R216P
p.1249Q
p.E253K
p.R316W

2. Forkhead-associated domain p-L947Rfs*4
3. Pleckstrin homology p-S1758Qfs*7

1. Motor domain

The following clinical manifestations are observed in people with de novo mutations in
the motor domain:

Intellectual disability—delay in cognitive development occurs in all cases
Cerebellar atrophy—diagnosed using magnetic resonance imaging

Optic nerve atrophy

Spastic paraplegia—mainly affecting lower limbs

Peripheral neuropathy [14]

8. Relation between KIF1A Variants and HSP
8.1. HSP

An uncommon neurological condition called HSP causes stiffness or wasting of the
bladder or lower limbs [37]. It is caused by X chromosome-linked inheritance patterns,
autosomal dominant and recessive mutations, as well as other factors that are categorized in
OMIM [64]. Autosomal dominant paraplegia HSP subtype SPG30 is a result of homozygous
missense variants, SPG7 and SPG11 in the KIF1A gene whereas the dominant form of HSP
is observed due to variation in the ‘SPAST’ gene [38,65,66]. HSP can manifest basically in
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the form of spasticity and weakness in the patient. Although they may also experience
hyperuricemia, these patients’ life expectancies are unaffected. In more severe cases of
HSP, peripheral and optic neuropathy as well as mental impairment may also be present.
Currently, 79 specific and fixed positions are located in chromosomes with 61 corresponding
genes that have a link to HSP condition [37].

The following types are the commonly recognized HSP disorders:

Spastic paraplegia + Peripheral motor neuropathy + Distal wasting
Spastic paraplegia + Cognitive impairment

Spastic paraplegia + Ataxia

Spastic paraplegia + Neuroimaging abnormality

Spastic paraplegia + Additional neurologic + Systemic abnormalities [66].

8.2. KIF1A Variants and Spastic Paraplegia

KIF1A mutations are seen in three regions; the motor domain, regulatory region, and
cargo binding region and these are mainly responsible for the development of SPG30. Spe-
cific mutations affect the gene function in a specific manner. These changes in the functions
will ultimately result in the mislocalization of cellular cargoes, i.e., it will make the KIF1A
protein unable to regulate its motility and subsequently, it fails to bind to the cargo. The
severity of SPG30 depends on to what extent the KIF1A gene has undergone mutations [15].
The loss of functioning in the motor domain of KIF1A can affect the structural domain
which is essential for various functions such as hydrolyzing ATP, providing mechanical
force, and MT-binding (loop L8). Examples of these can be mutations residing in Switch I
represented as R216C and Switch I which is represented as E253K and mutations that cause
destabilization of loop L8 [66,67]. Switch II is better understood as E253K and ATP-binding
cassette (ABC), that is the ATP-binding cassette mutant which drastically slows down the
motility of this motor protein resulting in the inability to move to the distal portion of the
neuronal axon.

The variants which result in the loss of functionality of the gene located outside the
kinesin domain of the motor region lead to a defect in normal functioning that causes
a problem known as functional intolerance [68,69]. Interestingly, a gain of function has
also been observed in SPG30. Making use of a single-molecule assay procedure, Chiba
et al. reported V8M, R350G, and A255V, the three KIF1A mutants casual in SPG30 had
higher rates of settling on MTs and had higher velocity as compared to wild type (WT)
KIF1A, indicating that excessive cargo accumulation can be harmful. In cohort studies
done by Maartje Pennings et al., 20 heterozygous KIF1A variants were reported by clinical
exome sequencing and the resulting SPG due to KIF1A was pure. It was observed that
phenotypic differences in the KIF1A-related diseases may be due to different levels of
impairment in transport. Parental testing done by the team revealed the deletion of chr2q37
in a few families. KIF1A gene is localized in the cytogenic 2q37.3 band and microdeletion
of chromosome 2q37 is deleted in patients suffering from 2q37 microdeletion syndrome
that can be observed by intellectual disability, brachydactyly, weight gain, hypotonia,
characteristic facial features, autism, and epilepsy [37,67]. Eleven of the 20 variants reported
in the studies done by Maartje Pennings et al. were found to be missense variants located
at the motor domain that cause dominant SPG. The rest nine variants detected outside the
motor domain included variants that showed loss of functionality of gene (some were de
novo occurrences) and chr2q37 deletion which indicates that loss of function variants has
the ability to cause autosomal dominant SPG [37].

In another study done by Stephan Klebe et al., using targeted NGS, p.R350G variant
was identified, which has a direct effect on amino acid in the motor domain of kinesin
1A, and surprisingly this variant was found to be compatible with phenotype expressed
by HSP patients. In the same studies, whole-genome genotyping done in a Palestinian
family revealed that there is the presence of a unique homozygous ¢.756>T [p. Ala255Val]
mutation that caused the phenotypic symptoms. Studies have shown that the nature of
mutations could help scientists to foresee the phenotype expressed. Non-sense mutations



Pharmaceuticals 2023, 16, 147

90f17

which can lead to complete loss of functionality of the protein can cause significant clin-
ical manifestations in the peripheral nervous system (PNS), as peripheral neuropathy is
common in more than 60% of the SPG30 patients [22,70,71].

9. KIF1A and Brain Atrophy

Homozygous mutation in KIF1A is one of the main reasons for the rare hereditary
sensory and autonomic neuropathy (HSAN) and HSP, but experiments that were done
in vitro suggest that homozygous mutations influence the transport through synaptic
vesicles and can lead to axon degeneration [22,66]. For example, in a child, a pathogenic
variant, p.T99M de novo variation that causes cerebellar atrophy was reported, indicating
these mutations may alter the neuronal function by disabling kinesin-mediated cargo
transport. It has been observed that the homozygous inactivation KIF1A gene in mice
can cause severe motor as well as sensory disturbances [72]. In studies done by Sahar
Esmaeeli Nieh et al. [6] on 6 different patients, five de novo mutations were identified out
of which two patients were observed who had de novo ¢.296C>T change that contained
a substitution of threonine to methionine also represented as T99M [17]. Mutations like
p-E253K also represented as ¢.757G>A and p.R316W were reported in the other two patients
tested. The rest two patients had changes in the amino acid residues that were again getting
mutated to form a third amino acid variant [19]. All these mutations were identified within
a conserved region of the motor domain and they have the capacity to cause damage by
using PolyPhen-2 [73,74].

In another study done by Chihiro Ohba et al., 5 missense mutations were found in
five patients and were confirmed by Sanger sequencing to be de novo events. Magnetic
resonance imaging done by the same team noticed that the patients had some difficulties in
the gait along with exaggerated reflexes from locations such as deep tendons and in a few
patients, cerebellar atrophy was observed. All de novo mutations observed during this study
are located in the motor domain which mostly affects motor function. In this study, all the
mutations observed were identified in the motor domain. The mutation p.Arg316Trp had
been previously reported [72], at the same time Arg254, Arg307, and Arg307 were found
onn loop L11. The &5 helix that helps to induce phosphate release during the hydrolysis of
adenosine triphosphate molecule and facilitates KIF1A protein to bind onto MTs was also
found to be mutated in some individuals [19,69,75]. The mutations can exhibit some unique
actions on the structures present near them such as the p.Glu253Lys mutation adjacent to
Arg254 can suppress y-phosphate release [19], while p.Arg316Trp mutation disrupts the
stability of loop 8 which forms a bond with the MT [69].

9.1. NESCAV Syndrome

NESCAV syndrome (NESCAVS), also referred to as autosomal dominant 9 or intellec-
tual disability, is a neurodegenerative disorder characterized by global development delay
with delayed walking or difficulty in walking due to spasticity in the lower limbs leading
to loss of independent ambulation [2]. Some of the clinical features include optic nerve
atrophy and varying degrees of brain atrophy, microcephaly, joint contractures, kyphosis,
clubfoot, spasticity, and cerebellar atrophy [76]. It has been observed that NESCAVS is
caused due to de novo heterozygous T99M mutation in the KIF1A gene. This study was done
on an 8-year-old Japanese boy having axial hypotonia, peripheral spasticity, and global
development delay with additional clinical manifestations like growth hormone deficiency,
neurogenic bladder, and constipation [77]. In a few other studies involving unrelated
patients, other manifestations like cortical visual impairment, optic neuropathy, movement
disorders [6], hyperreflexia, hypermetrophic astigmatism, oculomotor apraxia, and distal
muscle weakness [60]. Hamdan et al. (2011), identified a de novo missense mutation in
the KIF1A gene in a patient with NESCAVS. In his study, he inserted a KIF1A MD-EGFP
fusion construct into the hippocampal neurons present in rats and showed that the distal
localization gets greatly reduced in neurites carrying the T99M mutation which leads to
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increased accumulation [17]. These mutations are found by whole-genome sequencing
which can be later confirmed by sanger sequencing [60].

9.2. PEHO Syndrome [OMIM No. 260565]

PEHO syndrome characterized by progressive encephalopathy along with edema, and
hypsarrhythmia is a rare neurodegenerative disease which leads to total loss of granules in
the neurons resulting in an extreme condition of cerebellar atrophy [78]. This condition was
first reported in 14 Finnish families in the year 1991. The basis for the diagnosis of PEHO
syndrome has been put out by Somer et al. [79] who recognized the necessary features
of this condition, i.e., jerking along with spasms, brain atrophy on neuroimaging studies,
especially in the cerebellum and few regions of the brain stem with mild supratentorial
atrophy [80]. In studies done by Sylvie Langlois et al., which involved the genomic study
of patients with PEHO syndrome is being described; nine candidate genes were identified
using trio WES out of which eight genes were heterozygous variants and a gene was
de novo variant. The missense variant, p.(T99M) in KIF1A residing in chromosome number
2 is considered pathogenic [81]. Sanger sequencing was also carried out on the female
patient and the unaffected parents and it was proved that the patient was heterozygous
for the variant. Before this study was made, 24 patients had been reported with de novo
heterozygous variants affecting the motor domain of KIF1A protein and the functional
impact of these variants was demonstrated by Lee et al. The main clinical features reported
were moderate to severe developmental delay, cerebellar atrophy, optic nerve atrophy,
progressive spasticity affecting lower limbs, and peripheral neuropathy [19].

10. KIF1A and Autism Spectrum Disorder [ASD]

ASD also known as autism is a type of neurodevelopmental disorder in which the
patients show a deficit in communication as well as the processing of language and ex-
pression of thoughts. This disorder directly or indirectly can influence the social life of the
patient to a great extent. There are several genes implicated in ASD but approximately
10-15% of cases are due to mutations in a single gene [82]. Reports suggest that the patients
exhibiting complex phenotypes are characterized by axonal neuropathy, spasticity, and
majorly ASD. The genetic examination of these patients revealed about 21,683 variants
in the coding regions [83]. Another study reports that there is a link between the KIF1A
mutations and autism and is normally characterized by other neurological conditions like
sensory disturbance, hyperactivity, spastic paraplegia, and epilepsy. Normally the c.38
g>A [R13H] mutation exhibits autism and hyperactivity, but in some special cases, all the
neurological symptoms are exhibited by ¢.37C>T (p.R13C) which is a de novo mutation [84].

In the majority of the research studies done on KAND, the peripheral blood is used
as the sample and the DNA is extracted and the gene sequencing is mainly done by WES
technology. There are modern tools also available for predicting the structure such as the
SWISS-MODEL and Mutation Tester that utilize a different strategy for reporting [85]. If a
patient is found to have harmful variants such as c.664A>C (p. Asn222His), a type of de novo
variant, it is suggested that the patient is at a higher risk of getting ASD [85]. Not only this,
one interesting thing to be noted is that along with KIF1A mutations, the mutations on the
HUWET1 gene have also led to the expression of ASD and other conditions like epilepsy.
This is mainly due to the 22q11.2 duplication (a penetrant copy number variant) [86]. These
studies suggest that ASD is having a close association with KAND.

11. Recent Studies in the Field of KAND

Transport of cargo is very much important as far as a cell is concerned. If proper
translocation does not take place, the cargo can get accumulated and lead to cell necrosis.
The transport of cargo is done by three major methods:

e  Regulation of motor ATPase activity by the process of autoinduction.
e  Regulation of cargo adaptors
e  Modifications on the cytoskeletal tract.
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There have been tremendous efforts done by a lot of scientists to discover the in vivo
functioning of each part of the KIF1A gene and its protein. Recent advancements in
technology have led to the discovery of newer models such as the DNA origami scaffold
model which provides a much more precise picture of what is happening in vivo. We have
included some of the latest discoveries in KAND in this paper. In a few studies done
recently, it was proved that a more bound linker will allow the cargo motors to attach
to the MT track. It was found that KIF1A, KIF13B, and KIF16 regulate the parts of the
KIF1A protein, especially the coiled domain [30]. Another study shows that the kinesin-3
monomers can be multimerized which results in the transport of cargo [87]. Most of the
studies done on the regulation of motor domains are normally carried out using the pure
components of proteins, particularly in the motor domain but there are a few exemptions
to be noted here such as the functioning of two opposite domains in the protein [88-92].

When transport of the cargo does not take place in a neuronal cell, the kinesin motors
especially the kinesin-3 subfamily adopt the mechanism of autoinhibited conformation.
In such a case, the UNC-104KIF1A gets activated automatically. To date, the mechanism
of activation is not understood fully. This condition leads to the enhancement in cargo
transport in the form of vesicles in the cell. This also explains to us the cause of motor
hyperactivation associated with this disease [93]. In some cases, it is reported that there
can be a disruption of motor domain/CC1 domain-mediated autoinhibition due to the
actions of dominant suppressors. To be more specific, the mutations at C184 can disrupt
the inter-domain packing, while if the mutation takes place at the G421 then there will
be a sudden turn between the CCla and CCl1b that can indirectly lead to interference in
packing [12,94-97].

12. Gene Therapy

In order for the transgene to integrate with the host DNA (retrovirus) and make up
for the defective gene’s lack of expression, the transgene must be introduced into the target
cells through gene transfer therapy. Scientists have developed a wide range of carriers
for the successful delivery of genes to their targets and the majority of them comprise of
plasmid DNA and oligonucleotides [98]. Despite the fact that gene therapy overcomes
the difficulties associated with conventional treatment, it is not without drawbacks. They
include the high cost of gene therapy, which restricts its use, ethical concerns about changes
made to the germline, immune rejection of the transferred gene, and the route of admin-
istration [96]. Due to their low pathogenicity, cellular tropism, replication incompetency,
and simplicity of manipulation, LV and AAVs are being investigated as delivery modalities
for the introduction of transgenes in clinical trials. A naturally occurring serotype of AAV
called AAV9 has the capacity to penetrate the BBB and target neurons, astrocytes, and
microglia in the brain. The capsid proteins of these serotypes distinguish them and help
determine the corresponding cellular tropism [99].

Due to its cell-specific transduction abilities, rAAV9 is the most recommended CNS
delivery technique for neurological diseases. Both dividing and non-dividing cells can
be transduced by rAAVs [98]. The three most effective gene editing techniques used for
modifying cellular DNA at the native locus are CRISPR and CRISPR-associated (Cas) pro-
teins, transcription activator-like effector nucleases (TALENS), and zinc finger nucleotides
(ZFN). ZFNs are the first programmable nucleases that can cleave particular regions of
DNA using an altered Fokl endonuclease to change the way double-stranded breaks are
repaired in DNA [100]. Target gene alterations can be carried out using TALENs, which can
recognize random target sequences. TALENs merge Fokl endonuclease with transcription
activator-like effectors (TALEs) modular DNA binding domain [101].

The foundation of gene editing techniques is the introduction of genomic breaks and
the precise allocation of these breaks by nuclease enzymes. Genome editing depends on
two biological pathways: non-homologous end joining (NHE]) and homology-directed
repair (HDR) [102]. While NHE] is frequently observed in cells that are not dividing, such
as neurons, HDR occurs across all cell cycle phases. The NHE] repair process has been used
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by researchers to support gene editing techniques. Several unique gene editing techniques
have been created thus far for non-dividing cells, including, HITI (homology independent
targeted integration) [103], HITI-based SATI approach (Single homology Arm donor me-
diated Intron-Targeting Integration) [104], CRISPR Prime editing [105], HME] (homology
mediated end joining) [106], vSLENDR (virus-mediated single-cell labelling of endogenous
proteins via HDR) [107], PITCh (precise integration into targeted chromosome) [108].

A genomic technique known as whole exome sequencing (WES) is used to sequence
the protein-coding sections of genomic DNA (exons) and find the causative mutations that
lead to specific genetic disorders [109,110]. WES has been extensively utilized to diagnose
KRDs [48,70]. The use of gene therapy to treat neurogenetic disorders has risen dramat-
ically over the past several years, with KAND increasingly displacing more traditional
approaches. As previously stated, there is no known treatment for KAND. The develop-
ment of gene therapy offers hope for the existing therapeutic approaches. Gene editing
tools now make it possible to change genes, and there is a chance that the conditions could
be reversed. However, there are several drawbacks to gene therapy, such as inserted gene
over- or under-expression, vector capacity to carry the gene, and mutant gene product
attacking the wild-type allele. The constraints of gene therapy have been overcome by the
emergence of gene editing tools like CRISPR Cas9.

13. Conclusions

In this paper, we addressed all the available information, recent studies, and newer
advancements concerning the KAND. The main cause of this disease is the mutations that
take place in the KIF1A gene which can result in loss of function or gain of mutated functions.
These mutations directly result in the mis-delivery of essential cargo transported inside the
neurons. These cargoes play a very important role in neuronal growth, differentiation, and
survival. Another problem is that there can be different phenotypic expressions even for the
same mutation in the gene making the diagnosis difficult even with the help of expensive
testing. It was observed that there can be two different forms of KIF1A-related disorders
which are the autosomal dominant forms as well as autosomal recessive forms. One such
condition is spastic paraplegia, which has been discussed earlier in this paper. Spastic
paraplegia can be pure when symptoms are confined to stiffness in the legs and bladder.
When these symptoms are accompanied by other neurological disturbances, then it is
termed as complicated. KIF1A mutations are also linked to brain atrophy, encephalopathy,
PEHO syndrome and autism spectrum disorder and all the disorders were observed to
occur due to de novo variations in the KIF1A gene. Very few reports were available regarding
the de novo variation, which has been mentioned in the article.

There are various organizations and foundations that provide information and spread
awareness about KAND. Some are governmental while others are privately funded organi-
zations. These organizations consist of the patients, family members of the patient as well
as the physicians, clinicians, research scholars, and other paramedical staff. Although this
disorder is rare and there are still many research gaps in the field of KAND in neuroscience,
the possibility of the development of a new drug or an active chemical moiety cannot be
predicted as of now. To date, there is no existing cure that guarantees the recovery of the
patient, but we expect that newer advancements in neuroscience can enhance the treatment
and management of KAND. A better understanding of the in vivo functioning of the motor
domain, the part where most of the mutations take place can give us a lead to improve the
existing difficulties faced by the patients. Newer models like the DNA origami scaffold
model are used by scientists to provide more information on what is happening in vivo.
Newer technologies such as gene therapy have the potential to pave way for advanced
therapies and thereby increasing the quality of life of the patients.
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