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Abstract

The kinesin family member 5A (KIF5A4) motor domain variants are typically associated with hereditary spastic paraplegia
(HSP) or Charcot-Marie-Tooth 2 (CMT2), while KIF5A tail variants predispose to amyotrophic lateral sclerosis (ALS)
and neonatal intractable myoclonus. Variants within the stalk domain of KIF5A4 are relatively rare. We describe a family
of three patients with a complex HSP phenotype and a likely pathogenic KIF5A stalk variant. More family members
were reported to have walking difficulties. When reviewing the literature on KIF5A stalk variants, we found 22 other
cases. The phenotypes varied with most cases having (complex) HSP/CMT2 or ALS. Symptom onset varied from child-
hood to adulthood and common additional symptoms for HSP are involvement of the upper limbs, sensorimotor poly-
neuropathy, and foot deformities. We conclude that KIF5A variants lead to a broad clinical spectrum of disease.
Phenotype distribution according to variants in specific domains occurs often in the motor and tail domain but are not
definite. However, variants in the stalk domain are not bound to a specific phenotype.

Keywords: KIF5A, stalk domain, hereditary spastic paraplegia, Charcot-Marie-Tooth disease 2, amyotrophic lateral sclerosis

Introduction

The kinesin family member 5A (KIF5A) gene enc-
odes for the neural kinesin heavy chain. It is part
of the kinesin super family proteins (KIFs), that
play an important role in intracellular transport
and is expressed in neurons (1-3). KIF5A contains
a globular motor domain, also known as the
“head”, an a-helical coiled-coil stalk domain and a
globular “tail” domain. The head has an ATP-
binding sequence and microtubule-binding
sequence. It hydrolyzes ATP and transfers chem-

directly bind to cargos and kinesin light chains.
KIF5A plays a role in fast axonal transport and
dendritic transport (4,5).

Variants in KIF5A4 are linked to a range of
motor diseases depending on the location in the
gene. For example, variants in the motor domain
cause Charcot-Marie-Tooth disease 2 (CMT2)
and spastic paraplegia type 10 (SPG 10,
OMIM#604187) also known as hereditary spastic
paraplegia (HSP), while variants in the cargo bind-
ing tail are associated with amyotrophic lateral
sclerosis (ALS) (3). Variants in the stalk domain

ical energy, which results in movement of each
KIF along microtubules, as a “rail” (1,4,5). The
stalk domain is used for kinesin dimerization and
is important for interaction with other subunits
and can bind to kinesin light chains, which are
associated with certain cargos. Finally, the tail can

are less well described.

HSP is a group of clinically and genetically het-
erogeneous neurodegenerative or neurodevelop-
mental disorders, which are characterized by lower
limb spasticity and weakness (6,7). Based on the
clinical phenotype it can be classified into pure or
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complex HSP. Patients with pure HSP predomin-
antly show isolated pyramidal signs in the lower
limbs but may also have sphincter dysfunction and
sensory disturbances (vibration sense and joint
position sense). Patients with complex HSP have
more extensive neurological symptoms such as
cognitive impairment, ataxia, polyneuropathy, epi-
lepsy, skeletal abnormalities, upper limb amyot-
rophy, and optic atrophy (6-8). SPG 10 is an
autosomal dominant form of HSP, and most
patients present with a complex HSP phenotype
(Parkinsonism, cerebellar ataxia, cognitive impair-
ment, axonal sensorimotor peripheral neuropathy,
distal amyotrophy, pes cavus, and scoliosis).
Childhood onset is most common (7), but onset at
adult age can also occur (9).

CMT?2 is characterized by chronic axonal motor
and sensory polyneuropathy leading to progressive
loss of sensation, weakness, muscle atrophy, loss of
deep tendon reflexes, and foot deformities (10).

ALS is a motor neuron disease (MND), char-
acterized by combined degeneration of upper
motor and lower motor neurons. Patients endure
rapid progressive muscle weakness, atrophy, and
spasticity, which may affect any voluntary muscle,
making the clinical presentation and disease course
very heterogeneous. On average, ALS patients
develop respiratory failure within 3-4 years from
onset, which is the most common cause of death.
Currently, there is no effective treatment for
ALS (3,11).

Finally, cases of a severe developmental syn-
drome, neonatal intractable myoclonus (NEIMY),
have also been described due to de novo variants in
the tail domain of KIF5A. The patients presented
with myoclonic seizures and additional symptoms
such as hypotonia, optic nerve abnormalities, dys-
phagia, apnea, early developmental arrest, and pro-
gressive leukoencephalopathy (12,13).

Here, we present the clinical and genetic find-
ings in a pedigree with apparent autosomal domin-
ant inheritance and a complex HSP phenotype
due to a variant in the KIF5A4 stalk region. We
subsequently performed a systematic search of the
literature with the aim of providing an overview of
genotype-phenotype correlations in KIF5A4 stalk
domain variants.

Materials and methods

All patients in the present case series were seen at
the neuromuscular outpatient clinic of the
University Medical Centre Utrecht. Consent was
provided for the use of clinical data for research
purposes. To further characterize the clinical
phenotype of KIF5A stalk variants, we performed a
systematic search of the literature (Supplement A).

Results
Proband

A 38-year-old man presented with a four year his-
tory of progressive weakness of the lower limbs.
Over the course of a few months, he had devel-
oped an inability to lift his left leg. The initial
neurological exam was apparently normal, and
consequently he was suspected of a conversion dis-
order. He was treated at a rehabilitation clinic for
over a year, however this treatment was unsuccess-
ful and discontinued. Subsequently, he was not
seen by any medical professional until approxi-
mately four years after onset when his right leg
also became impaired. This prompted him to reen-
gage medical care, and eventually he was referred
to our clinic. He reported frequent cramps in his
calves and muscles spasms in both legs. He also
complained of painful burning sensations in the
lower limbs, which had also started four years ago.
Light touch was painful, and he no longer toler-
ated wearing shoes. He did not have any problems
in his arms or with his speech and swallowing.

Neurological examination showed normal func-
tion of cranial nerves and no pseudobulbar
reflexes. There was no weakness or sensory deficits
in the upper limbs. However, reflexes in the arms
were pathologically brisk bilaterally including posi-
tive Hoffman-Tromner reflexes. Examination of
the lower limbs showed subtle generalized atrophy
of the entire left leg and bilateral pes cavus with
hammer toes. Both legs were hypertonic, with
pathologically brisk reflexes, sustained ankle clonus
and positive Babinski sign bilaterally. He also had
distal dysesthesia and hyperalgesia with normal
vibration and position sense.

Routine laboratory tests (full cell blood count,
glucose, coper, liver, renal and thyroid functions),
showed no abnormalities, except for a vitamin B12
deficiency (101 pmol/L, reference value 130-700)),
for  which supplementation ~ was started.
Unfortunately, this did not ameliorate any of his
symptoms. Serology testing for infectious causes was
negative (Borrelia, HIV-1/2, HTLV 1/2, and Lues).
Further metabolic screening, including very long
chain fatty acid and urinary bile alcohols was normal
(ruling out adrenoleukodystrophy and cerebrotendio-
nous xanthomatosis). Brain and spinal cord MRI
showed no abnormalities and routine electrophysio-
logical testing revealed loss of motor axons to the
right foot (no compound muscle action potential
response peroneal nerve (m. extensor digitorum bre-
vis)), normal sensory responses (sensory nerve action
potential amplitudes and velocity) and normal needle
electromyography (EMG).

Based on the clinical findings and results from
ancillary tests, the patient was suspected to have
an HSP phenotype with neuropathy or a hereditary
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motor sensory neuropathy phenotype with upper
motor neuron involvement.

Fanuly history

The proband reported that his father had similar
complaints with weakness and stiffness of the
lower limbs. As a child his father had mild trouble
walking and was unable to perform sports with his
peers. Starting from the age of approximately 18
years he developed pain in his legs as well as weak-
ness. When he was 22 years, he suddenly lost the
ability to move his legs, from which he recovered
over the course of a few months. Unfortunately,
there are no detailed medical records on this epi-
sode. He was however diagnosed with M.
Bechterew around that time and he subsequently
assumed that all his complaints could be attributed
to this disorder. Over the course of the following
year, he developed a pes equinus on the left side,
for which he underwent surgical treatment.

Around age of 60 years he developed numbness
and painful sensations in both feet, which had sub-
sequently progressed to the level of his knees. He
further went on to also develop deafness.

On neurological examination, we did not see
any abnormalities of the cranial nerves or pseudo-
bulbar reflexes. There was a slight tremor present,
and hypertonia with cogwheel rigidity in the upper
limbs (left more than right). There was no weak-
ness, atrophy or fasciculations. He had bilateral,
distal hypesthesia (from the wrist down), with
slightly decreased vibration sense and symmetric-
ally low reflexes. There was severe hypertonia and
spasticity of the legs. There was no atrophy or fas-
ciculations. He had hypesthesia from the knees
down bilaterally with decreased vibration sense.

The proband’s sister has a mild mental disabil-
ity. At the age of 38 years, she developed a pro-
gressive movement disorder of arms and legs,
characterized by hypermobility, followed by dys-
tonia and hypertonia, with impaired sensibility of
the legs up to the pelvis and hallux valgus. She
was recently diagnosed with a small bowel neuro-
endocrine tumor, for which she will undergo
appropriate oncologic treatment.

Both father and sister underwent a similar
work-up to proband (extensive laboratory and
metabolic investigations, imaging, and EMG stud-
ies), which did not reveal any abnormalities.

Finally, the proband’s son of 11 years old was
described to be clumsy and to have an unsteady
gait making it impossible for him to walk long dis-
tances. Neurological examination showed no
abnormalities of the cranial nerves or upper limbs.
His legs were somewhat hypertonic, with brisk
patellar reflexes bilaterally, brisk left ankle jerk
reflex and ankle clonus on the right side. He had
maximal strength in his legs and coordination tests
and gait appeared normal. The parents opted not

to perform genetic testing on their son. Therefore,
his KIF5A status is unknown. Nevertheless, there
seems to be an early HSP phenotype.

Genetic analyses

For the probound exome sequencing was per-
formed through the Radboud University Medical
Centre. Capture of exons was done using an
Agilent SureSelect Human All Exon 50 Mb Kit
(Santa Clara, CA) and sequencing was performed
using Illumina HiSeq, both done by BGI-Europe
(Copenhagen, Denmark). Median coverage depth
was at least 80x. Subsequently, read mapping and
variant calling were done using the Burrows-
Wheeler Aligner (mapping) and GATK (calling)
and copy number variant analyses were done using
CoNIFER. The datasets were analyzed using an
in-house annotation pipeline and manual interpret-
ation by a clinical laboratory geneticist (14).
Finally a movement disorder gene panel containing
225 genes (Supplement B) was analyzed. This
showed a heterozygous variant c.1702G>A
p-(Gly568Arg) in the KIF5A gene. When his
father and sister were tested (Sanger sequencing),
it was revealed that they both were also heterozy-
gous carriers of the same variant in KIF5A4.

The probands variant was considered a variant
of unknown significance (VUS) as the variant is
not located in the kinesin motor domain. This
variant has a low frequency of three in >125.000
persons in the gnomAD control population (15). It
affects an evolutionary conserved Glycine at this
position in alignments of KIF5A orthologues (ver-
tebrates and fruit fly) and the variant has a com-
bined annotation dependent depletion (CADD)
score of 22.6 (PHRED) (16). The fact that his
affected family members (father and sister) had the
same variant and similar symptoms, made it more
likely that the variant is pathogenic.

When going through the family history at
greater depth, it became apparent that there are
multiple additional family members who had prob-
lems with walking (see Figure 1). Medical records
and/or DNA samples were not available for these
individuals.

Literature review

Our systematic search resulted in 146 articles.
After screening title/abstract on KIF5A variants 48
articles remained that were screened on full text
(Supplement A). Thirty-nine articles that men-
tioned KIF5A variants were found (reviews
were excluded).

For the KIF5A protein the following regions
were considered as a domain, amino acid 9 to 327
for the motor domain, amino acid 331 to 906 for
the stalk domain, and amino acid 907 to 1.032 for
the tail domain (3).
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Figure 1. Pedigree of examined family including genotype/phenotype information. Females are represented by circles and males by

squares. The proband is marked with an arrow and * indicates the

cases that have a known genotype. Sequence chromatogram of

proband, his father, and sister showing the ¢.1702G > A variant (bold).

We identified 22 cases with a KIF5A stalk var-
iants published in the literature. Genetic data, clin-
ical information, gnomAD allele count and
frequency (15), single nucleotide polymorphism
database reference ID, the American College of
Medical Genetics classification and CADD scores
(16) of the proband, probands father and the lit-
erature cases are summarized in Table 1. Reported
KIF5A variants in the literature (all domains) and
the associated phenotypes are illustrated in
Figure 2.

Discussion

The KIF5A gene contains three domains, the
motor, stalk, and cargo binding domains, with
clear genotype-phenotype correlations for variants
in the motor domain (HSP/CMT2) and cargo
binding domain (ALS). In contrast, stalk domain
variants are relatively rare and are less well
characterized.

We reported a family with a variant in the stalk
domain of KIF5A4, all presenting with a complex
HSP phenotype. This included a variable onset

(childhood-adult age) with weakness, hypertonia
and spasticity of the legs, mainly distal sensory dis-
turbances in the legs, hyperreflexia, and foot
deformities. One of them also has an intellectual
disability. This could be an additional symptom
related to the syndrome but is not described in
other cases of KIF5A stalk variants. In family
members with an unknown genotype, difficulties
with walking and possible Bechterew’s disease
were also described.

When we reviewed the published cases with
KIF5A stalk domain variants (Table 1), we found
a broad phenotypic variability. Several cases of
ALS were reported but most patients had a com-
plex HSP phenotype. Involvement of the upper
limbs, sensorimotor polyneuropathy, and foot
deformities were reported most frequently. Also,
the age of onset varied from early childhood to as
late as the age of 54 years. The family in the pre-
sent case-series also has this phenotype.

When studying the literature on variants within
the motor domain, we found that these are associ-
ated with pure or complex forms of HSP (SPG10)
and CMT2 (17). Additional symptoms in these
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SPG10/CMT2 phenotype
p.V12A, p.Y63C, p.D73N, p.Q87E,
p.R162W, p.S189P, p.R191H,
p.A194P, p.M198T, p.S202N,
p.S203C, p.R204P, p.R204Q,
p.R204W, p.v231L, p.D232N,
p.R232W, p.G235E, p.L249V,
p.E251K, p.K253N, p.1255M,
p.N256del, p.N2565, p.K257N,

p.5258L, p.L259Q, p.L262P, p.A268T, SPG10/CMT2 phenotype SPG10/CMT2 Other phenotype
p.Y276C, p.P278L, p.R280C, p.R280H, p.R323W, p.A361V, p.K362N, p.S458F, phenotype p.S974fs : NEIMY
p.R280L, p.D290H, p.R323W, p.R468W, p.G568R, p.L588P, p.E755K, p.R864* €.302043A5T €.2854delC : NEIMY
€.217G>A, ¢.610C>T €.2934delG : NEIMY
Motor Domain Stalk Domain Tail Domain
amino acids 9-327 amino acids 331-906 amino acids 907-1032
ALS phenotype ALS phenotype Other phenotype ALS phenotype
p.K29R, p.P46S, p.R162W, p.R297Q p.Q413G, p.Q474H, p.A361V : primary progressive MS p.V922I, p.P986L, p.D9Y6Ss,
p.H542N p.K781E : HSP/ALS p.N997fs, p.N999fs, p.N999del,

p.S577G, p.A579T,
p.E758K, p.E755K,
€.2024-6C>T

p.T1001Qfs, p.R1007G,

p.R1007K, p.F1023C, c.2993-
1G>A, ¢.2993-3C>T,
€.3020+1G>A, ¢.3020+2T>A,
€.3020+2T>C, ¢.3020+3A>G,
€.3020+3A>T

Figure 2. Localization of reported KIF5A variants within the different regions of the gene and the phenotypes associated with them.
Variants with an allele frequency above 1/1000 in gnomAD v2.1.1 are in gray. ALS: amyotrophic lateral sclerosis; CMT2: Charcot-
Marie-Tooth; NEIMY: neonatal intractable myoclonus; SPG: spastic paraplegia.

complex forms of HSP include axonal sensori-
motor neuropathy (18-32), foot deformities such
as pes cavus (19,20,22,23,30,33,34), tremor (25),
attention deficit hyperactivity disorder (27), cogni-
tive dysfunction (28), behavioral changes (33),
ataxia (21,28,34), autonomic dysfunction (30),
and congenital neurosensorial deafness (20).
Although onset is mainly seen during childhood,
adult onset has also been reported in a few cases
(9,20,22,25,30,33,35).

In patients diagnosed with CMT2 due to a
KIF5A motor domain variant, the phenotype is
typically characterized by a motor and sensory
polyneuropathy and pes cavus (33). However, add-
itional symptoms have also been reported and
include  spasticity and/or pyramidal signs
(28,36,37), cognitive dysfunction (28,37), ataxia
(36), and deafness (37). Taken together, it appears
that the phenotypic characteristics of the KIF5A
motor domain variants all belong to a spectrum in
which neuropathy with foot deformities and upper
motor neuron signs are the main core features.
The additional phenotypic characteristics (such as
cognitive dysfunction (28,37), ataxia (36), and
deafness (37)) also overlap. Therefore, the previ-
ous descriptions of CMT2 and HSP cases with
motor domain variants could perhaps be best char-
acterized as complex HSP.

Other phenotypes have also been described in
patients with KIF5A motor domain variants, such
as adult-onset distal spinal muscular atrophy (38).

Variants in the tail domain are mainly associ-
ated with ALS (3,37,39-41), although other

phenotypes have been described, such as NEIMY
(12,13). In one family whole exome sequencing
identified a heterozygous variant, in exon 27 of
KIF5A (tail domain), that segregated with disease,
resulting in varying phenotypes such as spastic
ataxia plus (nystagmus and hyperreflexia), cerebel-
lar ataxia (with nystagmus), and MND plus cere-
bellar ataxia (42).

Interestingly variants of unknown significance
in the KIF54A motor domain have also been
reported in patients with ALS (37), as well as in a
family in which patients presented with a late-
onset SPG10 phenotype and later developed dys-
arthria and lower motor neuron signs with fascicu-
lations (23). Additionally, as shown in Table 1, 11
cases with a KIF5A stalk variant have an ALS-like
phenotype. One patient presented with a HSP
phenotype as a child and developed bulbar symp-
toms and lower motor neuron signs around the
age of 14 years old. This patient had a heterozy-
gous KIF5A stalk variant (paternal) and a homozy-
gous ALS2 variant. The mother with only a
heterozygous ALS2 variant was healthy, but the
father with both a heterozygous KIF5A4 and ALS2
variant developed a slowly progressive ALS pheno-
type around the age of 50 years. The father had a
brother that had ALS and died at the age of 50
years (43). Since the mother was healthy and had
a ALS2 variant, the KIF5A stalk variant is likely to
play a role in the disease of the father. However,
for the child it remains uncertain which variant
plays which role in the course of disease. Another
case of a KIF5A stalk variant associated with ALS
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was a patient, with a negative family history,
described by Filosto et al. (2). The patient pre-
sented with a slowly progressive motor syndrome
that resembles ALS and HSP with an axonal neur-
opathy over the course of four years. Further
course of disease is unfortunately unknown (2).
Finally, seven cases with KIF5A stalk variants and
one case of a KIF5A stalk-and CCNF variant were
found. According to the authors all these variances
were of uncertain significance (39,41,44).

The fact that an ALS phenotype is not limited
to variants in the tail domain of KIF5A suggests
that the phenotypic distribution according to var-
iants in specific domains is not absolute. However,
the cases described with a stalk variant seem to
have a slower disease progression, so ALS pheno-
types due to a KIF5A stalk variant might be rela-
tively mild.

It can be challenging to determine the patho-
genicity of rare variants found in single cases or
families. A detailed family history to identify rela-
tives with related phenotypes may be helpful.
However, the feasibility of cosegregation analysis
may be limited, especially in diseases with an adult
onset, where older family members may already be
deceased, and younger family members may carry
the variant but not have symptoms (yet). This is of
importance because false assignments of pathogen-
icity can have severe consequences for patients and
their families (45). In this article we aimed to cre-
ate a full overview of KIF5A variants, so all
reported KIF5A variants are mentioned, however
we did differentiate between variants that have an
allele frequency over 1/1000, since this is used as
cutoff in the clinical practice to counsel family
members. It is also important to mention that the
pathogenicity of the stalk mutations is not definite,
as all the mutations reported are a VUS.

Conclusion

Variants within different domains of KIF54 appear
to result in a distinct neurological phenotype.
However, these phenotypes are not necessarily lim-
ited to one domain and may even differ within
family members sharing the same variant, resulting
in a broad clinical spectrum due to KIF5A var-
iants. This may range from a patient with HSP
who has a father with only mildly brisk reflexes
(33), to a father developing HSP at the age of 30
years but having a child with a clumsy gait from
the age of 8 years (24) to a family with highly vari-
able manifestations of complex HSP, cerebellar
ataxia, and motor neuron disease (42).

Moreover, variants in the stalk domain of
KIF5A most often result in complex HSP pheno-
type but can also be associated with ALS.
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