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ABSTRACT

Heterozygous de novo loss of function variants in the motor domain of KIF5C are associated with a neurodevelopmental disor-
der characterized by infantile-onset epilepsy, frontal cortical dysplasia, and developmental delays including motor and speech
impairments. Previously, only three missense variants in KIF5C were known to be pathogenic. We identified an additional six
patients with significant developmental delays with heterozygous de novo variants in the KIF5C gene (Glu237Val, Thr93Ile,
Thr93Asn, Ser90del, Lys92Arg, and Glu237Lys), of which four variants have not been reported before. Functional assessment
was performed on fluorescently-tagged KIF5C variants expressed in isolated hippocampal neurons. The pathogenic de novo var-
iants displayed significantly reduced motor function compared to the wild-type KIF5C. We conclude that the pathogenic de novo
variants presented have decreased motor domain activity and that is likely to be the etiology of the patients’ symptoms given the
gene's constraint in the population. By adding these patients to the seven patients previously reported, we are able to expand the
phenotypic spectrum associated with pathogenic KIF5C variants. Evaluation of the neurodevelopmental phenotype of additional
individuals with loss of function variants in KIF5C is indicated to further characterize the spectrum of associated phenotypes.

1 | Introduction survival (Hirokawa, Niwa, and Tanaka 2010). The KIF proteins

regulate transport of cargo such as vesicles, organelles, protein
The kinesin superfamily of proteins (KIF) act as ATP- complexes, mRNAs, and chromosomes along microtubules
dependent molecular motors to facilitate intracellular trans- within axons, dendrites, and synapses (Willemsen et al. 2014).

port along microtubules (Hirokawa et al. 2009), a process that KIF proteins are regulated through phosphorylation. For exam-
is critical in brain development, functioning, plasticity, and ple, c-Jun NH,-terminal kinase 3 (JNK3) phosphorylates the
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motor domain of KIF5C (one of three variants also known as
kinesin-1 (Miki et al. 2001)), preventing KIF5C from binding
to microtubules (Morfini et al. 2009). Disruption in the nor-
mal process of phosphorylation of KIF5C proteins has been
suspected as a pathophysiologic mechanism for neurodegen-
erative conditions. The abnormally long polyglutamine repeat
in the pathogenic form of huntingtin enhances JNK3 activ-
ity causing hyperphosphorylation of KIF5C suggesting that
pathology of Huntington disease may in part result from the
decreased transportation of cargo along microtubules by KIF5
proteins (Morfini et al. 2009).

Similarly, genetic variants that directly disrupt the function-
ing of the motor domain also produce neurological phenotypes
(Duquesne et al. 2020; Naim et al. 2022; Banerjee et al. 2024;
Becker et al. 2024). The KIF5C gene has been established as a ge-
netic cause for a neurodevelopmental disorder characterized by
infantile-onset epilepsy, frontal cortical dysplasia, and develop-
mental delays including motor and speech impairments with seven
patients reported in the literature to date (Willemsen et al. 2014;
Duquesne et al. 2020; Jamuar et al. 2014; Poirier et al. 2013;
Cavallin et al. 2016; Michels et al. 2017). The neurodevelopmental
disorder is the result of KIF5C-encoded kinesin proteins harboring
a non-functional motor domain and losing the ability to bind hy-
drolyzed ATP (Padzik et al. 2016) which impairs or inhibits KIF5C-
mediated transport of cargo along microtubules. Interestingly, five
of the seven patients reported have had variants involving amino
acid Glu237, with four of these individuals sharing the same mis-
sense variant, p.Glu237Lys, suggesting a hot spot for variants and
potential genotype—phenotype correlations (Michels et al. 2017).

To date only three missense variants in KIF5C have been reported
(Willemsen et al. 2014; Jamuar et al. 2014; Poirier et al. 2013;
Cavallin et al. 2016; Michels et al. 2017). KIF5C gene was first
identified to cause of malformation of cortical development
(Poirier et al. 2013). Affected individuals typically present with
neurodevelopmental delay, infantile-onset epilepsy, intellectual
disability and psychomotor retardation and behavioral issues
(Duquesne et al. 2020; Banerjee et al. 2024; Michels et al. 2017).
The malformation in cortical development can include poly-
microgyria and pachgyria as well as brain atrophy (Duquesne
et al. 2020; Banerjee et al. 2024; Michels et al. 2017). However,
clinical features such as epilepsy, developmental delays and intel-
lectual disabilities are common clinical presentations for a wide
variety of genetic and multifactorial conditions and therefore not
immediately suggestive of an underlying KIF5C etiology. The in-
creasing use of Next Generation Sequencing (NGS) technologies
as part of the diagnostic evaluation for these children leads to the
discovery of variants of uncertain significance in KIF5C. Here we
report six additional children with de novo variants in KIF5C, four
of which have not been reported before. By adding these patients
to the seven patients previously reported, the phenotypic spec-
trum associated with pathogenic KIF5C variants is expanded.

2 | Methods
2.1 | Ethical Considerations

This case series was prepared based on Colorado Multiple
Institutional Review Board (COMIRB) protocol #19-0751.

2.2 | Molecular Testing

Using genomic DNA from the proband and parents, the exonic
regions and flanking splice junctions of the genome were cap-
tured using the IDT xGen Exome Research Panel v1.0. Massively
parallel (NextGen) sequencing was done on an Illumina system
with 100bp or greater paired-end reads. Reads were aligned
to human genome build GRCh37/UCSC hgl9 and analyzed
for sequence variants using a custom-developed analysis tool.
Additional sequencing technology and variant interpretation
protocol has been previously described (Retterer et al. 2016). The
general assertion criteria for variant classification are publicly
available on the GeneDx ClinVar submission page (https://www.
ncbi.nlm.nih.gov/clinvar/submitters/26957/).

2.3 | Plasmids

KIF5C(1-560)-3xmCit variants were cloned into the P3 mCit-C1
vector; K92R, T931, T93N, E237V, E237K, and A268S were pre-
pared by insertional overlapping PCR using mutagenic and
flanking primers as described previously (Padzik et al. 2016).

2.4 | Cell Culture and Transfection

Primary hippocampal neurons were prepared from new-
born rats and maintained as before (Deshpande et al. 2020;
Hollos et al. 2020). Neurons at 4days in vitro were transfected
with KIF5C(1-560)-3xmCit variants as indicated, ECFP-C1
and pCMYV in the ratio of 4:3:3 using Lipofectamine 2000
(ThermoFisher Scientific) according to the manufacturer's pro-
tocol. The constructs were expressed for 24h and the samples
were fixed with 4% paraformaldehyde at 4°C.

2.5 | Distribution Analysis

Images were acquired with 20X objective using a Nikon Eclipse
Ti2 microscope equipped with a Hamamatsu sCMOS Orca
Flash4.0 camera. The cytosolic space was visualized by the CFP
expression and the distribution of KIF5C(1-560)-3xmCit variants
to soma, neurites and tips was visually assessed. For every neu-
ron, neurite distance from soma to the most distal site of visible
KIF5C-3xmCit was measured. The experimenter was blinded to
the treatment groups during the image acquisition and analysis.

2.6 | KIF5C Structure

For analysis of KIF5C microtubule co-structure, Mol* 3D Viewer
(https://www.rcsb.org/3d-view) was used (Morikawa et al. 2015).

2.7 | Motor Tracking Analysis

For kymograph analysis of the 93I variant, hippocampal neu-
rons were cultured in glass-bottomed dishes (Matek) and trans-
fected with Lipofectamine 2000 (Invitrogen) reagent at 4-5days
in vitro. Imaging was performed 4-6h after transfection to
minimize clustering of KIF5C molecules. Neurons were imaged
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with a Zeiss LSM880 microscope. 1024 X 1024 images were ac-
quired using a 63 X oil-immersion objective. Laser line 514nm
was used at 2% excitation and emission was captured with a
PTM detector in emission range 520-600nm. Images were
acquired at 600ms intervals for over 2min. To compensate for
XY drift in the dish, time-series were stack registered using the
StackReg plugin from Image J and median filtered with a 1 pixel
radius to enhance the signal to noise ratio. Particle tracking was
performed using TrackMate v2.5.4 from ImageJ as previously
described (Padzik et al. 2016). Particles that could not be tracked
frame by frame, but otherwise fitted the diameter criteria of
0.20+0.02um and had a minimum intensity that was 15units
above background were scored as “diffuse.”

3 | Results
3.1 | Patient Clinical History
3.1.1 | Patientl

Patient 1 presented for genetics evaluation at 21 months of age
with developmental delays, hypotonia, and failure to thrive. She
was the product of an uncomplicated pregnancy and born at
39weeks 4days gestation to a G2P1-2 mother. She had normal
growth parameters and no delivery or neonatal complications
were reported. Her history of developmental concerns began at
5months of age when she was failing to achieve developmental
milestones. She was able to sit independently at 1year of age but
could not crawl or walk at 21 months of age. Evaluations deter-
mined her motor skill development to be at an 8-10 month level.
She had only 3 words at 21 months of age. Her speech delays
were partly attributed to low tone in her jaw muscles for which
she received speech and occupational therapy. At 21 months of
age she was in the eighteenth percentile for height and twenty-
seventh percentile for head circumference but had fallen to
below the second percentile for weight.

Chromosomal microarray, 5-cell karyotype, and serum amino
acids were normal. Initial urine organic acids were concern-
ing for possible HSD10 disease, an X-linked disorder, however
repeat analyses were within normal limits. The Autism/ID
Xpanded Panel (GeneDx) identified a de novo variant of uncer-
tain significance in KIF5C (p.T93I; c.278C>T).

The patient has made some developmental gains. She began
to walk at 2years 3months of age and utilizes an assistive de-
vice for verbal communication. There has been no regression of
skills nor seizures and therefore she has not had neurological
imaging. She consumes a pureed diet.

3.1.2 | Patient2

Patient 2 is a 6-year-old female, the product of a twin preg-
nancy conceived with in vitro fertilization. Mother was age
29years and father age 30years at time of delivery. Pregnancy
was complicated by subchorionic hematoma and chronic
abruption of co-twin placenta. She was born at 35+ weeks
gestation, appropriate for gestational age for weight and

length, head circumference unknown. Neonatal course was
uncomplicated. Hypotonia and developmental delay were
evaluated at 14 months with microcephaly, axial hypotonia,
and appendicular hypertonia documented. Brain MRI at age
14 months demonstrated decreased white matter volume and
thin corpus callosum. Mild spastic diplegia was diagnosed
at age 17months. She began walking independent steps at
age 20months. Language delay is significant, she used two
words by age 18 months, 5 words by age 3years. Oral motor
hypotonia with excessive drooling, oral phase dysphagia, and
dysarthria have persisted. At age 6 she remains globally de-
layed, uses two-word sentences with echolalia and is not toilet
trained. Behavioral concerns have also become increasingly
apparent over time. Neuropsychological testing at age 6years
confirmed average functioning at 2-year-old level with the in-
ability to complete formal neurocognitive testing secondary to
her severe symptoms of ADHD, autism spectrum disorder, and
language delays. She is generally healthy with slow growth
(height and weight —2.0-2.5 standard deviations below mean
for age) with microcephaly (OFC -2.5 to —3 standard devia-
tions below mean for age). She wears glasses for hyperopia and
amblyopia. Genetic evaluation detected no significant minor
anomalies. Family history is negative for similar developmen-
tal concerns including her co-twin. Chromosomal microarray
was normal. Exome sequencing performed as trio (GeneDx,
Gaithersburg, MD) detected a de novo pathogenic variant in
KIF5C (p.T931, ¢.278C>T).

3.1.3 | Patient3

Patient 3 is a female whose pregnancy history was remarkable
for echogenic foci in several organs including the brain, heart,
liver, and kidneys that reportedly cleared and persistent echo-
genic foci in the stomach. No follow-up imaging was done post-
natally due to insurance issues. She was large for gestational
age weighing 4139 g and 55.25cm long. She was doing well until
2months of age when she developed difficulties swallowing. She
eventually required G-tube feedings followed by a GJ tube. She
continues to have failure to thrive with weight and length less
than the third percentile.

Around the second month of life there was also report of devel-
opmental delays. She has continued to have delays and has had
only mild improvements through therapy. There is no history
of developmental regression. She also has a history of seizures
that started at 6 months of age that have never been completely
controlled. She follows with neurology with a diagnosis of par-
tial symptomatic epilepsy with complex partial seizures. She
has had a brain MRI that showed partial agenesis of the cor-
pus callosum. Additional findings include proteinuria that was
later believed to be secondary to valproic intake. She also has hip
dysplasia and scoliosis. She has chronic lung disease felt to be
secondary to hypotonia and chronic aspiration. Family history
is significant for a maternal half-sister who passed away from
seizures at 6 years of age.

Genetic testing using the Autism/ID Xpanded Panel (GeneDx,
Gaithersburg, MD) identified a heterozygous de novo pathogenic
variant in KIF5C (p.T93N; c.278C>A).
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3.1.4 | Patient4

Patient 4 presented to genetics clinic at 12months of age with
significant hypotonia, ptosis, congenital Horner syndrome, mi-
crocephaly, developmental delay, lack of weight gain, and MRI
findings of hypomyelination. She was the product of an uncom-
plicated pregnancy and delivery. On exam, she is eumorphic.
Initial microarray was normal. Biochemical testing showed evi-
dence of possible mitochondrial disease. Whole exome sequenc-
ing identified a de novo pathogenic variant in KIF5C (p.S90del;
€.268_270delTCA).

At 3years of age, the patient is growing well, but remains G-tube
dependent. She is making progress in development with most
skills in the 5-7months range. She has self-injurious behaviors.
Subsequent MRIs show delayed myelination and pachygyria.

3.1.5 | Patient5

Patient 5 was first referred to genetics at 3years of age due to
hypotonia, developmental delay, intractable epilepsy, Dandy-
Walker malformation, and bilateral optic nerve hypoplasia. He
was noted shortly after birth to have hypotonia. At 8 months
of age he developed seizures which were found to be infantile
spasms. At three years of age, he remained non-verbal and
was unable to sit without support. He could lift briefly to his
elbows when prone but did not use his hands purposefully. He
could bear weight only briefly on his legs with assistance. He
consumed a pureed diet. Growth parameters at 3years of age
included weight at the 18" percentile, length at the 29'h percen-
tile, and head circumference at the 24" percentile. He was noted
to have bilateral Darwinian tubercles and prominent ear lobes,
without significant other dysmorphic features.

A chromosomal microarray was normal. Whole exome se-
quencing revealed a pathogenic variant in KIF5C (p.E237K,
€.709G>A). The variant was not found in his mother; paternal
sample was not available for testing.

At 5years of age, he was noted to have continued medication-
resistant epilepsy, as well as decreased sleep.

3.1.6 | Patient6

Patient 6 was born at term. She was found to have ventricular en-
largement based on obstetrical ultrasound. She was delivered by
caesarean section because of failure of labor to progress, but was
a healthy newborn and no acute problems were encountered.

She experienced infantile myoclonic spasms beginning at
2-3months of age, associated with a hypsarrhythmic EEG.
Brain MRI confirmed the in utero ventricular enlargement that
was likely due to reduced central white matter. This finding has
been static. She has never achieved seizure control despite treat-
ment with various antiepileptic drugs used alone or in combi-
nation. A ketogenic diet has also not improved seizure control.

Development has been severely delayed, globally. She has never
sat or walked independently, nor has she ever spoken.

She had early genetic testing for conditions such as Rett syn-
drome with negative results. Whole exome sequence analy-
sis revealed a pathogenic de novo variant in KIF5C (p.K92R,
c.275A>G).

3.2 | De Novo Variants in KIF5C Motor Domain
Disrupt Its Motility in Axons

To evaluate the functionality of de novo variants in KIF5C, we
engineered single site variants (Lys92Arg, Thr93Ile, Thr93Asn,
Glu237Lys, Glu237Val, Ala268Ser) into KIF5C motor domain
(amino acids 1-560). We incorporated a triple mCitrine (3xmCit)
fluorescent tag at the C-terminal to facilitate visualization of
the motor without interfering with motility. The KIF5C(1-560)
motor domain lacks the stalk and cargo binding autoinhibitory
tail (Coy et al. 1999), and is used for studies of motor domain
function in cells (Craig, Jareb, and Banker 1992). As KIF5C is
a neuron-specific kinesin (Miki et al. 2001), we expressed the
pathological variants in neurons isolated from rat hippocampus,
and examined their motility using the neurite tip accumulation
assay. This relies on the directional motility of KIF5C towards
the plus-ends of microtubules (Case et al. 1997), which are ori-
ented towards the axon tip (Rao and Baas 2018). Thus, tran-
siently expressed KIF5C variants move from the soma where
they are synthesized, to tips of axons (Padzik et al. 2016).

When we compared the relative accumulation of KIF5C vari-
ants at axonal tips after 24 h of expression, both the wild-type
KIF5C(1-560)WT and KIF5C(1-560)268S variant were visi-
ble at the neurite tips and were clearly depleted at the soma
(Figure 1A-D). In contrast, KIF5C(1-560)92R, KIF5C(1-
560)931, KIF5C(1-560)93 N, KIF5C(1-560)237K, and KIF5C(1-
560)237V variants remained at the soma after 24 h of expression,
indicating defective motor function (Figure 1A-D). Notably,
though the 268S variant was closer to the wild-type in terms of
tip accumulation, it appeared to lose axon specificity, and accu-
mulated at the tips of both axons and dendrites (Figure 1B). In
summary, with the exception of the 268S variant, all patholog-
ical variants displayed significantly compromised anterograde
motility in neurons (Figure 1D). KIF5C(1-560)268S on the other
hand, displayed some motility, but it was no longer restricted
to axons.

We next investigated the positions of KIF5C variants on the
crystal structure of KIF5C motor domain protein complexed
with ADP (PDB ID 3X2T) (Morikawa et al. 2015) (Figure 1E,
left panel). This shows that the 92R, 931, and 93N variants are
located in the nucleotide-binding region close to the ADP bind-
ing site. The defective motility most likely results from defective
ATP hydrolysis. Consistent with this, kymograph analysis of 931
demonstrated a severe motility loss (Figure SIA-F). The 237K,
237V, and 268S variants are shown on the cryo EM-generated
structure of KIF5C motor complexed to tubulin (PDB ID 3J6H)
(Figure 1E, right panel). Ala268 and E237 are very close to the
microtubule interface.

In conclusion, our data on KIF5C motor function in neurons
indicates that the 92R, 93N 931, and 237K or V variants are
most disruptive in terms of motility, showing grossly inhibited
accumulation at axonal tips. The 268S variant however, which

40f 10

American Journal of Medical Genetics Part A, 2024

85UB017 SUOWILLOD BAERID 3|qedtjdde 8y} Ag pausenob are sapiie O ‘88N JO'Sa|ni o Akeiq1T8Ul|UO AB|IM UO (SUO R IPUOO-PUR-SLLBYWI0D" A3 | 1M Afe.d)1)BUI UO//STNY) SUORIPUOD PUe SWis | 84} 83S *[7202/TT/52] Uo Arigiauluo A|im ‘minL jo AisAIN Aq £2689e Bufe/z00T 0T/I0p/wo0 A3 1M Aselqifpul|uo//Sdiy Wouy papeoiumod ‘0 ‘€E8r2SST



A KIF5C (1-560) ¢ 600
£
3xmCitri S
92-R & 237-KIV 268-S s _
93-I/RIN §E
g 200
KIF5C(1-560) CFP KIF5C(1-560) CFP
0
A = P FSHE
X A : ¢ - »{ D 120 M Tips Only [ Soma + Tips
L‘ \/ c I Soma + Neurites [J Diffused
& S 100
2
% 84T 3 e 237K ﬁ = 80
=3
LE) .,.6 60
w - ﬁ 40
92R 237V % 20

: o Mk N
N WT 931 92R 93N 237K 237V 268S

93l ¥ 268S

FIGURE 1 | Characterization of KIF5C variant motor function. (A) A domain map of KIF5C(1-560)-3mCit depicting patient-specific variants
on KIF5C protein. (B) Representative images of hippocampal neurons at 4days post plating. Cells express citrine-tagged KIF5C variants (left hand
side; KIF5C) and co-transfected cyan fluorescent protein (CFP; a space filler to visualize neuronal architecture). Neuronal processes from the CFP
image are superimposed on the KIF5C images and shown as red dotted lines. Arrowheads point to examples of enriched motors. (C) The distance
of KIF5C(1-560)-3xmCit variants from the soma is shown. Mean values +S.E.M. from 5 to 14 neurons. (D) Relative distribution of KIF5C(1-560)
pathological variant accumulation in the soma, neurite and neurite tips. (E) Structures of KIF5C motor domain complexed with ADP (PDB ID 3X2T,
left hand side), and the nucleotide-free KIF5C motor cryo EM structure complexed with GMPCPP-microtubule (PDB ID 3J6H, right hand side).

Patient-specific variants in the KIF5C motors are indicated.

is at the tubulin interface, displays and intermediate phenotype
which indicates that axon specificity is lost.

4 | Discussion

Previously, the key features of KIF5C-related disorders have
been reported to include cortical dysplasia with simplification
of the gyral pattern (100% of patients), variable callosal, and
cerebellar abnormalities (83% of patients), early infantile-onset
epilepsy (67% of patients), severe intellectual disability includ-
ing absent speech and language (67% of patients), and abnormal
motor development and neurobehavioral issues including self-
injurious behaviors (50% of patients) (Michels et al. 2017).

Here we report an additional six patients with pathogenic vari-
ants in KIF5C. Patient 4 was found to have the Glu237Lys vari-
ant that is the single most common KIF5C variant reported
to date, now documented in 6 of 11 individuals reported with
KIF5C variants (Duquesne et al. 2020; Naim et al. 2022). This
individual similarly shared the phenotype that has been con-
sistently reported with this variant including infantile-onset
seizures that are resistant to antiepileptic medications, lack of

purposeful hand movements, and severe delays including being
both non-verbal and non-ambulatory (Willemsen et al. 2014;
Cavallin et al. 2016; Michels et al. 2017). This individual pro-
vides further evidence for a genotype—phenotype correlation for
the Glu237Lys missense variant (Table 1).

The additional five individuals newly reported in this case
series and the four individuals previously reported (Banerjee
et al. 2024; Jamuar et al. 2014; Poirier et al. 2013; Cavallin
et al. 2016), all have unique de novo variants in KIF5C. The
reported clinical features suggest phenotypic variability,
broadening the spectrum of both occurrence and sever-
ity of symptoms (Table 2). The new variants that we report,
p-(The93Ile), p.(The93Asn), and p.(Lys92Arg) are absent from
the Genome Aggregation Database (gnomAD) (Karczewski
et al. 2019). In addition, we report p.(Ser90del), for which
only one other case is reported (Banerjee et al. 2024). There
are 45 KIF genes in mammals including humans and mice
(Hirokawa, Niwa, and Tanaka 2010). The motor domain has
30%-60% sequence homology, retaining the highest homol-
ogy of the amino acid sequence compared to other domains.
KIF5C is an extremely constrained gene with an observed/
expected ratio of 0.04 for loss of function variants, which
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TABLE 1

Patient 5
(this study)

Naim

et al. 2022

Duquesne

Willemsen

et al. 2020

Michels et al. 2017

Michels et al. 2017

Cavallin et al. 2016

et al. 2014

Dandy-Walker

ND

Ventriculomegaly

malformation

Thin ND

Thin, dysplastic Thin Thin ND

ND

Callosal

abnormalities

Duo-based WES

Targeted
NGS panel

Targeted
NGS panel

Targeted NGS panel

Targeted NGS panel

Trio-based WES

Trio-based

Testing method

WES

De novo

De novo

De novo

De novo

De novo

De novo De novo

Inheritance

Abbreviations: NA, not applicable; ND, not documented; NGS, next generation sequencing; WES, whole exome sequencing.

implies that heterozygous loss of function is likely to be clin-
ically significant. This is not surprising given the abundance
of this motor and its enrichment in the nervous system. The
scaled Combined Annotation Dependent Depletion (CADD)
scores are 21.5 for p.(Ser90del), 25.9 p.(Thr93Asn), and 26.6
for p.(Thr93lle) which are also suggestive of pathogenicity
(Rentzsch et al. 2019). A CADD score could not be generated
for p.(Lys92Arg).

Functional analyses of the KIF5C variants provides insights
into the mechanism of disease. Assays revealed significant
decreases in KIF5C movement along microtubules as demon-
strated by the high levels in the soma and absence of accumula-
tion in the axonal tips. This is in stark contrast to the wild-type
KIF5C motor which trafficks to the end of the polarized micro-
tubule tracks and accumulates at tips (Figure 1). This implies
a loss of function of the motor domain. Specifically, the most
severe variants in terms of motility readout were the T92R,
T93N that form the nucleotide-binding pocket, and E237K
and E237V variants. KIF5C-E237 is believed to form a salt
bridge with R204 when the motor domain is in the ATP-bound
state (Cavallin et al. 2016). The replacement of the negatively
charged glutamate with positively charged lysine or neutral
valine is expected to disrupt ATP hydolysis. This was previ-
ously been shown to be the case for the p.Ser90del de novo
pathogenic variant, which is also in the nucleotide-binding
site (Banerjee et al. 2024). Together our functional analysis
demonstrates abnormal KIF5C movement along microtubules
also in the newly reported de novo variants. The phenotypic
spectrum of neurodevelopmental anomalies are caused by a
loss of function effect in the motor domain of KIF5C. The vari-
ants displaying most functional disruption were also those
that induced earlier neurodevelopmental symptoms (Tables 1
and 2).

We also investigated the motor activity of the 268S variant which
was previously reported in a patient (Jamuar et al. 2014). This
variant showed an intermediate motility deficiency that was less
severe than the 93I/N and the 237K variants. However, among
all variants tested, only KIF5C-268S variant was detected in den-
drites (Figure 1B). This was unexpected given the characteristic
preference of the KIF5C motor for transport in axons (Nakata and
Hirokawa 2003). Kinesin-1 motors are known to move towards
the microtubule plus-ends (Hirokawa, Niwa, and Tanaka 2010;
Craig, Jareb, and Banker 1992), and differential posttranslational
modifications of tubulin, such as acetylation, polyglutamylation
and tyrosination, alter KIF5 binding, processivity, and specific-
ity for axons (Konishi and Setou 2009; Hammond et al. 2010;
Sirajuddin, Rice, and Vale 2014; Janke and Magiera 2020). Our
data suggests that the c.805G>T p.Ala268Ser variant which is
proximal to the motor:microtubule interface may interfere with
KIF5C recognition of the tubulin “code” that normally enriches
it in axons.

In summary, we report an additional six patients with KIF5C
variants in the motor domain, including four entirely new vari-
ants, nearly doubling the number of known cases. We demon-
strate that all variants are functionally defective in neurons and
are therefore likely to play a causal role in the pathology. Our
data thus supports the general phenotype of KIF5C related disor-
ders as a spectrum of cortical dysplasia, infantile-onset epilepsy,
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TABLE 2

Banerjee
et al. 2024

Jamuar

et al. 2014

Poirier
et al. 2013

Patient 2 Patient 3 Patient 4 Patient 6

Patient 1

Ex-vacuo from ND

NE

Ventriculomegaly

volume loss

ND ND

Partial agenesis
of the corpus

Thin, dysplastic Thin corpus NE Thin corpus

Thin

Callosal

callosum

callosum

abnormalities

callosum

Targeted Whole exome Targeted Trio-based Targeted Trio-based WES ND
NGS panel NGS panel

ND

Testing method

NGS panel

WES

sequencing
€.265_267delTCA

c.275A>G

€.268_270delTCA

c.278C>T c.278C>A

c.278C>T

¢.805G>T

c.710A>T

cDNA

p-Lys92Arg

p-Ala268Ser p-Ser90del p-Thr93lle p-Thro3lle p-Thr93Asn p-Ser90del

p-Glu237Vval

Amino acid

De novo De novo

ND De novo De novo De novo De novo

Maternal

Inheritance

germline
mosaicism

Abbreviations: NA, not applicable; ND, not documented; NE, not evaluated; NGS, next generation sequencing; WES, whole exome sequencing.

and severe developmental delays in the absence of significant
dysmorphic features.
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