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Altered molecular and cellular mechanisms in KIF5A-associated
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Mutations targeting distinct domains of the neuron-specific kinesin KIF5A associate with different neurodegenerative/
neurodevelopmental disorders, but the molecular bases of this clinical heterogeneity are unknown. We characterised five key
mutants covering the whole spectrum of KIF5A-related phenotypes: spastic paraplegia (SPG, R17Q and R280C), Charcot-Marie-Tooth
disease (CMT, R864*), amyotrophic lateral sclerosis (ALS, N999Vfs*40), and neonatal intractable myoclonus (NEIMY, C975Vfs*73)
KIF5A mutants. CMT-R864*-KIF5A and ALS-N999Vfs*40-KIF5A showed impaired autoinhibition and peripheral localisation
accompanied by altered mitochondrial distribution, suggesting transport competence disruption. ALS-N999Vfs*40-KIF5A formed
SQSTM1/p62-positive inclusions sequestering WT-KIF5A, indicating a gain of toxic function. SPG-R17Q-KIF5A and ALS-N999Vfs*40-
KIF5A evidenced a shorter half-life compared to WT-KIF5A, and proteasomal blockage determined their accumulation into
detergent-insoluble inclusions. Interestingly, SPG-R280C-KIF5A and ALS-N999Vfs*40-KIF5A both competed for degradation with
proteasomal substrates. Finally, NEIMY-C975Vfs*73-KIF5A displayed a similar, but more severe aberrant behaviour compared to ALS-
N999Vfs*40-KIF5A; these two mutants share an abnormal tail but cause disorders on the opposite end of KIF5A-linked phenotypic
spectrum. Thus, our observations support the pathogenicity of novel KIF5A mutants, highlight abnormalities of recurrent variants,
and demonstrate that both unique and shared mechanisms underpin KIF5A-related diseases.
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INTRODUCTION
Kinesins are ATP-dependent molecular motors that transport
cargoes towards microtubule plus-end participating in several cell
functions, from intracellular trafficking to cell division [1]. The human
kinesin family comprises more than 40 proteins divided into 15
subgroups. The three members of the KIF5 subfamily, KIF5A, KIF5B,
and KIF5C, were the first ones to be identified. While KIF5B is
ubiquitously expressed, KIF5A and KIF5C are neuron-specific [2].
KIF5s share a common structure comprising an N-terminal motor
head, a central coiled-coil stalk, and a C-terminal globular tail
(Fig. 1A). The head domain binds microtubules and fuels transport
through ATP hydrolysis. The stalk domain mediates KIF5 homo-
dimerisation, conformational changes, and interaction with kinesin
light chains. The tail domain is involved in cargo/adaptor binding,
microtubule sliding/bundling, and autoinhibition [1]. Autoinhibition
prevents unnecessary kinesin movements in the absence of cargo

and is achieved through direct interaction between the KIF5 motor
domain and an isoleucine-alanine-lysine (IAK) motif in the tail. This
state is relieved upon interaction with cargoes or adaptors, that
promotes KIF5 unfolding and stepping along microtubules [3]. KIF5s
mediate the anterograde axonal transport of several cargoes,
including proteins, RNA granules, and organelles [4–8].
In the past 20 years, numerous disease-causing variants have

been identified in the KIF5A gene (Fig. 1B and Supplementary
Table 1). Heterozygous missense variants in the motor and stalk
domains are associated with spastic paraplegia type 10 (SPG10,
Mendelian Inheritance in Man (MIM) #604187), a form of
hereditary spastic paraplegia (HSP) [9], and axonal Charcot-
Marie-Tooth disease (CMT) [10]. Frameshift mutations targeting
the KIF5A tail are instead linked to ALS (MIM#617921) [11, 12] and
to a complex infantile neurodevelopmental disorder with leu-
koencephalopathy named neonatal intractable myoclonus
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(NEIMY, MIM#617235) [13, 14]. To date, the molecular mechanisms
whereby KIF5A mutations lead to neurodegeneration have been
only partially characterised. Generally, variants in the motor
domain impair microtubule binding and/or ATP hydrolysis,
resulting in reduced KIF5A motility and/or anterograde transport
[15]. On the other hand, mutations leading to tail elongation
associated or not with exon 27 skipping (ΔExon27) abolish KIF5A
autoinhibition and cause protein aggregation and limited
cytoplasmic recycling, accompanied by WT KIF5A sequestration
into inclusions [16–18]. Despite these findings, the exact
pathogenic mechanisms whereby mutations in different KIF5A
domains give rise to distinct phenotypes are yet to be resolved.
Here, we studied in our series of patients and selected for

functional characterisation four variants associated with different
KIF5A phenotypes—SPG10, CMT, and ALS—to gain insight into
the unique and shared molecular mechanisms driving KIF5A-
related pathologies. Based on the observations made on the ALS-
associated ΔExon27 p.N999Vfs*40 KIF5A mutant [11, 12], we then
compared its behaviour with that of p.C975Vfs*73 KIF5A [14], a
NEIMY-linked variant that shares its elongated tail.

RESULTS
Patients and KIF5A variants
Between 2008 and 2022, the KIF5A gene was analysed in ~2150
index cases referred for genetic testing to the Istituto Neurologico
Carlo Besta. Clinical diagnosis was HSP in ~600 of them, CMT in
~700, ALS in ~400, and developmental epileptic encephalopathy

(DEE) in ~450. Heterozygous pathogenic or likely pathogenic
variants [19] were identified in 29 cases (19 HSP, 9 CMT, 1 ALS). In
addition, novel missense variants of uncertain significance (VUS)
located in the motor domain were found in four probands with a
spastic paraplegia phenotype. No variants were found in the DEE
group, where NEIMY patients are expected to be included.
For this study, we decided to compare the functional effects of

the recurrent p.R280C variant, which was the most frequent in our
series (7/29 index cases, Supplementary Table 2), the nonsense
mutation p.R864*, previously reported in an HSP patient [20] and
found by us in a CMT2 patient, the NEIMY-associated variant
p.C975Vfs*73, the ALS-associated p.N999Vfs*40, and the
c.50 G > A/p.R17Q [21], one of the 4 novel VUS identified in our
series. This mutation lies in the motor domain and may represent
the most N-terminal pathogenic variant in KIF5A. Although it is
classified as VUS according to the American College of Medical
Genetics and Genomics (ACMG) criteria [19], its potential
pathological relevance is supported by the following points: (a)
it is absent in population databases including gnomAD, TOPMed,
1000 Genomes (PM2); (b) it co-segregates with the disease in an
autosomal dominant pattern (PP1; Supplementary Table 2); (c) the
KIF5A gene is intolerant to missense variants (gnomAD missense
constraint z-score= 3.6; PP2); (d) in silico aggregated scores
predict a deleterious effect (REVEL [22]: Supporting pathogenic
(0.74), CADD [23]: 29.4) and the variant affects a conserved residue
in a conserved region of the protein (PP3; Supplementary Fig. 1).
Interestingly, structural modelling shows that the arginine-17
residue lies in the ATP-binding pocket of the KIF5A motor domain

Fig. 1 KIF5A structure and distribution of pathogenic variants. A Schematic representation of KIF5A structure, including KIF5A domains and
their main functions. B Distribution of KIF5A pathogenic variants associated with HSP/SPG10 (black), CMT (blue), ALS (red), and NEIMY (green)
phenotypes. The p.E237V and p.K907M variants (purple) are associated with West syndrome and severe global developmental delay, and
Leber optic neuropathy, respectively. Variants associated with more than one disease are indicated in italics. The variants investigated in this
study are indicated in bold and boxed. See Supplementary Table 1 for a detailed list of the variants and the associated phenotypes.
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and predicts that the p.R17Q substitution would hamper ATP/ADP
binding (Fig. 2A), thus altering the ability of mutant KIF5A to fuel
transport.
In the ALS series, only one patient carried a KIF5A variant, a

novel c.3017 A > G/p.N1006S substitution classified as likely
pathogenic according to the ACMG criteria [19]: it is absent in
population databases (gnomAD, TOPMed, 1000 Genomes (PM2)),
and, most importantly, it is predicted by different tools to cause
aberrant splicing (PP3). This variant lies in exon 27, that is strongly
associated with ALS phenotypes [12] (Supplementary Table 1) and
is predicted to attenuate/abolish the constitutive donor site of
intron 27 and create a new GT donor site within exon 27 at
position c.3017_3018 (Fig. 2B and Table 1). This would generate
two possible transcripts, the recurrent form ΔExon27
(r.2993_3020del, p.N999Vfs*40) [11, 12, 16, 18], and/or a novel
frameshift form retaining part of exon 27 (r.(3017_3020del),
p.(N1006Rfs*41)). The effects on the KIF5A protein are expected
to be similar, as both transcripts would encode a common
C-terminal tail (Supplementary Fig. 2). Unfortunately, the splicing
effects could not be assessed at the mRNA level due to the lack of
biological samples from this patient.

Clinical phenotypes of selected KIF5A mutation carriers
The detailed clinical and instrumental findings on the patients
carrying the selected KIF5A variants are described in Supple-
mentary Table 2. There were seven women and six men.

Autosomal dominant family history was reported in 3/10
families (six patients), two patients were adopted, and the
remaining five subjects had a sporadic presentation. Age at
onset was >34 years in the family with the p.R17Q variant and
<30 years in patients with the p.R280C variant (range
2–29 years). Spastic paraplegia was the predominant pheno-
type in most patients with a variant in the motor domain (9/11,
Patients 1–6, 8–10). Seven of them also exhibited axonal
polyneuropathy (Patients 1, 2, 4, 5, 7, 10, 11). Two patients with
the p.R280C variant presented with a CMT5 phenotype, an
autosomal dominant form of axonal CMT with pyramidal
involvement (Patients 7 and 11). The patient with the p.R864*
variant (Patient 12) presented three episodes of Parsonage-
Turner syndrome in upper limbs at age 14, 16, and 20 and
axonal sensory neuropathy in lower limbs at age 20. The patient
carrying the p.(N1006R) variant (Patient 13) was diagnosed with
ALS at the age of 60 after a 12-month history of right arm
muscle weakness and atrophy, and widespread cramps. Family
history was negative. Neurological examination showed upper
limb weakness with hypotrophy and widespread fasciculations,
marked lower limb hyperreflexia, and right Babinski sign.
Respiratory function was normal (forced vital capacity 87%),
and the revised ALS functional rating scale [24] score was 37/48.
Disease progression was fast and characterised by rapidly
worsening four limbs weakness, widespread upper and lower
motor neuron signs, and bulbar and respiratory involvement,

Fig. 2 Predicted effects of the novel variants p.R17Q and c.3017 A > G. A p.R17Q KIF5A motor domain structure modelled by SWISS-MODEL
(https://swissmodel.expasy.org) using wild-type (WT) KIF5A head as template (SMTL ID: 1mkj.1). Modelling predicts the loss of the ATP/ADP
binding site in KIF5A motor domain as a consequence of the R17Q substitution. B Splicing prediction of variants identified in exon 27 and
intron flanking regions. Diagram of the effect (either predicted or experimentally proven) of different splicing variants. The dotted lines
indicate the probable aberrant effect on splicing based on the algorithms used. Variants that cause skipping of exon 27 (p.N999Vfs*40,
ΔExon27) are indicated in black, the c.2993-1 G > A predicted to result in p.G998Efs*50 is in green, and the c.3005 A > G predicted to cause
p.D1002Gfs*41 is in blue. The novel variant c.3017 A > G reported in this study is indicated in red.
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which occurred 5 months after diagnosis. The patient accepted
non-invasive ventilation but refused other supports and died
from respiratory insufficiency 3 months later (20 months after
symptoms onset).

KIF5A mutants display altered localisation, levels, and
solubility
We initially characterised the intracellular distribution of the selected
variants (hereafter: R17Q, R280C, R864*, N999Vfs*40, or C975Vfs*73
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KIF5A) in NSC-34 cells. As expected, wild-type (WT) KIF5A appeared
diffused across the cytoplasm, including neurites. The SPG10-related
R17Q and R280C KIF5A mutants showed a similar distribution
(Fig. 3A), even if the latter also accumulated into perinuclear puncta
in a few cells (Supplementary Fig. 3A). Conversely, both the CMT-
linked R864* and the ALS-associated N999Vfs*40 KIF5A mutants
preferentially localised within neurites, but with a distinct distribu-
tion pattern: the R864* mutant appeared diffused in neurites, while
N999Vfs*40 KIF5A formed inclusions at neurite tips (Fig. 3A and
quantification in Supplementary Fig. 3B). The intracellular distribu-
tion found for the R864* and N999Vfs*40 KIF5A mutants is
consistent with the impairment of kinesin autoinhibitory function,
respectively depending on the loss and the modification of the
KIF5A tail [3]. For the ALS-linked N999Vfs*40 KIF5A mutant, this
abnormal protein distribution has already been associated with
accumulation at microtubule plus-ends [16–18].
In parallel, we compared WT and mutant KIF5A protein levels

upon SH-SY5Y cell transfection. While WT and R280C KIF5A levels
were similar, significantly lower protein levels were detected for the
R17Q and N999Vfs*40 mutants and a tendency to display higher
protein levels was found for the R864* mutant with respect to WT
KIF5A (Fig. 3B). We also tested KIF5A solubility by fractionating
proteins in the mild detergent NP-40. As shown in Fig. 3C,
N999Vfs*40 KIF5A was enriched in the insoluble protein fraction,
differently from the other KIF5A mutants under analysis and the WT
protein, that all resulted largely soluble in NP-40. This is in line with
the aggregation-prone behaviour observed in immunofluorescence
and suggests a potential gain of toxic function for N999Vfs*40
KIF5A. Since the RT-qPCR analysis showed comparable KIF5A mRNA
levels between cells overexpressing WT or mutant KIF5A (Supple-
mentary Fig. 3C), we hypothesised that the observed changes in
KIF5A protein levels may depend on an altered turnover of the
R17Q and N999Vfs*40 mutants compared to that of WT KIF5A. This
was confirmed by cycloheximide (CHX) chase assay: overexpressed
WT KIF5A displayed a ~6 h half-life in CHX-treated cells, while the
protein levels of the R17Q and N999Vfs*40 KIF5A mutants were
respectively reduced to ~10 and ~25% in the same time interval.
On the contrary, WT, R280C, and R864* KIF5A showed comparable
degradation profiles (Fig. 3D). Therefore, we observed a reduction
in protein levels caused by protein instability and potentially
restricting the pool of KIF5A motors available for anterograde
transport for R17Q and N999Vfs*40 KIF5A, but not for the other
mutants included in our study.

Mutant KIF5A interaction with WT KIF5A and mitochondria
In neurons, KIF5A works as a homodimer [25]. To assess whether
the investigated KIF5A mutants were capable of dimerising with
the WT protein, we co-transfected NSC-34 cells with equal amounts
of WT pmRFP-KIF5A and pGFP-KIF5A constructs to test for WT and
mutant KIF5A reciprocal distribution. As shown in Fig. 4A, the WT
protein co-distributed with all KIF5A mutants. Notably, both R864*
and N999Vfs*40 KIF5A partially sequestered the WT protein to the
cell periphery (quantification in Supplementary Fig. 4A), a finding
in line with previous reports on ΔExon27 KIF5A variants [16–18].
The interaction between WT and mutant KIF5A was also confirmed

by co-immunoprecipitation in SH-SY5Y cells (Supplementary
Fig. 4B). Therefore, these results suggest a possible dominant-
negative effect of R864* and N999Vfs*40 KIF5A on the WT protein.
KIF5A transports mitochondria along axonal and dendritic

processes [6, 7] and proper mitochondrial distribution and
metabolism are essential to ensure neuronal homoeostasis. Based
on these premises, we evaluated the reciprocal distribution of
mitochondria and mutant KIF5A by co-transfecting NSC-34 cells
with the mitochondrial reporter pDsRed2-Mito and pGFP-KIF5A
constructs. Upon overexpression of R864* or N999Vfs*40 KIF5A,
just a small fraction of mitochondria co-distributed with mutant
KIF5A within neurites and very few organelles were found close to
N999Vfs*40 KIF5A aggregates; instead, R17Q and R280C KIF5A
showed a reciprocal distribution with their cargo similar to that of
the WT protein (Fig. 4B). This observation hints that the R864* and
N999Vfs*40 KIF5A mutants might display a defective interaction
with the mitochondrion, with potentially pathogenic effects.
Indeed, mitochondrial dysfunction has been associated with
several neurodegenerative diseases, including KIF5A-related con-
ditions [26]. Notably, a similar alteration in mitochondrial
distribution was reported in an ALS-KIF5A Drosophila model [27].

KIF5A mutants do not alter the basal autophagy flux
KIF5s participate in lysosomal transport and autophagy [8, 28]. The
latter is one of the main protein degradation pathways, and its
dysfunction is often involved in the pathogenesis of neurodegen-
erative diseases, including HSP and ALS [29, 30]. Since we observed
an enhanced degradation rate and/or an aggregation-prone
behaviour for some of the KIF5A mutants under investigation
(Fig. 3), we analysed the possible interplay between mutant KIF5A
and autophagy. We initially evaluated the basal protein levels of two
autophagy markers, SQSTM1/p62 and MAP1LC3 [31], in KIF5A-
overexpressing cells. Both SQSTM1/p62 and MAP1LC3 protein levels
remained unchanged in all tested conditions in western blot (Fig. 5A)
and immunofluorescence analysis showed no alterations in endo-
genous MAP1LC3 localisation (Fig. 5B). SQSTM1/p62 distribution, too,
was unaltered, except for N999Vfs*40 KIF5A-overexpressing cells, in
which mutant KIF5A inclusions resulted positive for this autophagy
receptor (Fig. 5C). The direct interaction between N999Vfs*40 KIF5A
and SQSTM1/p62 was confirmed by co-immunoprecipitation (Sup-
plementary Fig. 4B). This aberrant interaction is consistent with
previous reports [16, 18] and may indicate that the aggregation-
prone, short-lived N999Vfs*40 KIF5A mutant is targeted to
autophagy-mediated degradation by SQSTM1/p62. However, by
treating KIF5A-overexpressing cells with the autophagosome-
lysosome fusion inhibitor NH4Cl to assess the impact of autophagy
blockage on KIF5A turnover, we did not observe any significant
alteration in KIF5A protein levels and distribution, despite the
expected increase in SQSTM1/p62 and MAP1LC3-II protein levels that
confirms autophagy inhibition (Fig. 5D and Supplementary Fig. 5A).
Altogether, these results indicate that mutant KIF5A over-

expression does not alter basal autophagy, that in turn does not
represent the preferential degradation route for WT and mutant
KIF5A, despite the abnormal interaction observed between
SQSTM1/p62 and the ALS-linked N999Vfs*40 KIF5A mutant.

Fig. 3 Mutant KIF5A localisation, levels, and solubility. A Confocal microscopy analysis (63× magnification) of NSC-34 cells transiently
transfected with WT or mutant pGFP-KIF5A constructs. Endogenous β3-tubulin was stained in red. Nuclei were stained with DAPI. Scale bar
20 µm. B Western blot analysis of KIF5A protein levels in SH-SY5Y cells transiently transfected with WT or mutant pKIF5A constructs (N= 4). An
empty vector (EV) was used as a transfection mock. GAPDH protein levels were used for normalisation. The graph represents mean optical
densities relative to samples overexpressing WT KIF5A ± SD. One-way ANOVA with Fisher’s LSD post-test was performed. ns not significant;
*P < 0.05; **P < 0.01. C Western blot analysis of KIF5A fractionation between the NP-40–soluble and the NP-40–insoluble protein fractions
deriving from the same whole cell lysate of SH-SY5Y cells transiently transfected with WT or mutant pKIF5A constructs. DWestern blot analysis
of KIF5A protein levels in SH-SY5Y cells transiently transfected with WT or mutant pKIF5A constructs and treated with 10 µg/ml CHX for 1-2-4-
6 h (N= 3). GAPDH protein levels were used for normalisation. The graph represents mean optical densities expressed as percentages of either
WT or mutant KIF5A baseline (i.e., 0 h) levels ± SD. Two-way ANOVA with Sidak’s post-test was performed comparing WT and mutant KIF5A
protein levels at each time point. *P < 0.05; **P < 0.01; ***P < 0.001.

M. Cozzi et al.

6

Cell Death and Disease          (2024) 15:692 



Fig. 4 Reciprocal distribution between mutant KIF5A and the WT protein or KIF5A cargoes. A Confocal microscopy analysis (63×
magnification) of NSC-34 cells transiently co-transfected with equal amounts of WT or mutant pGFP-KIF5A and WT pmRFP-KIF5A constructs.
Nuclei were stained with DAPI. Scale bar 20 µm. B Confocal microscopy analysis (63× magnification) of NSC-34 transiently co-transfected with
WT or mutant pGFP-KIF5A constructs and pDsRed2-Mito. Nuclei were stained with DAPI. Scale bar 20 µm.
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WT and mutant KIF5A degradation is mainly mediated by the
ubiquitin-proteasome system
We then tested whether the enhanced protein turnover observed for
R17Q and N999Vfs*40 KIF5A (Fig. 3D) could depend on the activity of
the other main protein degradation route in cells, the ubiquitin-
proteasome system (UPS). Notably, SQSTM1/p62 is a ubiquitin-
binding protein acting both as an autophagy receptor [31] and in the
delivery of ubiquitinated substrates to the UPS by direct interaction
with the 26S proteasome [32]. SQSTM1/p62 co-localisation with the
aggregation-prone N999Vfs*40 KIF5A mutant could, therefore, be

indicative of its targeting to the UPS instead of autophagy. To test
this hypothesis, we treated KIF5A-overexpressing SH-SY5Y cells with
the 26S proteasome inhibitor MG132 and observed an increase in
protein levels for both WT and mutant KIF5A upon treatment.
Interestingly, MG132-induced accumulation (i.e. fold-change of
GAPDH-normalised KIF5A protein levels induced by the treatment)
resulted statistically higher for the short-lived R17Q and N999Vfs*40
KIF5A mutants than for the WT protein (Fig. 6A). Moreover,
proteasomal blockage induced the preferential partitioning of both
R17Q and N999Vfs*40 KIF5A in the NP-40–insoluble protein fraction.

Fig. 5 Interplay between mutant KIF5A and autophagy. A Western blot analysis of basal SQSTM1/p62 and MAP1LC3 protein levels in SH-
SY5Y cells transiently transfected with WT or mutant pKIF5A constructs (N= 3). An empty vector (EV) was used as a transfection mock. GAPDH
protein levels were used for normalisation. Graphs represent mean SQSTM1/p62 (left graph) and MAP1LC3 (right graph) optical densities
relative to samples overexpressing WT KIF5A ± SD. One-way ANOVA with Fisher’s LSD post-test was performed. B Confocal microscopy analysis
(63× magnification) of NSC-34 cells transiently transfected with WT or mutant pGFP-KIF5A constructs. Endogenous MAP1LC3 was stained in
red. Nuclei were stained with DAPI. Scale bar 20 µm. C Confocal microscopy analysis (63× magnification) of NSC-34 cells transiently transfected
with WT or mutant pGFP-KIF5A constructs. Endogenous SQSTM1/p62 was stained in red. Nuclei were stained with DAPI. Arrows highlight co-
localisation between N999Vfs*40 KIF5A and SQSTM1/p62. Scale bar 20 µm. D Western blot analysis of KIF5A protein levels in SH-SY5Y cells
transiently transfected with WT or mutant pKIF5A constructs and treated with 20mM NH4Cl for 16 h (N= 3). The graph represents the mean
fold-change of GAPDH-normalised WT or mutant KIF5A protein levels induced by the treatment ± SD. One-way ANOVA with Fisher’s LSD post-
test was performed.
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Fig. 6 Interplay between mutant KIF5A and the UPS. A Western blot analysis of KIF5A protein levels in SH-SY5Y cells transiently transfected
with WT or mutant pKIF5A constructs and treated with 10 µM MG132 for 16 h (N= 3). An empty vector (EV) was used as a transfection mock.
The graph represents the mean fold-change of GAPDH-normalised WT or mutant KIF5A protein levels induced by the treatment ± SD. One-
way ANOVA with Fisher’s LSD post-test was performed. *P < 0.05; ***P < 0.001. B Western blot analysis of KIF5A fractionation between the NP-
40–soluble and the NP-40–insoluble protein fractions deriving from the same whole cell lysate of SH-SY5Y transiently transfected with WT or
mutant pKIF5A constructs and treated with 10 µM MG132 for 16 h (N= 3). The graph represents mean ratio between KIF5A insoluble and
soluble protein levels in each experimental condition ± SD. Two-way ANOVA with Fisher’s LSD post-test was performed comparing insoluble/
soluble KIF5A ratio between untreated (NT) and treated (MG132) samples for each KIF5A condition. *P < 0.05; ***P < 0.001. C Western blot
analysis of Ub-R-YFP protein levels in SH-SY5Y transiently co-transfected with WT or mutant pKIF5A constructs and Ub-R-YFP (N= 3). GAPDH
protein levels were used for normalisation. The graph represents mean Ub-R-YFP optical densities relative to samples overexpressing WT
KIF5A ± SD. One-way ANOVA with Fisher’s LSD post-test was performed. **P < 0.01. D Proteasome activity analysis in SH-SY5Y cells
overexpressing WT or mutant pKIF5A constructs (N= 3). Specific AMC-conjugated peptides (N-Suc-LLVY-AMC and Z-LLE-AMC) were used to
evaluate chymotrypsin-like (top graph) and caspase-like (bottom graph) proteasome activities. Samples treated with 1 µM MG132 for 16 h
were used as control. Graphs represent mean fluorescence levels relative to samples overexpressing WT KIF5A ± SD. One-way ANOVA with
Fisher’s LSD post-test was performed. *P < 0.05; ***P < 0.001.
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Such transitioning was particularly relevant for the R17Q mutant,
which appeared completely NP-40–soluble in basal conditions, and
for the N999Vfs*40 mutant (Fig. 6B). Immunofluorescence analysis of
NSC-34 cells treated with MG132 showed distribution into abundant
perinuclear puncta for both R17Q and N999Vfs*40 KIF5A upon UPS

blockage, differently from the other KIF5A mutants under analysis
and from the WT protein, that remained largely diffused (Supple-
mentary Fig. 5B). These results strongly suggest that R17Q and
N999Vfs*40 KIF5A form potentially harmful inclusions in neurons
when proteostasis is impaired.
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To further investigate the interplay between KIF5A and the UPS,
we co-expressed the proteasome activity reporter Ub-R-YFP [33]
and pKIF5A constructs in SH-SY5Y cells and observed that Ub-R-
YFP significantly accumulated upon concomitant overexpression
of either R280C or N999Vfs*40 KIF5A compared to cells over-
expressing the WT protein (Fig. 6C), suggesting that both KIF5A
mutants might have a direct impact on the 26S proteasome
activity. Ub-R-YFP accumulation in cells may occur either through
proteasome inhibition or through competition between substrates
destined for proteasomal degradation. To test which was the case
upon mutant KIF5A overexpression, we assayed the enzymatic
activity of the proteasome in KIF5A-overexpressing cells. In detail,
we measured the conversion rate of the 7-amino-4-methyl
coumarin (AMC)-conjugated substrates N-Suc-LLVY-AMC and Z-
LLE-AMC, respectively targeted by the chymotrypsin-like and the
caspase-like activities of the 26S proteasome. We found that the
UPS was not inhibited by WT or mutant KIF5A overexpression
(Fig. 6D). Thus, R280C and N999Vfs*40 KIF5A might compete with
Ub-R-YFP for proteasome-mediated degradation, resulting in its
accumulation in cells.
Taken together, our observations indicate that WT and mutant

KIF5A turnover mainly depends on the UPS.

NEIMY-KIF5A displays similar, but more severe defects
compared to ALS-KIF5A
Frameshift mutations in the KIF5A tail domain have been
associated with both ALS and NEIMY. Although these diseases
are very different from one another, the underpinning KIF5A
mutations are expected to produce partially overlapping effects
on the corresponding protein [13, 14]. Based on the results
obtained in N999Vfs*40 KIF5A characterisation, we compared its
behaviour with that of the NEIMY-linked C975Vfs*73 KIF5A variant
[14]. The latter presents an elongated tail in comparison to WT
KIF5A and shares the last 40 amino acids with the N999Vfs*40
mutant, despite not being affected by exon 27 skipping
(Supplementary Fig. 6). Interestingly, CamSol analysis [34]
confirmed the low intrinsic solubility of the 40-residue tail
common to N999Vfs*40 and C975Vfs*73 KIF5A, but also revealed
the presence of a poorly soluble sequence in the C975Vfs*73
mutant that is missing in both WT and N999Vfs*40 KIF5A.
Remarkably, such sequence corresponds to the amino acids
encoded by KIF5A exon 27 (Supplementary Fig. 7). This would
indicate an even lower solubility of C975Vfs*73 KIF5A with respect
to N999Vfs*40 KIF5A. Notably, two other NEIMY-linked KIF5A
mutations reported in the literature, c.2854delC/p.Q952Rfs*96 and
c.2934delG/p.S978Vfs*70 KIF5A [13], share the frame and the low-
solubility sequences in their aberrant tail with C975Vfs*73 KIF5A
(Supplementary Figs. 6, 7), suggesting potential similarities in the
behaviour of these variants.
On these bases, we compared the distribution of the two

frameshift mutants and found that C975Vfs*73 KIF5A accumulated

both in the cell body and within neurites into larger aggregates
than those formed by the N999Vfs*40 mutant (Fig. 7A), in line with
the presence of an additional low-solubility amino acid sequence
in C975Vfs*73 KIF5A tail. Moreover, aggregates formed by the
NEIMY-associated mutant sequestered WT KIF5A to a higher
extent compared to N999Vfs*40 KIF5A ones (Fig. 7B), suggesting
that C975Vfs*73 KIF5A might exert a more prominent dominant-
negative effect on the WT protein. Additionally, as seen for
N999Vfs*40 KIF5A, no co-distribution was observed between
mitochondria and C975Vfs*73 KIF5A aggregates (Fig. 7C), hinting
at a shared loss of function between ALS- and NEIMY-KIF5A
mutants that would be consistent with reports implicating
mitochondrial dysfunction in both phenotypes [13, 14, 26].
Notably, SQSTM1/p62 was co-immunoprecipitated by both
N999Vfs*40 and C975Vfs*73 KIF5A (Supplementary Fig. 8A), but
was found exclusively at the rim of NEIMY-KIF5A aggregates, while
it was clearly observed within ALS-KIF5A ones (Supplementary
Fig. 8B). Consistently, NP-40–soluble/insoluble protein extraction
showed that both ALS- and NEIMY-KIF5A are characterised by
poor detergent solubility; however, the former sequestered a
larger amount of SQSTM1/p62 protein in the insoluble fraction in
comparison to the latter (Fig. 7D). Finally, proteasomal blockage
by MG132 induced C975Vfs*73 KIF5A accumulation, while
autophagy inhibition did not significantly modify its protein
levels, similarly to the N999Vfs*40 KIF5A mutant (Supplementary
Fig. 8C). In line with this observation, both ALS- and NEIMY-KIF5A
aggregates were found to be ubiquitinated and positive for the
ubiquitin-binding protein BAG1 (Supplementary Fig. 8D).
A deeper characterisation of frameshift KIF5A inclusions also

revealed features that are unique to NEIMY-KIF5A. Specifically,
C975Vfs*73 KIF5A aggregates, but not those of N999Vfs*40 KIF5A,
resulted positive for HDAC6 and G3BP1 (Fig. 7E, Supplementary
Fig. 9A, and Supplementary Table 3), known to be implicated in
stress granule formation [35]. Interestingly, live imaging analysis
showed that both ALS- and NEIMY-KIF5A aggregates were motile
and dynamic 24 h after transfection, but at 48 h, the largest
C975Vfs*73 KIF5A aggregates had lost most of their motility
differently from N999Vfs*40 KIF5A aggregates (Supplementary Fig.
9B). Consistently, while both ALS- and NEIMY-KIF5A aggregates
recovered fluorescence following photobleaching 24 h after
transfection (Supplementary Fig. 9C), only N999fs*40 KIF5A
aggregates retained this ability at 48 h (Fig. 7F). This is in contrast
with the extreme flexibility of stress granules and indicates that
the initially dynamic C975fs*73 KIF5A-positive aggregates may
mature into solid-like structures with time.
Together, these results suggest that most biochemical features

characterising the ALS-linked N999Vfs*40 KIF5A mutant appear
exacerbated for the NEIMY-related C975Vfs*73 KIF5A, providing a
possible explanation for the higher severity of its associated
neurodevelopmental phenotype compared to KIF5A-linked
neurodegeneration.

Fig. 7 ALS- and NEIMY-KIF5A. A Confocal microscopy analysis (63× magnification) of NSC-34 cells transiently transfected with WT or
frameshift pGFP-KIF5A constructs. Endogenous β3-tubulin was stained in red. Nuclei were stained with DAPI. Scale bar 20 µm. B Confocal
microscopy analysis (63× magnification) of NSC-34 cells transiently co-transfected with equal amounts of WT or frameshift pGFP-KIF5A and
WT pmRFP-KIF5A constructs. Nuclei were stained with DAPI. Scale bar 20 µm. C Confocal microscopy analysis (63× magnification) of NSC-34
cells transiently co-transfected with WT or frameshift pGFP-KIF5A constructs and pDsRed2-Mito. Nuclei were stained with DAPI. Scale bar
20 µm. D Western blot analysis of KIF5A and SQSTM1/p62 fractionation between the NP-40–soluble and the NP-40–insoluble protein fraction
in SH-SY5Y cells transiently transfected with WT or frameshift pKIF5A constructs (N= 3). An empty vector (EV) was used as a transfection
mock. The graph represents mean ratio between SQSTM1/p62 insoluble and soluble protein levels in each experimental condition ± SD.
Student’s t-test was performed comparing SQSTM1/p62 insoluble/soluble ratio in samples overexpressing N999Vfs*40 or C975Vfs*73 KIF5A.
*P < 0.05. E Confocal microscopy analysis (63× magnification) of NSC-34 cells transiently transfected with WT or frameshift pGFP-KIF5A
constructs. Endogenous HDAC6 was stained in red. Nuclei were stained with DAPI. Scale bar 20 µm. F Fluorescence recovery after
photobleaching analysis of frameshift KIF5A aggregates in NSC-34 cells 48 h after transient transfection with pGFP-KIF5A constructs (N= 3).
Scale bar 5 µm. The graph represents the percentage of fluorescence recovery of each aggregate over time compared to the baseline (i.e.
0 s) ± SD. Two-way ANOVA with Sidak’s post-test was performed comparing N999Vfs*40 and C975Vfs*73 KIF5A fluorescence recovery levels at
each time point. *P < 0.05; ***P < 0.001.
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DISCUSSION
Mutations targeting KIF5A give rise to distinct neurodegen-
erative and neurodevelopmental diseases depending on the
affected protein domain, but the bases of this heterogeneity
are unclear. Most mutations cluster in the motor domain and
mainly associate with HSP/SPG10 [9] or CMT [10], while KIF5A
tail variants associate with ALS [11, 12] and NEIMY [13, 14].
Variants in the stalk domain are less frequent and poorly
characterised [36].
In this work, we investigated the biochemical behaviour of four

disease-associated KIF5A mutants identified in a cohort of Italian
patients, to discern the shared and unique pathogenic mechan-
isms underlying KIF5A-associated diseases. The clinical features of
patients carrying the selected variants well illustrate the main
aspects of phenotypic distinction and overlap characterising
these disorders. A consistent phenotype is associated with motor
domain variants (e.g. the recurrent p.R280C mutation), in which
polyneuropathy with foot deformities and upper motor neuron
signs are the main core features, often associated with ataxia and
cognitive impairment. The occurrence of cognitive impairment in
the two patients diagnosed with CMT5 further supports the
notion that the clinical phenotypes associated with motor
domain variants could be more appropriately described as
complex HSP. Clinical heterogeneity is well illustrated by the
cases of Patients 12 and 13. Patient 12, who carried the truncating
variant p.R864* in the stalk domain, exhibited a mild neuropathic
phenotype, while a previously reported patient with the same
variant had a complex HSP [20]. Patient 13, carrying variant
p.(N1006S), putatively belonging to the group of ALS-associated
ΔExon27 frameshift tail mutations, had a late-onset and rapidly
progressing ALS phenotype, unlike most patients with KIF5A tail
mutations, who exhibit younger onset and slow course of the
disease [11, 12].
The variety of clinical phenotypes caused by mutant KIF5A,

along with its multifaceted functions, prompts the need to dissect
and compare the molecular mechanisms of different variants in a
homogeneous experimental setting. Previous studies have
focused on single mutants [11, 15, 37], lacking the possibility of
direct comparison we wanted to pursue in our study.
The first shared biochemical feature we identified between the

KIF5A mutants under investigation is the peripheral localisation of
the C-terminal mutants R864* and N999Vfs*40 KIF5A, consistent
with the loss of KIF5A autoinhibitory function. Either mutations or
deletion of the IAK motif generate constitutively active kinesin
motors [3]. The IAK motif is absent in R864* KIF5A, possibly
explaining its altered intracellular distribution. Differently, the loss
of KIF5A autoinhibition observed for N999Vfs*40 KIF5A has been
previously described [16–18], and it has been attributed to the
replacement of 7 negatively charged amino acids with 9
positively charged ones in mutant KIF5A C-terminal domain;
such change is predicted to hinder the stability of the head-tail
association state required for kinesin autoinhibition [16]. At the
functional level, autoinhibition loss causes the rapid removal of
dimers containing mutant KIF5A from the pool of cytoplasmic
motors available for anterograde transport, which in turn could
cause imbalances in axonal trafficking, as previously suggested
for ALS-KIF5A [16, 18]. Additionally, both R864* (by tail truncation)
and N999Vfs*40 KIF5A (by translational frameshift of its cargo/
adaptor-binding region) may lose their ability to interact with
KIF5A-specific substrates. However, the adaptor binding sites on
the stalk domain are not completely abolished by the R864*
truncating mutation (e.g. kinesin light chain binding involves
amino acids 770-811 [38]), thus its interaction with specific
cargoes could be partially retained. Similarly, the ability of
N999Vfs*40 KIF5A to transport cargo is debated. While Baron
and colleagues [16] reported increased speed and percentage of
moving mitochondria in ALS-KIF5A- compared to WT KIF5A-
overexpressing primary motor neurons, Pant et al. [18] did not

observe co-distribution between ALS-KIF5A inclusions and
mitochondria in overexpressing primary cortical neurons, in line
with our data. The absence of co-distribution between ALS-KIF5A
and mitochondria does not necessarily reflect the inability of
KIF5A motors to interact with their cargo, since this interaction
may be lost only upon ALS-KIF5A oligomerisation and aggrega-
tion. While distal accumulation of mitochondria (or other KIF5A
cargoes) may be promoted by soluble ALS-KIF5A motors or WT-
mutant KIF5A heterodimers, the inability to recycle aggregated
ALS-KIF5A to the cytoplasm might also cause an opposite effect
of enhanced retrograde transport, introducing additional imbal-
ances in axonal trafficking. Moreover, this effect may be
exacerbated by WT KIF5A sequestration into ALS-KIF5A aggre-
gates and might not be compensated by other kinesin motors.
Alterations in transport equilibrium may also occur with the R864*
KIF5A mutant, which could promote the fast dismissal of the WT
protein from the cytoplasm via heterodimerisation, even if
additional studies are required to better elucidate these aspects.
A second shared behaviour we observed is between the

SPG10-related R17Q KIF5A mutant and N999Vfs*40 KIF5A, that
both display a shorter turnover compared to the WT protein,
with which they dimerise. Thus, the fast turnover of R17Q and
N999Vfs*40 KIF5A may affect the clearance of both their
homodimers and WT-mutant KIF5A heterodimers, restricting
the pool of motors available for axonal transport. Concerning
the R17Q KIF5A mutant, the alteration of its ATP-binding site
predicted in silico may tamper with its ability to fuel transport,
and also destabilise the protein, causing its premature degrada-
tion, in line with the reported loss of function for SPG10-related
KIF5A variants [15]. Regarding the accelerated turnover of
N999Vfs*40 KIF5A, this is in line with its lower levels compared
to WT KIF5A in iPSC-derived motor neurons harbouring ALS-
KIF5A mutations [16, 39] and in ALS-KIF5A animal models
[27, 40].
The other SPG10-related mutant, R280C KIF5A, also shares

similarities with other KIF5A variants in our study. The R280C
substitution targets the microtubule-binding site of the KIF5A
head, reducing its affinity for microtubule tracks without having a
dominant-negative effect on the WT protein. Nonetheless, the
R280C mutant competes with WT KIF5A for cargo binding,
sequestering substrates to transport-incompetent KIF5A motors
[15], a mechanism that could be shared with R17Q KIF5A, which
has an inactive ATP-binding site but an intact tail. Notably, we
found that R280C KIF5A forms small perinuclear puncta,
potentially due to its inability to interact with microtubules, and
competes with Ub-R-YFP for proteasomal degradation, that are
features also described for N999Vfs*40 KIF5A.
Finally, we found that the NEIMY-linked C975Vfs*73 KIF5A

mutant shares most of the abnormal behaviours observed for
N999Vfs*40 KIF5A, including loss of autoinhibition and distal
distribution, aggregation propensity, negative dominance on WT
KIF5A, and lack of co-distribution between aggregates and
mitochondria. Despite all these similarities, the N999Vfs*40 and
C975Vfs*73 KIF5A mutants lead to strikingly different neurological
conditions, respectively an adult-onset form of motor neuron
degeneration and a complex and very severe early-onset
neurodevelopmental phenotype. Such difference might be related
to the higher aggregation propensity and sequestration potential
characterising NEIMY-KIF5A compared to ALS-KIF5A. Based on our
observations, it is conceavable that NEIMY-KIF5A inclusions may
form similarly to stress granules and then evolve into solid-like
aggregates, loosing their dynamic status and the ability to
undergo liquid-liquid phase partitioning typical of ribonucleopro-
tein condensates [35]. Protein and/or mRNA sequestration into
these solid-like structures could further exacerbate NEIMY-KIF5A
toxicity through both gain- and loss-of-function mechanisms.
The clinical symptoms affecting NEIMY patients are similar

regardless of the underpinning mutation [13, 14], and they have
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been previously proposed to derive from mitochondrial dysfunc-
tion and altered excitatory/inhibitory equilibrium [13, 14, 41],
defects that are in line with impaired KIF5A-dependent trafficking
of mitochondria [6, 7] and GABAA receptor subunits [42].
Interestingly, post-natal neuron-specific Kif5a depletion in condi-
tional knock-out mice results in an epileptic phenotype [42]
reminiscent of NEIMY patients, further supporting the hypothesis
of a KIF5A loss of function component in this neurodevelopmental
disease. Notably, accumulation of synaptic vesicles leading to
alterations in synaptic transmission was recently observed in ALS-
KIF5A Drosophila larvae [27], suggesting that this loss of function
mechanism, too, could be shared between ALS and NEIMY.
Altogether, our data on N999Vfs*40 and C975Vfs*73 KIF5A
indicate that a combination of a loss of function in axonal
transport and a toxic gain of function due to aggregation and WT
KIF5A sequestration may underpin both NEIMY and KIF5A-
linked ALS.
In conclusion, we performed a comprehensive functional study

of a panel of KIF5A variants representative of the different KIF5A-
related disorders. We demonstrated the pathogenicity of the
novel p.R17Q variant, altered at the level of the ATP-binding site of
the motor domain, and of the p.R864* variant, which is both one
of the few mutations in the stalk domain and one of the very rare
truncations in KIF5A. We also provided evidence for a combined
gain/loss of function pathomechanism unexpectedly shared by
two frameshift mutants associated with ALS and NEIMY, that
would bridge the dichotomy between KIF5A-linked neurodevelop-
mental and neurodegenerative conditions.

MATERIALS AND METHODS
Genetic studies
Patients were recruited by the Units of Medical Genetics and Neuroge-
netics, Rare Neurological Diseases, and Neurodevelopmental Disorders at
the Istituto Neurologico Carlo Besta (Milan, Italy) and the Neurology Unit at
the Azienda Ospedaliero-Universitaria di Modena (Modena, Italy).
Genetic analysis of the KIF5A gene was performed by Sanger sequencing

or by targeted next generation sequencing approaches (single-gene
amplicon-deep sequencing or disease gene panels) on Illumina MiSeq or
NextSeq550 apparatuses (Illumina, Inc., San Diego, CA, USA). Novel variants
were classified according to the guidelines of the ACMG [19]. In silico
prediction of the exon 27 variant was evaluated by Alternative Splice Site
Predictor [43], NNSplice [44], SpliceAI [45], and dbscSNV Ada/RF [46] tools.
All variants are described in relation to the reference sequence
NM_004984.4 and according to current Human Genome Variation Society
recommendations for sequence variant nomenclature (https://
varnomen.hgvs.org/; Mutalyzer 3: https://mutalyzer.nl).

Chemicals and antibodies
CHX (C6255), MG132 (C2211) and NH4Cl (254134) were purchased from
Sigma-Aldrich (Saint Louis, MI, USA). 10 μg/ml CHX was used to treat cells
for 1-2-4-6 h to block protein synthesis and evaluate KIF5A stability. 10 µM
MG132 was used to treat cells for 16 h to block the 26S proteasome.
20mM NH4Cl was used to treat cells for 16 h to inhibit autophagy.
All antibodies used in the present work are listed in Supplementary

Table 4.

Plasmids
pKIF5A plasmids for the transient overexpression of human WT or mutant
(R17Q, R280C, R864*, N999Vfs*40, C975Vfs*73) KIF5A were generated by
GenScript Biotech (Piscataway, NJ, USA) by cloning the cDNA sequences of
interest into the backbone of the empty vector (EV) pcDNA3.1. pFLAG-
KIF5A and pGFP-KIF5A were cloned starting from the pKIF5A constructs. A
complete list of the plasmids used in this work is reported in
Supplementary Table 5.

Cell lines and transfection
The human neuroblastoma SH-SY5Y cell line was obtained from the
American Type Culture Collection (ATCC, Rockville, MD, USA CRL-2266;).
SH-SY5Y cells were cultured at 37 °C in 5% CO2 in DMEM High Glucose

(Euroclone S.p.A., Pero, Italy; ECB7501L) supplemented with 10% heat-
inactivated foetal bovine serum (FBS; Sigma-Aldrich, Saint Louis, MI, USA;
F7524), 1 mM L-glutamine (Euroclone S.p.A., Pero, Italy; ECB3004D), and
antibiotics (SERVA Electrophoresis GmbH, Heidelberg, Germany; penicillin,
31749.04; streptomycin, 35500.01).
The murine motor neuron-like NSC-34 cell line was provided by Dr. Neil

R. Cashman (University of British Columbia, Canada). NSC-34 cells were
cultured at 37 °C in 5% CO2 in DMEM High Glucose supplemented with 5%
FBS, 1 mM L-glutamine and antibiotics.
The SH-SY5Y neuroblastoma cell line was chosen to investigate mutant

KIF5A biochemical behaviour because of its human origin. The murine
NSC-34 cell line was used to analyse mutant KIF5A distribution and motility
in a bona fide motoneuronal model not requiring differentiation.
SH-SY5Y and NSC-34 cells were transfected with Lipofectamine™ 3000

Transfection Reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA;
L3000015) diluted in Opti-MEM™ (Thermo Fisher Scientific Inc., Waltham,
MA, USA; 31985070) 24 h after seeding, according to the manufacturer’s
instructions. The next day cells were directly processed (SH-SY5Y cells, co-
immunoprecipitation or CHX assay), or the medium was changed to limit
Lipofectamine™ 3000 toxicity.

Fluorescence microscopy and immunofluorescence
NSC-34 cells were seeded in 24-well plates onto 13-mm coverslips at
35,000 cells/well and transfected as previously described. 48 h after
transfection, cells were fixed onto coverslips in a 1:1 solution of 4%
paraformaldehyde and 4% sucrose in 0.2 M phosphate buffer (0.06 M
KH2PO4, 0.31 M Na2HPO4; pH 7.4) for 25min at 37 °C. For fluorescence
microscopy analyses, nuclei were stained with 0.02% DAPI in PBS and
coverslips were mounted with Mowiol® 4-88 Reagent (Sigma-Aldrich, Saint
Louis, MI, USA; 475904). For immunofluorescence analyses, cells were
incubated in PBS added with 0.1% Triton X-100, 1% BSA (Sigma-Aldrich,
Saint Louis, MI, USA; X100 and A7030), and 10% FBS for 45min at room
temperature for permeabilisation and blocking of nonspecific sites.
Subsequently, cells were incubated with the required primary and then
secondary antibodies diluted in PBS added with 0.1% BSA as reported in
Supplementary Table 4. Finally, nuclei were stained with DAPI, and
coverslips were mounted as described. Images were acquired with an LSM
900 confocal microscope (Carl Zeiss Microscopy, Germany) and were
processed using ImageJ/Fiji (version 2.9.0).

Western blot
SH-SY5Y cells were seeded in 12-well plates at 150,000 cells/well and
transfected as previously described. At the time of harvesting, cells were
collected in their own medium and centrifuged at 100×g for 5 min at
4 °C to remove the supernatant. Total proteins were then extracted and
protein concentration was determined through bicinchoninic acid assay
with the QPRO BCA Kit Standard (Cyanagen Srl, Bologna, Italy; PRTD1),
following the manufacturer’s instructions. Subsequently, 15–20 μg total
proteins were incubated in sample buffer (250 mM Tris, 40% glycerol, 8%
SDS, 0.1% bromophenol blue) at 100 °C for 5 min for denaturation and
loaded on 10–15% SDS-polyacrylamide gels. Separated proteins were
then transferred to 0.45-µm nitrocellulose membranes (Euroclone S.p.A.,
Pero, Italy; GE10600002) using a Trans-Blot® TurboTM Transfer System
(Bio-Rad Laboratories, Hercules, CA, USA). For the immunochemical
detection of proteins, membranes were initially incubated in 5% non-fat
dried milk diluted in TBS-T (20 mM Tris-HCl pH 7.5, 0.5 M NaCl, 0.05%
Tween 20; pH 7.6) to block nonspecific sites and then probed using the
antibodies reported in Supplementary Table 4. Immunoreactivity was
detected using Westar chemiluminescent reagents (Cyanagen Srl,
Bologna, Italy). Images were acquired using a ChemiDocTM XRS+ System
(Bio-Rad Laboratories, Hercules, CA, USA), and optical density was
analysed with Image LabTM Software (Bio-Rad Laboratories, Hercules, CA,
USA; version 6.0.1).
To analyse KIF5A solubility, SH-SY5Y cells were harvested 48 h after

transfection as described, resuspended in NP-40 lysis buffer (150mM NaCl,
20mM Tris base, 0.05% NP-40, 1.5 mM MgCl2, 3% glycerol; pH 7.4) added
with 1mM DTT (Sigma-Aldrich, Saint Louis, MI, USA; 3483-12-3) and
Protease Inhibitor Cocktail (Sigma-Aldrich, Saint Louis, MI, USA; P8340), and
passed 10 times through a syringe needle for lysis. Then, 20 μg total
proteins were diluted in 15 μl NP-40 lysis buffer and were centrifuged at
16,100×g for 15 min at 4 °C. NP-40–soluble supernatants were collected,
while NP-40–insoluble pellets were resuspended in the same volume of
NP-40 lysis buffer (without protease inhibitor and DTT) and sonicated. Both
NP-40–soluble and NP-40-insoluble fractions were then analysed.
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To compare WT and mutant KIF5A turnover, 24 h after transfection SH-
SY5Y cells were incubated with fresh medium added with CHX and
collected at the previously indicated time points, except for control
samples which were immediately harvested. After the last collection, cells
were resuspended in PBS added with protease inhibitor and lysed through
slight sonication to extract proteins.
In all other cases, SH-SY5Y cells were harvested 48 h after transfection

and processed to extract proteins in PBS added with protease inhibitor as
described.

RNA extraction from cells and RT-qPCR
SH-SY5Y cells were seeded in 12-well plates at 150,000 cells/well and
transfected as previously described. 48 h after transfection, total RNA was
extracted from cells using TRI Reagent® (Sigma-Aldrich, Saint Louis, MI, USA;
T9424) and 1-bromo-3-chloropropane (Sigma-Aldrich, Saint Louis, MI, USA;
B9673), following the manufacturer’s instructions. RNA quantification was
performed using a NanoDrop 2000 (Thermo Fisher Scientific Inc., Waltham,
MA, USA), after which 1 μg/sample RNA was treated with DNase I (Sigma-
Aldrich, Saint Louis, MI, USA; AMPD1) and reverse transcribed to cDNA with
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific
Inc., Waltham, MA, USA; 4368814). Subsequently, qPCR was performed using
the iTaq SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA;
1725124) in a total volume of 10 μl with 500 nmol primers. A CFX96 Real-Time
System (Bio-Rad Laboratories, Hercules, CA, USA) was used according to the
following cycling conditions: 94 °C for 10min, 94 °C for 15 s (40 cycles), 6 °C for
1min. Data were expressed as Ct values and analysed with CFX Manager™
Software (Bio-Rad Laboratories, Hercules, CA, USA; version 3.1). Primers for
qPCR were synthesised by Eurofins MWG-Biotech (Ebersberg, Germany) with
the following sequences: hKIF5A 5′–GGAGAACATGGAAACGGAGCA–3′ (for-
ward), 5′–TATTCTTTGCCTCGTCCAGCAC–3′ (reverse); hGAPDH 5′–GAA
GGTGAAGGTCGGAGTC–3′ (forward), 5′ –TTGATGGCAACAATATCCACTT–3′
(reverse).

Co-immunoprecipitation
SH-SY5Y cells were seeded in 6-well plates at 300,000 cells/well and
transfected as previously described. The next day, cells were harvested in
their medium pooling three wells per experimental condition and
centrifuged at 100×g for 5 min at 4 °C. Pellets were resuspended in RIPA
buffer (150mM NaCl, 0.5% Na-deoxycholate, 100 µM Na-orthovanadate,
50mM NaF, 50 mM Tris-HCl pH 7.7, 10 mM EDTA pH 8, 0.08% SDS, 0.8%
Triton X-100) added with cOmplete Protease Inhibitor Cocktail (Sigma-
Aldrich, Saint Louis, MI, USA; 4693116001), incubated on ice for 20min, and
centrifuged at 16,000×g for 15 min at 4 °C for clearing. 100 μl/sample
SureBeadsTM Protein G Magnetic Beads (Bio-Rad Laboratories, Hercules, CA,
USA; 1614023) were conjugated to 2 μg/sample mouse monoclonal anti-
FLAG antibody (Sigma-Aldrich, Saint Louis, MI, USA; F1804) diluted in PBS-T
(PBS, 0.1% Tween 20) for 10min at room temperature and washed in PBS-
T. Antibody–conjugated beads were then incubated with 250 μg/sample
RIPA-soluble protein extracts for 1 h at 4 °C. After washing in PBS-T,
immunoprecipitated proteins were eluted from the beads with Laemmli
Sample Buffer (Bio-Rad Laboratories, Hercules, CA, USA; 1610737) added
with 5% β-mercaptoethanol by incubating samples for 10min at 70 °C.
Immunoprecipitation, input, and output samples were then loaded on
7.5% gels and analysed through a western blot.

Proteasome activity assay
SH-SY5Y cells were seeded in 6-well plates at 300,000 cells/well and
transfected as previously described. Un-transfected samples were treated
with 1 μM MG132 for 16 h to block the 26S proteasome as control. 48 h
after transfection, cells were harvested in their medium, centrifuged at
600×g for 5 min, and washed three times in PBS. Pellets were then
homogenised in PBS added with 0.5% NP-40 and centrifuged at 1300×g
for 15 min. Supernatants were subsequently collected and protein
concentration was quantified as described. Reaction mixtures were
prepared by diluting 50 μg total proteins in 50mM HEPES-KOH pH 8.0
and added with 5mM EGTA and 5mM ATP to a final volume of 500 μl.
50 nM AMC-conjugated substrates were added to the reaction mixtures to
quantify the chymotryptic-like (Sigma-Aldrich, Saint Louis, MI, USA; N-Suc-
LLVY-AMC, S6510) and the caspase-like (Sigma-Aldrich, Saint Louis, MI,
USA; Z-LLE-AMC, C0483) activities of the 26S proteasome. Finally, samples
were incubated for 45min at 37 °C and fluorescence was measured at
340 nm excitation and 460 nm emission wavelengths using an Enspire®
Multimode Plate Reader (PerkinElmer, Inc., Waltham, MA, USA).

Protein solubility predictions
CamSol (http://www-vendruscolo.ch.cam.ac.uk/camsolmethod.html;
accessed on November 20, 2022) was used to predict the intrinsic
solubility profile of WT, N999Vfs*40, and C975Vfs*73 KIF5A C-terminal tails
with the CamSol Intrinsic method [34]. The following sequences were used
as input:
YFANSCTSSGATSSGGPLASYQKANMDNGNATDINDNRSDLPCGYEAEDQAK

LFPLHQETAAS for WT KIF5A (amino acids 970–1032);
YFANSCTSSGATSSGGPLASYQKANMDNGVTCRVAMRLRTRPSFSLSTKRQQP

ANLPHPRLHTCTFSF for N999Vfs*40 KIF5A (amino acids 970–1037);
YFANSVPAVDPHLLAAPWLPTRRPTWTMDMPQISMTIGVTCR-

VAMRLRTRPSFSLSTKRQQPANLPHPRLHTCTFSF for C975Vfs*73 KIF5A (amino
acids 970–1046).

Live imaging
NSC-34 cells were seeded in 35-mm glass bottom dishes at 50,000 cells/
well and transfected as previously described. 24 h or 48 h after
transfection, cells were imaged in their medium added with 20 mM
HEPES pH 7.4 at 37 °C and 5% CO2 with an LSM 900 confocal microscope
using a 63× oil-immersion lens. Live imaging sequences were acquired at
1 frame every 1.5–2 s for up to 300 s. For fluorescence recovery after
photobleaching, one pre-bleach image preceded photobleaching with a
5 mW 488 nm laser at 100% for 3 s. Images were processed using ImageJ/
Fiji (version 2.9.0).

Statistics
Unpaired two-sided Student’s t-test and one- or two-way ANOVA tests
followed by Fisher’s LSD or Sidak’s post-tests were applied, according
to figure captions. Gaussian distribution was assumed in all cases and
equal variance was confirmed by Brown–Forsythe test. P < 0.05 was
considered significant. All analyses were performed using GraphPad
PRISM (version 8.0.2). For the CHX chase assay (Fig. 3D), images in
which bands corresponding to WT or mutant KIF5A baseline (i.e. 0 h)
displayed comparable optical densities were chosen for data analysis in
order to set a virtually identical reference value between the tested
conditions, even if the images were acquired at different exposure
times. For each experimental condition, mean normalised optical
densities of the reference bands were set at 100 and all other mean
values were plotted as a percentage of the reference values.

DATA AVAILABILITY
Data supporting the findings of this study are available from the corresponding
authors upon request. Anonymised data from this study are available at https://
zenodo.org/communities/besta and will be shared by request from any qualified
investigator.
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