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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease affecting motor neurons. Recently, genome-wide asso-
ciation studies identified KIF5A as a new ALS-causing gene. KIF5A encodes a protein of the kinesin-1 family, allowing the
anterograde transport of cargos along the microtubule rails in neurons. In ALS patients, mutations in the KIF5A gene induce
exon 27 skipping, resulting in a mutated protein with a new C-terminal region (KIF5A D27). To understand how KIF5A D27
underpins the disease, we developed an ALS-associated KIF5A Drosophila model. When selectively expressed in motor neu-
rons, KIF5A D27 alters larval locomotion as well as morphology and synaptic transmission at neuromuscular junctions in
both males and females. We show that the distribution of mitochondria and synaptic vesicles is profoundly disturbed by
KIF5A D27 expression. That is consistent with the numerous KIF5A D27-containing inclusions observed in motor neuron
soma and axons. Moreover, KIF5A D27 expression leads to motor neuron death and reduces life expectancy. Our in vivo
model reveals that a toxic gain of function underlies the pathogenicity of ALS-linked KIF5A mutant.
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Significance Statement

Understanding how a mutation identified in patients with amyotrophic lateral sclerosis (ALS) causes the disease and the loss
of motor neurons is crucial to fight against this disease. To this end, we have created a Drosophila model based on the motor
neuron expression of the KIF5A mutant gene, recently identified in ALS patients. KIF5A encodes a kinesin that allows the an-
terograde transport of cargos. This model recapitulates the main features of ALS, including alterations of locomotion, synap-
tic neurotransmission, and morphology at neuromuscular junctions, as well as motor neuron death. KIF5A mutant is found
in cytoplasmic inclusions, and its pathogenicity is because of a toxic gain of function.

Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative dis-
order characterized by the selective and progressive loss of motor
neurons (Cleveland and Rothstein, 2001). Clinical signs begin with
muscle weakness, which progresses over time to fatal respiratory
failure; ;90% of ALS cases are sporadic, with the remaining cases
predominantly associated with a dominant inheritance pattern. To

date, .30 genes have been identified as being causative of the
disease; of these, C9orf72, SOD1, TARDBP, and FUS account for
;60% of the genetic cases in Europe (Gregory et al., 2020).
Recently, two studies using either whole-exome sequencing or ge-
nome-wide association studies have identified KIF5A as a new gene
associated with ALS (Brenner et al., 2018; Nicolas et al., 2018).

KIF5A belongs to a family of motor proteins, called kinesin.
Kinesins form a large superfamily to date of 45 genes (KIFs),
grouped into 14 different families in vertebrates (Miki et al.,
2001; Hirokawa and Takemura, 2005). These proteins are micro-
tubule-bound and orchestrate intracellular transport, generally
toward the plus end of microtubules (Hunter and Allingham,
2020). In neurons, kinesins are the main motor proteins that, in
axons or dendrites, contribute to active anterograde transport of
different cargos, such as protein complexes, mRNAs, or organ-
elles (Guillaud et al., 2020).

The kinesin-1 family consists of three members: KIF5A and
KIF5C are specifically expressed in neurons and KIF5B is ubiqui-
tously expressed (Kanai et al., 2000; Miki et al., 2001). Kinesin-1
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forms a dimeric heavy chain structure (KHC) to move along
microtubules. KHC is composed of three main domains (see Fig.
1A): the N-terminal part is the motor domain (also called the
head domain), which contains the microtubule and ATP-binding
sites; the C-terminal of the protein is the tail domain that medi-
ates binding to different cargos. These domains are connected by
the central stalk domain responsible for the dimerization of two
KHC monomers (Qin et al., 2020; Cason and Holzbaur, 2022).

In the C-terminal part, KHC dimers form a complex with a
dimer of Kinesin light chain proteins (Brady, 1985; Vale et al.,
1985; Hirokawa et al., 1989). Kinesins are known to transport
multiple cargos into axons by binding to distinct adaptor pro-
teins that ensure the specificity of the kinesin-cargo interactions.

The global genetic ablation of Kif5a gene in mice is lethal
early after birth (Xia et al., 2003); however, the conditional Kif5a
deletion leads to seizures and death within 3 weeks for most

Figure 1. The human ALS-causing mutation KIF5A D27 is pathogenic in Drosophila neurons. A, Blue and light blue represent the 29 exons of KIF5A. The different domains of the kinesin are
indicated. In the KIF5A WT protein, the translation stop codon is localized in exon 28 (dark line). The mutations found in ALS patients affect the splicing of exon 27 (yellow exon), leading to its
nonincorporation in the mutant protein (called KIF5A D27). The skipping of exon 27 induces a translational frameshift, which leads to a new C-terminal region in the D27 mutant protein.
Red represents the resulting 39 amino acid neopeptide. B, C, Western blot analysis of KIF5A expression and quantification. Total protein extraction was performed from heads of control (GMR-
Gal4/1), KIF5A WT (GMR-Gal4/UAS-KIF5A WT), and KIF5A D27 (GMR-Gal4/UAS-KIF5A D27) expressing flies. Top, Anti-KIF5A staining (black arrowhead). Bottom, Anti-b -tubulin, used as a
loading control. Quantification of gel bands was done by using Fiji software (Analyze gels); five gels were analyzed. Data are mean6 SD. Mann-Whitney test was used to assess statistical sig-
nificance. D, Five-day-old adult flies expressing either KIF5A WT or D27 in eyes under the control of the GMR-Gal4 driver at 28°C. E, Eye area is quantified for each genotype. a.u., Arbitrary
units. Flies expressing KIF5A D27 display a severe reduction of eye size, while KIF5A WT has no effect compared with control flies (n ¼ 10 flies for each genotype). Data are mean6 SD. ns,
p. 0.05, ****p, 0.0001; one-way ANOVA test with Tukey post hoc test. F, Representative flies showing control with normal wings as well as poorly expanded or unexpanded wings when
KIF5A D27 is expressed in CCAP neurons. G, Percentage of flies with normal (green), poorly expanded (orange), or unexpanded (red) wings. Expression of KIF5A D27 produced 71.7% and
25.7% of flies with unexpanded and poorly expanded wings, respectively, as well as 2.6% of flies with normal wings. In comparison, all control and KIF5A WT-expressing flies had normal
wings. n¼ 140, 123, and 113 for the control, KIF5A WT, and KIF5A D27 condition, respectively.
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animals, likely because of alteration of GABAA receptor traffick-
ing (Xia et al., 2003; Nakajima et al., 2012).

Primary motor neuron cultures from Kif5a KO mice showed
decreased survival and reduced axonal and dendritic outgrowth
(Karle et al., 2012). In addition, alteration of mitochondrial
transport was observed in the axons of Kif5amutant motor neu-
rons (Karle et al., 2012). Similar results have been obtained in
zebrafish where the loss of kif5Aa generates a defect in the axonal
transport of mitochondria and degeneration of peripheral neu-
ron axons (Campbell et al., 2014).

Most ALS-associated KIF5A mutations affect the C-termi-
nal part of the kinesin, particularly the splicing sites of exon
27, resulting in its skipping and the formation of a KIF5A pro-
tein with a neo-formed C-terminal part (Brenner et al., 2018;
Nicolas et al., 2018) (see Fig. 1A). Interestingly, mutations in
KIF5A linked to other neurodegenerative diseases have al-
ready been identified. These mutations affect the N-terminal
of the KHC protein and lead to hereditary spastic paraplegia
Type 10 (SPG10) (Reid et al., 2002; Kawaguchi, 2013; Qiu et
al., 2018), Charcot-Marie-Tooth type 2 (CMT2) (Fichera et
al., 2004; Blair et al., 2006; Crimella et al., 2012), or distal spi-
nal muscular atrophy (de Fuenmayor-Fernández de la Hoz et
al., 2019). Frameshift mutations at the C-terminal of KIF5A
have also been reported in cases of patients suffering from
neonatal-intractable-myoclonus (Duis et al., 2016; Rydzanicz
et al., 2017). Recently, studies have investigated the effects of
the ALS-related mutant form of KIF5A (KIF5A D27) in neu-
rons derived from ALS patients induced pluripotent stem cells
(Baron et al., 2022; Nakano et al., 2022; Pant et al., 2022). In
vitro assays showed that the motor activity of KIF5A D27 pro-
tein is not impaired and that its processivity is increased com-
pared with KIF5A WT. The authors showed that KIF5A D27
can form cytoplasmic inclusions that are associated with an
increased rate of cell death and a toxic gain of function (Nakano
et al., 2022; Pant et al., 2022). To explore the pathogenic mecha-
nisms of KIF5A D27 in a physiological context, and integrated in
vivo system, we used Drosophila as a model.

Here, we show that KIF5A D27 expression in motor neurons
induces a locomotor behavioral defect characterized by posterior
paralysis, which is the hallmark of axonal physiological defects.
Indeed, we show that both the morphology and synaptic trans-
mission at the neuromuscular junction (NMJ) level are notably
altered. Cytoplasmic inclusions of KIF5A D27 are found in the
soma and axons of motor neurons. In vivo, expression of KIF5A
D27 is neurotoxic toward motor neurons and induces larval
death when expression is reinforced. Overall, our results describe
a Drosophila model that recapitulates the main features of ALS
and demonstrate that KIF5A D27 acts via a toxic gain of function
to lead to motor deficits.

Materials and Methods
Fly strains. All Drosophila stocks were raised on standard cornmeal

medium under temperature-controlled conditions and crosses were per-
formed at 25°C, unless otherwise mentioned. Experiments were per-
formed on both male and female excepted when mentioned.

The Drosophila strains VGlut-Gal4 (OK371-Gal4, #26160), CCAP-
Gal4 (#25685), GMR-Gal4 (#8605), UAS Mito-GFP (#8443), UAS-GFP
(#32201), and tub-Gal80ts (#7017) were obtained from the Bloomington
Stock Center. UAS NPY-GFP was obtained from I. Robinson (Cambridge,
UK). Control condition for each experiment was done by the cross of the
driver Gal4 line with the w CantonS line used asWT stock.

The larval lethality experiment was conducted at 29°C. After allowing
the different crosses to lay for 24 h, early L1 larvae were collected in a

fresh tube, with 50 larvae per tube. The number of pupae formed was
then counted for each genotype.

Stocks used for the longevity assay were backcrossed into a w CantonS

(the line used as WT) background for six generations.
For the UAS-KIF5A transgenic lines, full-length cDNAs of the WT

and D27 mutant human KIF5A were synthetized (Gene Universal) and
cloned into a pcDNA3.1(1) plasmid. The cDNAs were then subcloned
into a pUAST and random transgenesis was performed by BestGene.
From the transgenic lines obtained, some were selected to ensure a simi-
lar level of protein expression between the WT and D27 mutant by using
the GMR-Gal4 driver.

Larval locomotion. The protocol has already been described by
Devambez et al. (2017). Briefly, third instar larvae were placed at the cen-
ter of a Petri dish filled with grape juice agar. Larval locomotion was
video-recorded for 2 min with a camera (Sony HDR-CX240), and mov-
ies were analyzed with the Fiji plugin manual tracking.

Western blot. Protein extracts were prepared from the heads of
Drosophila expressing KIF5A under the control of the GMR-Gal4 driver,
dissected larval CNSs, or adult thoraxes of VGlut-Gal4/UAS-KIF5A ani-
mals. Cell homogenization and lysis were done in RIPA buffer (150 mM

sodium chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50
mM Tris, pH 8.0, supplemented with protease inhibitor cocktail from
Roche Life Science) for 2 h at room temperature. Then, Laemmli buffer
was added and the samples were boiled for 5 min. Samples were ana-
lyzed by SDS-PAGE using Mini-PROTEAN TGX precast gels (Bio-Rad).
Separated proteins were transferred onto nitrocellulose membranes
using Trans-Blot Turbo (Bio-Rad). Primary and secondary antibodies were
incubated in 5% milk in PTX (PBS, 0.1% Triton X-100), and washes were
done with PTX. Immunodetection was done with Clarity Western ECL kit
(Bio-Rad). Chemiluminescence detection was acquired with Fusion Fx sys-
tem (VILBER). The following primary antibodies were used: mouse anti-
KIF5A (1/1000, Santa Cruz Biotechnology sc-376452), mouse E7 (1/400,
anti-b tubulin from DSHB). Secondary antibody used was HRP-linked
goat anti-mouse (1/10,000, Jackson ImmunoResearch Laboratories).

Immunostaining.Wandering third instar larvae were dissected in fillets
in PBS, 1 mM EDTA and fixed in 4% EM-grade PFA (Fisher Scientific) in
PBS for 20min at room temperature. Primary antibodies were incubated in
PBS 0.3% Triton, 1% BSA at 4°C overnight at the following dilutions: mouse
anti-Brp (NC82):1/100; mouse Dlg (4F3): 1/100; mouse anti-Eve (3C10):
1/10; obtained from Developmental Studies Hybridoma Bank (University
of Iowa); rabbit anti-GFP (A-11122, Invitrogen): 1/1000, goat anti-HRP
Cy3 (Jackson ImmunoResearch Laboratories): 1/800; mouse anti-KIF5A
(Santa Cruz Biotechnology sc-376452):1/500. Corresponding secondary
antibodies were incubated for 2 h at room temperature: AlexaFluor-
594 donkey anti-mouse, AlexaFluor-488 donkey anti-rabbit (Fisher
Scientific) were used at 1/800 dilution. The larval fillet preparations
were mounted in 80% glycerol.

Image acquisition. Imaging was performed on a Zeiss LSM880
Airyscan confocal microscope with a 63� Plan Apo 1.4 numerical
aperture objective. Laser intensity and gain were adjusted to increase
the signal without overexposure. All images for the same experiment
set were collected under identical conditions using identical imaging
and processing parameters. All images were collected as 0.7 mm (for
NMJs) or 0.5 mm (for ventral nerve cords [VNCs]) optical sections,
and the z stacks were processed and analyzed with Fiji (National
Institutes of Health). Representative images are the maximum projec-
tion of the corresponding confocal z stack; brightness and contrast
were adjusted in Adobe Photoshop 2022 (Adobe System).

For the quantification of NMJ morphology (muscle 4 segments A3-
A5), HRP staining was used to quantify NMJ area with Fiji software and
axonal length with NeuronJ plugin. The number of Brp puncta was
manually counted. For the quantification of the mitochondrial fluores-
cence intensity, at the NMJ (muscle 4, segments A3-A5) and proximal
segmental nerve, z-stack NMJs stained by GFP and HRP were converted
to maximum intensity projection using Fiji. HRP channel allowed delin-
eation of the synaptic terminals or the nerve portion representing the
area considered. A threshold mask was applied to the GFP channel and
the RawIntDen, which represents the total intensity of GFP (Mito-GFP)
signal, was calculated. For each genotype, the GFP intensity was normal-
ized per unit area.
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Pictures of larvae and adult flies were acquired with a Nikon camera
(5 M pixels); images were processed with Adobe Photoshop 2022. Eye
area was determined with the Fiji plugin.

Electrophysiology. Electrophysiological recordings were obtained, as
previously described (Imlach and McCabe, 2009), from third-instar lar-
vae at the wandering stage. Briefly, larvae were dissected in “free-Ca21”
HL3.1 solution (to avoid muscular contraction) containing the following
(in mM): 70 NaCl, 5 KCl, 4 MgCl2, 10 NaHCO3, 5 trehalose, 115 sucrose,
and 5 HEPES, pH 7.2. Electrophysiological experiments were then per-
formed on larvae infused with HL3.1 solution containing 1 mM Ca21. The
cut end of the motor neuron was sucked into a patch pipet (resistance;1
MV) to apply local stimulation. Recordings from muscle 6, segment A3,
were obtained with electrodes of a resistance of 30-40 MV filled with 3 M

KCl, using an Axon Multiclamp 700B amplifier (Molecular Devices). Only
muscles presenting a resting membrane potential ,�60mV and an input
resistance of�5 MV were considered. Data were analyzed using Clampfit.

The different electrophysiological protocols used were as follows:
miniature excitatory junction potentials (mEJP) were recorded at resting
potential for 3min without any stimulation. From these recordings, rest-
ing potential and both mEJP amplitude and frequency could be deter-
mined. Evoked excitatory junction potentials (eEJPs) were obtained by
applying 10 stimulations every 6 s, at voltage sufficient to induce muscle
evoked responses (1-3mV). An average of these recordings was obtained
to determine eEJP parameter.

Quantal content was obtained by dividing the average amplitude of
eEJPs by the average amplitude of mEJPs. Paired-pulse stimuli protocols,
consisting of applying 2 consecutive pulses (at 20 or 50Hz), were per-
formed to study synaptic facilitation. Quantification was obtained by
dividing the amplitude of the second eEJP (A2) by the amplitude of the
first eEJP (A1). Activity-dependent fatigue of neurotransmitter release
was studied by recording multipulse protocols of either 100 consecutive
stimulations (at 20 and 50Hz) or 200 consecutive stimulations at 10Hz.
Quantification was obtained by dividing the amplitude of the last eEJP
(A100 or A200) by the amplitude of the first eEJP (A1), respectively. The
number of larvae studied is given.

Negative geotaxis assay. Ten males from VGlut-Gal4; tub-Gal80ts X
UAS KIF5A WT or KIF5A D27 or control crosses, reared at 29°C from
hatching, were assayed at 3 or 10 d old for climbing. They were placed in
25 ml Falcon pipet and allowed to recover. Each pipet was assayed by
tapping the flies down to the bottom of the pipet, and the number of flies
that climbed above 12 cm mark within 30 s was counted. This assay was
repeated twice, with a rest period of 2 min between each trial. The num-
ber of flies that passed the 12 cm mark was expressed as a percentage of
the total flies.

Lifespan analysis. Lifespan experiments were done at 29°C. VGlut-
Gal4, tub-Gal80ts flies were crossed to UAS KIF5AWT or D27 transgenes
or the control line. The crosses were maintained at the permissive tem-
perature of 18°C. The progeny of these crosses was collected; 20 males per
tube were placed at 29°C to age. Food was changed every 2-3 d and the
number of dead flies was recorded.

Experimental design and statistical analyses. For all experiments, the
control and experimental genotypes were tested at the same time.

Values were tested for normal distribution using a D’Agostino
and Pearson test. Statistical differences between two experimental
groups were assessed using the Mann–Whitney test or unpaired t test.
For multiple comparisons, one-way ANOVA with Tukey’s post hoc
test was used for statistical analysis. For nonparametric values, a
Kruskal–Wallis test was applied with a Dunn’s post hoc test. For the
longevity assays, Kaplan–Meier survival curves were generated, and
significant differences were assessed based on the log-rank (Mantel–
Cox) test. All statistical analyses were performed using GraphPad
Prism (version 9). In all figures, error bars indicate the mean 6 SD.
The number of samples tested (n) is given in the figure legends.

Results
KIF5A D27 expression induces pathogenicity in Drosophila
The vast majority of KIF5A mutations found in ALS patients
affect the splicing sites of exon 27 leading to its skipping

(Brenner et al., 2018; Nicolas et al., 2018). This results in a
mutated protein, called KIF5A D27, with an aberrant C-ter-
minal tail because of translational frameshifting (Fig. 1A). To
investigate the effects of ALS-related KIF5A mutant in vivo,
we generated transgenic lines to express KIF5A in different
tissues using the UAS-Gal4 expression system (Brand and
Perrimon, 1993).

First, we tested the effects of KIF5A expression in the adult fly
eye, a convenient model to explore cellular toxicity in neurodege-
nerative diseases (Bilen and Bonini, 2005). The Drosophila eye is
composed of ;800 unit eyes called ommatidia, organized in a
stereotyped manner. Any slight disturbance leads to morpho-
logic changes that result in a visible phenotype. To assess the
effect of the WT or mutated form of KIF5A in the eyes, we
used the GMR-Gal4 driver, which allows UAS transgene to be
expressed in the developing eyes (Freeman, 1996). We verified
that, when expressed under the control of GMR-Gal4, the WT
and pathogenic forms of KIF5A were expressed comparably in
the two transgenic lines (Fig. 1B,C). When KIF5A D27 is expressed,
flies present smaller eyes compared with the control and flies
expressing the WT form of KIF5A (Fig. 1D,E). This observation
strongly suggests that ALS-associated KIF5A mutant confers cel-
lular toxicity. To confirm this result, we used another genetic sys-
tem that controls the wing expansion of newly adult eclosed flies.
Crustacean cardioactive peptide (CCAP) neurons control poste-
closion behavior, including wing expansion and cuticle tanning
(Park et al., 2003). Expression of KIF5A D27 under the control of
CCAP-Gal4 resulted in adult flies with poorly or completely
unexpanded wings compared with control flies or flies that
express the WT form of KIF5A (Fig. 1F,G). These data show that
the expression of the ALS-associated KIF5A D27 mutant, but not
the KIF5AWT, leads to toxicity in neuronal cells.

Expression of ALS-linked KIF5A mutant in motor neurons
leads to locomotor deficits and alterations of NMJ
morphology
We next sought to investigate the locomotor behavior of larvae
expressing the WT or the mutated form of KIF5A selectively in
motor neurons using the VGlut-Gal4 driver (Mahr and Aberle,
2006). A lower expression of KIF5A D27 was observed compared
with that of KIF5A WT in the larval CNS when assayed by
Western blot experiments (Fig. 2A,B). Even so, at the behavioral
level, compared with control flies, the expression of both forms
of KIF5A induced a decrease in the traveled distance (Fig. 2C).
However, the effect of KIF5A D27 on larval locomotion is more
severe than that of KIF5A WT. This finding is corroborated by
analyzing the posture of these larvae on a substrate surface.
While control and KIF5A WT-expressing larvae remained flat
with all segments adhering to the surface, larvae expressing
KIF5A D27 in motor neurons exhibited a “tail-flip” phenotype
(Fig. 2D,E). This phenotype is produced by an upward tilt of the
posterior larval segments after each peristaltic wave of muscle
contraction, likely because of paralysis of the posterior segments
(Hurd and Saxton, 1996; Martin et al., 1999). This tail-flipping
phenotype is characteristic and is one of the hallmarks of axonal
transport defects in motor neurons (Hurd and Saxton, 1996;
Martin et al., 1999).

We then analyzed the morphology of the NMJ of larvae express-
ing KIF5A WT or mutant in motor neurons. Anti-HRP staining
was used to visualize the synaptic overall NMJ area (Menon et al.,
2013). The number of active zones (AZs), the release sites of synap-
tic vesicles, was determined through the presence of Bruchpilot
(Brp), an essential structural component of the AZs (Wagh et al.,
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2006). Surprisingly, KIF5A WT expression increased both NMJ
length and area compared with the control condition (Fig. 3A–C).
However, the number of AZs present relative to the NMJ area mea-
surement (or relative to the number of boutons) remained constant,
indicating that the number of AZs is stable and adapted to the total
NMJ length (Fig. 3A,D,E). This overgrowth phenotype may be
because of a compensatory mechanism at the synaptic level to adapt
to the locomotor defect. We then analyzed the NMJ morphology of
larvae that expressed KIF5A D27 in motor neurons and found that
it was strongly altered. Indeed, the total axonal length of the NMJ
branches is diminished, as well as the surface area of the NMJs (Fig.
3A–C). The number of AZs in KIF5AD27 larvae is also significantly
reduced compared with the control and KIF5AWT-expressing lar-
vae (Fig. 3A,D,E). These results are consistent with the drastic
reduction in locomotor ability of larvae expressing KIF5A D27
compared with control and KIF5AWT larvae.

We then asked whether the postsynaptic apparatus of the
NMJ might be affected by KIF5A mutant. We examined the
labeling of Discs-large (Dlg), a marker of the subsynaptic reticu-
lum (SSR) that forms numerous layers of invaginated membrane
surrounding the presynaptic terminals (Budnik et al., 1996).
Regardless of the form of KIF5A expressed in motor neurons,
the presynaptic terminals are always closely apposed to the
SSR Dlg labeling, as observed in control larvae (Fig. 3F). This
result shows that KIF5A expression in motor neurons did not
affect the postsynaptic part of the NMJ.

The severe reduction in locomotion observed in larvae
expressing KIF5A D27 in their motor neurons is correlated with

a significant shortening of the size of the NMJs and a decrease in
the number of AZs. Together, these data strongly suggest that
the expression of KIF5A D27 is detrimental to motor neurons.

Expression of KIF5A D27 in motor neurons impairs synaptic
transmission
Since KIF5A D27 expression in motor neurons affects locomotor
behavior and NMJ morphology, we asked whether KIF5A D27
may generate physiological alterations in larval motor neurons.
We recorded the mEJPs at rest and eEJPs to assess postsynaptic
transmission at the NMJ. We found that the expression of
KIF5A D27 in motor neurons led to a decrease in mEJP ampli-
tude and frequency compared with the control (Fig. 4A–C). In
addition, the amplitude of the eEJP and the quantal content were
strongly reduced by KIF5A D27 expression in motor neurons
(Fig. 4A,D,E). Importantly, the expression of KIF5A WT in
motor neurons did not affect spontaneous or evoked synaptic
transmission compared with the control (Fig. 4A–E). Thus,
KIF5A D27, but not KIF5A WT, impairs synaptic transmission
at NMJs. We next challenged the synaptic release machinery
of KIF5A-expressing motor neurons using high-frequency
stimulations (Kauwe and Isacoff, 2013; Newman et al., 2017).
We found that motor neurons expressing either KIF5A WT
or KIF5A D27 were unable to sustain 20Hz stimulations
compared with the control condition (Fig. 4F,G). A gradual
time-dependent decrease in eEJP amplitude was observed, as
shown by the ratio of the amplitude measured at the first stimu-
lation to the second or the hundredth (Fig. 4F,G). Similarly,

Figure 2. Expression of KIF5A D27 in motor neurons leads to locomotion defects. A, Extraction of total protein was performed from dissected CNS of control (VGlut-Gal4/1), KIF5A WT
(VGlut-Gal4/UAS-KIF5A WT), and KIF5A D27 (VGlut-Gal4/UAS-KIF5A D27) expressing larvae. Top, Anti-KIF5A staining (black arrowhead). Bottom, Anti-b -tubulin, used as a loading control. B,
Quantification of gel bands was done by using Fiji software (Analyze gels); five gels were analyzed. Data are mean6 SD. **p, 0.01 (Mann-Whitney test). C, The crawling behavior is studied
on control and larvae expressing either KIF5A WT or KIF5A D27 in motor neurons using the VGlut-Gal4 driver. Expression of KIF5A WT significantly reduces the traveled distance compared with
control. However, expression of the ALS-related form of KIF5A even more significantly reduces the locomotor behavior compared with control and KIF5A WT-expressing larvae (n¼ 64, 56, and
59 for control, KIF5A WT, and KIF5A D27, respectively). Data are mean 6 SD. ****p , 0.0001 (one-way ANOVA with Tukey post hoc test). D, When placed on a substrate, control larvae
(top) adhere and maintain a flat body posture. Larvae expressing KIF5A D27 in motor neurons under the control of VGlut-Gal4 driver exhibit a paralysis of the posterior segments known as
“tail-flip” phenotype (bottom). E, Quantification of individuals with indicated phenotype shows that 86% of larvae expressing KIF5A D27 exhibit a tail-flip phenotype, while control and KIF5A
WT-expressing larvae do not (n¼ 50 for each genotype).
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when a higher (50Hz) or lower (10Hz) stimulation frequency
was applied, the synaptic capacity to respond in a sustained man-
ner was impaired by the expression of both WT and mutated
KIF5A (Fig. 5). Collectively, these results show that synaptic
neurotransmission at the NMJ level is significantly disrupted by
KIF5A D27 expression in motor neurons. This is consistent with
the altered locomotor behavior and pathogenic effect observed
upon KIF5A D27 expression.

KIF5A D27 leads to mitochondria and synaptic vesicle
aggregates in motor neurons
KIF5A is involved in the anterograde transport of mitochondria
from the soma to the synapse. Therefore, we studied the distribu-
tion of mitochondria in the cell body, axon, and NMJ of larval
motor neurons using the Mito-GFP reporter line. This UAS con-
struct allows the expression of GFP fused to a mitochondrial
import sequence, allowing mitochondria visualization (Pilling et
al., 2006).

In control motor neurons, numerous and uniformly distrib-
uted mitochondria are found in the soma, axons, and NMJs (Fig.
6A). In motor neurons expressing KIF5A WT, we observed an
increase in the area-normalized intensity of mitochondria-
related fluorescence in the cell bodies and axons, accompanied
by a decrease intensity at the NMJs (Fig. 6A–D). In KIF5A D27-
expressing motor neurons, mitochondria form large inclusions
in the cell bodies and axons (Fig. 6A), resulting in a signifi-
cant decrease in the axons of the mean mitochondria-related

fluorescence intensity expressed relative to total area (Fig.
6C). Moreover, we observed that the synaptic bouton content
of mitochondria at the NMJs is significantly reduced in KIF5A
D27-expressing motor neurons (Fig. 6D).

We also asked whether KIF5A D27 expression might affect
the distribution of synaptic vesicles. In control or KIF5A WT-
expressing motor neurons, vesicles labeled using the neuro-
peptide Y (NPY)-GFP construct (Mudher et al., 2004), are
homogeneously distributed in the axons up to the NMJs (Fig.
6E,F). Conversely, KIF5A D27 expression induces the forma-
tion of vesicle clusters in the axons. In addition, the fluores-
cence intensity related to the amount of synaptic vesicles
present at the NMJs is strongly decreased compared with the
control condition or KIF5A WT expression (Fig. 6E,F).

Together, these results show that the ALS-linked KIF5A mu-
tant leads to aggregates of mitochondria and synaptic vesicles
along motor neuron axons, which might explain the reduction in
NMJ size and the alteration of synaptic neurotransmission previ-
ously observed.

ALS-associated KIF5A mutant is found in cytoplasmic
inclusions and induces axonal damage
We also studied the localization of KIF5A in axons and found
that KIF5A WT is homogeneously distributed along the larval
nerves in contrast to KIF5A D27, which forms cytoplasmic inclu-
sions (Fig. 7A). Furthermore, the tendency of KIF5A D27 to ag-
gregate is very high, as cytoplasmic inclusions were found in all

Figure 3. The morphology of the NMJs is affected by KIF5A D27 expression in motor neurons. A, NMJs from control third instar larvae (VGlut-Gal4/1) or expressing KIF5A WT or D27 are
visualized using the neuronal membrane marker anti-HRP (red). AZs are labeled with anti-Brp (green). KIF5A D27 expression in motor neurons induces a decrease in both the NMJ size and
the number of AZs. NMJs innervating the muscle 4 of segment A3-A5 are shown. Scale bar, 50 mm. B-E, Quantification of the total length of NMJ axonal branches (B), NMJ area (C), numbers
of AZs/area of NMJ (D), and AZs/bouton (E). The number of NMJs observed for VGlut-Gal4/1, VGlut-Gal4/KIF5A WT, and VGlut-Gal4/KIF5A D27 is 16, 19, and 15, respectively. Data
are mean6 SD. a.u., arbitrary units. ns, p. 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; Kruskal–Wallis test and Dunn’s multiple comparison test. F, Presynaptic and postsynaptic parts
of the NMJs are visualized using the neuronal membrane marker HRP (red) and the postsynaptic density marker Dlg (green), respectively, in control and in larvae expressing KIF5A WT or KIF5A
D27. Scale bar, 20 mm.
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observed nerves, whereas only 10.7% of nerves showed aggre-
gates when KIF5A WT is expressed (Fig. 7B). Strikingly, we
noticed that KIF5A D27, but not KIF5A WT, disturbs the distri-
bution of the coexpressed cytoplasmic GFP in motor neurons.
Axonal swelling is observed with cytoplasmic GFP showing dif-
fuse localization and forming clusters, some of which are colocal-
ized with KIF5A inclusions (Fig. 7A, white arrowheads). To
further confirm that axonal integrity is affected by KIF5A D27,
we used HRP staining to label the membranes of axonal motor
neurons. Compared with the uniform distribution of HRP labeling

in control and KIF5A WT-expressing motor neurons, HRP label-
ing of motor neurons expressing KIF5A D27 reveals numerous
HRP-positive aggregates and a decrease in labeling intensity (Fig.
7C). This result reinforces the idea that the integrity of the axons is
disrupted by KIF5A D27 expression. Importantly, we also found
numerous KIF5A D27-positive inclusions in the cell bodies of
motor neurons, whereas KIF5A WT is uniformly distributed (Fig.
7D,E). Together, these data show that KIF5A D27 is found in cyto-
plasmic inclusions that trap cytoplasmic GFP as well as some
HRP-positive components.

Figure 4. Synaptic neurotransmission is impaired in motor neurons expressing ALS-related KIF5A. A, Representative traces showing mEJPs (top) and eEJPs (bottom) in control and
in larvae expressing either KIF5A WT or KIF5A D27 in motor neurons using VGlut-Gal4 driver. B, C, Amplitude (B) and frequency (C) of mEJPs recorded in the muscle 6 of control,
KIF5A WT, and KIF5A D27 larvae. D, Amplitude of eEJPs recorded in the muscle 6 of larvae of the different indicated genotypes. The amplitude of eEJPs is strongly decreased upon
KIF5A D27 expression compared with control and KIF5A WT-expressing larvae. E, Histogram represents the mean quantal content for control, KIF5A WT, and KIF5A D27-expressing
larvae. The quantal content is calculated by dividing the mean eEJP by the mean mEJP. B–E, n ¼ 51, 37, and 46 larvae recording for control, KIF5A WT, and KIF5A, respectively.
**p , 0.01; ****p , 0.0001; Kruskal–Wallis test and Dunn’s post hoc test. F, G, NMJs were subjected to a train of 100 stimulations at a frequency of 20 Hz. The amplitude of the
first response (A1) is measured and compared with the amplitude of the second stimulation (A2) to obtain the A2/A1 ratio and to the 100th (A100) to obtain the A100/A1 ratio,
respectively. The response of larvae expressing KIF5A WT or KIF5A D27 is decreased compared with the control. Recordings were made from 39, 36, and 26 control, KIF5A WT, and
KIF5A D27 larvae, respectively. Data are mean 6 SD. ns, p . 0.5; **p , 0.01; ****p , 0.0001; Kruskal–Wallis test and Dunn’s post hoc test or ordinary one-way ANOVA and
Tukey post hoc test (F).
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KIF5A D27 leads to the loss of motor neurons and a shorter
life span
We asked what the consequences of these KIF5A mutant-induced
cellular abnormalities might be on the survival of motor neurons.
The organization of motor neuron cell bodies is stereotyped and
patterned in the larval VNC. Interestingly, we observed that this
organization appears to be altered on KIF5A D27 expression, sug-
gesting that motor neuron loss may occur. Thus, we decided to
take a closer look at the cell bodies of these motor neurons. To
this end, we followed the aCC and RP2 motor neurons, located
in the dorsal part of the VNC and expressing the Even-skipped
(Eve) transcription factor. We focused on this subpopulation of
motor neurons because they are easy to distinguish and count
because of their reproducible pattern in the different segments of
the VNC (Landgraf et al., 2003). We observed a decrease in the
number of Eve-positive motor neurons per segment on KIF5A
D27 expression (Fig. 8A,B), which leads to an overall disorganiza-
tion of the motor neuron cell bodies in the different segments of
the VNC. This result shows that the expression of KIF5A D27 is
pathogenic in motor neurons and leads to their loss. However, the
KIF5A mutant-induced pathogenicity did not affect the viability
of the larvae reared at the conventional temperature of 25°C, as
viable adult flies emerged. We decided to sensitize the system and
breed the Drosophila vials at 29°C, a temperature that increases
both the developmental rate and the activation of the UAS-Gal4
system (Brand et al., 1994). Under these conditions, KIF5A D27
induces drastic lethality, with larvae dying throughout the larval
stage with very few pupae formed (Fig. 8C,D). Importantly, con-
trol and KIF5A WT-expressing Drosophila emerge similarly to
adult flies at 29°C.

We next asked whether the expression of KIF5A D27, at the
adult stage, would influence adult life expectancy and motor

functions of flies. We first ensured that the expression levels
of KIF5A transgenes using VGlut-Gal4 in adult VNC were
similar (Fig. 9A,B). Then, we took advantage of the tub-
Gal80ts construct combined with the VGlut-Gal4 driver to
allow induction of KIF5A D27 or WT only at the adult stage
by shifting the temperature to 29°C. We measured the life-
span of males by counting the number of flies dead every 2-
3 d. We found that expression of KIF5A D27, selectively in
adult motor neurons, decreased lifespan (Fig. 9C). A 25%
reduction of lifespan was observed in KIF5A D27-express-
ing flies compared with control, with a median survival of
15 and 20 d, respectively. A lifespan effect was also observed
in the KIF5A WT condition, with a median survival of 22 d.
Next, we analyzed the motor activity of these animals using
a negative geotaxis assay. Negative geotaxis is the ability of
a fly to move vertically when startled; it is based on an
innate escape response during which after being tapped to
the bottom of a pipet the flies ascend the wall (Martinez et al.,
2007). We chose to assay the motor activity of males at 3 d,
shortly after their shift to 29°C, and at 10 d (i.e., before they
reached their half-life). At 3 d, no significant difference was
observed between the different genotypes. Indeed, males
expressing KIF5A D27 in motor neurons have a comparable
climbing ability to the control or males expressing KIF5A
WT (Fig. 9D). However, 10 d after being placed at 29°C,
males expressing KIF5A D27 in motor neurons exhibited a
significant 70% reduction in their climbing ability compared
with control or males expressing KIF5A WT (Fig. 9D).

These results indicate that, in contrast to the expression of the
WT form of KIF5A, the expression of KIF5A D27 is deleterious
to motor neurons in both larvae and adults and reduces the life
expectancy of adult flies.

Figure 5. High-frequency response is impaired in motor neurons expressing KIF5A. A, Representative traces of 20 Hz stimulation recordings at the NMJ of control or motor neurons express-
ing either KIF5A WT or KIF5A D27. B, C, Train stimulations performed at 50 Hz. Motor neurons expressing KIF5A D27 are unable to maintain a response amplitude similar to control from the
second stimulation as shown by the A2/A1 ratio (B); the defect is amplified after the 100th stimulation (C). The same defect is observed upon KIF5A WT expression but to a lesser extent after
the second stimulation (B). Recordings were made in B from 31, 29, and 21 control, KIF5A WT, and KIF5A D27 larvae, respectively, and in C from 28, 31, and 21 control, KIF5A WT, and KIF5A
D27 larvae, respectively. D, Protocol of long stimulations at 10 Hz. Motor neurons expressing KIF5A WT or D27 are unable to maintain a response amplitude similar to control as shown by
the A200/A1 ratio. Recordings were made from 21, 24, and 16 control, KIF5A WT, and KIF5A D27 larvae, respectively. Data are mean 6 SD. Significance was assessed using the Kruskal–
Wallis test and Dunn’s post hoc test (B) or ordinary one-way ANOVA and Tukey post hoc test (ns, p. 0.5; *p, 0.1; **p, 0.01; ****p, 0.0001).
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Discussion
With the aim of deciphering the cellular and molecular mecha-
nisms altered by the expression of ALS-associated KIF5A mu-
tant, we developed a Drosophila model based on KIF5A D27
expression selectively in motor neurons. Our data show that the

KIF5A mutant is highly detrimental to motor neurons. Indeed,
KIF5A D27 alters morphology and synaptic transmission at larval
NMJs. These defects are associated with disturbed locomotion and
a tail-flip phenotype that is characteristic of axonal transport defects.
Concordantly, KIF5A D27 is found in cytoplasmic inclusions in

Figure 6. Mitochondria and synaptic vesicles form inclusions in motor neurons expressing KIF5A D27 mutant. A, KIF5A WT or D27 is expressed under the control of VGlut-Gal4, UAS Mito-
GFP to label neuronal mitochondria. Mitochondria (green) are observed in the cell bodies, the proximal axons, and at the NMJs (labeled by HRP staining in red). In the soma and axon of control
motor neurons, mitochondria are evenly distributed, whereas they are more densely packed upon KIF5A WT expression. Mitochondrial inclusions are found both in the cell bodies and in the
axons of motor neurons expressing KIF5A D27 (white arrowheads). At the NMJs of control flies, mitochondria are found in the synaptic boutons. Fewer mitochondria are visible at the NMJs of
larvae expressing either KIF5A WT or KIF5A D27. Scale bars, 50 mm. B–D, Quantification of the fluorescence intensity of mitochondria relative to the cell body surface (B), axons (C), or NMJ
(D) is reported for the different genotypes. Number of cell bodies observed, n ¼ 87, 99, and 84 for the control, KIF5A WT, and KIF5A D27, respectively. Number of nerves observed, n ¼ 22,
24, and 30 for the control, KIF5A WT, and KIF5A D27, respectively. Number of NMJs considered, n¼ 21, 25, and 18 for the control, KIF5A WT, and KIF5A D27, respectively. Data are mean6
SD. a.u., arbitrary units. Significance is assessed using the Kruskal–Wallis test and Dunn’s post hoc test (B) or ordinary one-way ANOVA and Tukey post hoc test (C,D) (ns, p. 0.5, ****p,
0.0001). E, Axons and NMJs of VGlut-Gal4, UAS NPY-GFP (control) larvae expressing either KIF5A WT or D27 mutant are shown. The GFP staining (green) labels the synaptic vesicles loaded
into proximal axons and NMJs. In the axons, the distribution of the synaptic vesicles is homogeneous in control as well as in KIF5A WT expression condition. Expression of KIF5A D27 disturbs
the synaptic vesicle distribution, and aggregates are present along the axon (arrowheads). At the NMJs, costained by anti-HRP (red), the synaptic vesicles (green) are found in the different bou-
tons in control larvae and in larvae expressing KIF5A WT. On the contrary, a significant decrease of the GFP fluorescence intensity is observed at the NMJs upon KIF5A D27 expression. Scale
bar, 40 mm. F, Quantification of the intensity of GFP fluorescence related to the NMJ area. Number of NMJs considered, n¼ 17, 16, and 17 for control, KIF5A WT, and KIF5A D27, respectively.
Data are mean6 SD. a.u., Arbitrary units. ns, p. 0.5; ****p, 0.0001; one-way ANOVA and Tukey’s test.
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axons of motor neurons, along with abnormal clustering of mito-
chondria and synaptic vesicles. Together, our data show that KIF5A
D27 mutant is associated with a toxic gain of function that could
lead to motor neuronal death.

KIF5A D27 ALS-related is associated with a toxic gain of
function
Generalization of large-scale genomic studies by whole-exome
sequencing or genome-wide association study analyses has led to
the identification of a large number of new gene mutations in

various diseases. The biological interpretation of these variants
that lack evidence of pathogenicity is a major objective for mo-
lecular diagnosis and to further increase our understanding of
mechanisms leading to the pathology. Recently, different compu-
tational approaches showed that, unlike loss-of-function muta-
tions that do not display a preferential location, gain-of-function
mutations tend to cluster in spatial regions of the proteins. These
regions are often protein interfaces involved in protein interac-
tions with other molecules (Lelieveld et al., 2017; Gerasimavicius
et al., 2022; Livesey and Marsh, 2022). Interestingly, KIF5A is a
motor protein that bridges the microtubule rails and many

Figure 7. KIF5A D27 forms cytoplasmic inclusions and induces axonal damage. A, Coimmunostainings with anti-KIF5A (red) and anti-GFP (green) on motor neuron axons of VGlut-Gal4,
UAS-GFP, UAS-KIF5A larvae. In axons expressing KIF5A WT, KIF5A is uniformly distributed. On the contrary, KIF5A D27 is found scattered and in cytoplasmic inclusions along axons (white
arrows). KIF5A D27-positive inclusions also contain GFP-positive inclusions (white arrowheads). Scale bar, 50 mm. B, While a small percentage (10%) of motor neuron axons displays KIF5A WT
containing inclusions, all observed motor neuron axons contain KIF5A D27-positive cytoplasmic inclusions. This strongly suggests that the ALS-related form of KIF5A is prone to aggregation.
The number of axon-containing nerves observed is n¼ 27 and 28 for KIF5A WT and KIF5A D27, respectively. Data are mean6 SD. ****p, 0.0001 (Mann-Whitney test). C, Immunostaining
with anti-HRP (red) on motor neuron axons from control (VGlut-Gal4/1) and larvae expressing either KIF5A WT or D27. HRP staining allows visualization of axonal membranes. In control and
KIF5A WT-expressing larvae, the axonal membranes are uniformly stained by the HRP labeling. In contrast, HRP labeling is scattered and found in inclusions upon KIF5A D27 expression. Scale
bar, 50 mm D, Cell bodies of motor neurons from VGlut-Gal4, UAS-GFP (control) larvae expressing either KIF5A WT or D27. GFP staining (green) allows visualization of the entire cell bodies.
KIF5A WT (red) is uniformly localized in the cytoplasm, whereas KIF5A D27 is mostly found in cytoplasmic inclusions. Scale bar, 50 mm. E, High-magnification view of a VGlut-Gal4, UAS-GFP,
UAS KIF5A WT or D27 motor neuron cell body (outlined by a white dotted line) showing KIF5A D27 cytoplasmic inclusions (red). Scale bar, 50 mm.
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different cargos to ensure axonal transport from the soma to the
periphery, allowing proper functioning of motor neurons. This
central position implies that KIF5A interacts with various pro-
tein partners, making KIF5A a pivotal protein in motor neurons.
Indeed, the mutations found in KIF5A are clustered mainly in
the N- and C-terminal domains that connect the protein to
microtubules and cargos, respectively. The pathologies associated
with these mutations also follow this dichotomy (e.g., mutations
located in the motor domain in the N-terminal part are linked to
SPG10 a subtype of hereditary spastic paraplegia and CMT2 dis-
orders) (Reid et al., 2002; L. Wang and Brown, 2010; Crimella et
al., 2012; Füger et al., 2012; Nam et al., 2018), while ALS-related
mutations are clustered in the C-terminal part of the protein
(Brenner et al., 2018; Nicolas et al., 2018).

ALS patients carrying the D27 mutation also have a WT copy
of the KIF5A gene. Whether KIF5A D27 mutant causes ALS by a
lack of functional kinesin via haploinsufficiency or by a gain-of-
function effect remained elusive. Initially, the KIF5A D27 muta-
tion was proposed as a loss of function (Nicolas et al., 2018).
Results obtained in cellulo (Baron et al., 2022; Nakano et al.,

2022; Pant et al., 2022) and in our Drosophilamodel make it pos-
sible to reconsider the KIF5A D27 molecular mechanism under-
lying the pathogenicity in humans. Indeed, several reasons argue
against haploinsufficiency of KIF5A function in ALS. First, mice
lacking Kif5A die just after birth, while the loss of one copy of
Kif5A, which results in a reduced amount of protein, is not dele-
terious (Xia et al., 2003; Karle et al., 2012). When cultured in
vitro, Kif5A1/� motor neurons survived as well as control and
did not show any defects in axonal and dendritic outgrowth
compared with Kif5A�/� motor neurons (Karle et al., 2012).
Importantly, the absence of defects in Kif5A1/� motor neurons
is not because of compensatory mechanisms, as the expression of
Kif5B and Kif5C is unchanged compared with the control (Xia et
al., 2003). In Drosophila, the homologous gene of KIF5A is khc,
which represents the only member of the Kinesin-1 family. The
khc loss-of-function mutation is recessive, and early lethal while
heterozygous animals do not exhibit any phenotype (Hurd and
Saxton, 1996), confirming that the loss of one copy of kinesin-1
is not detrimental. Furthermore, our results were obtained by
overexpressing KIF5A D27 in Drosophila carrying two WT

Figure 8. KIF5A D27 expression induces motor neuron loss and premature lethality. A, Left panels, The VNC of control VGlut-Gal4, UAS-GFP third instar larvae, costained with anti-Eve (red)
and GFP (green). Motor neurons (green) in the dorsal part of the VNC are shown, with anterior up. In each segment (indicated by white lines), Eve labels a subpopulation of aCC (arrows) and
RP2 (arrowheads) motor neurons as well as two pCC interneurons (marked with asterisks). Right panels, The expression of KIF5A D27 induced a loss of aCC and RP2 motor neurons. Scale bar,
50 mm. B, Quantification of aCC/RP2 motor neuron number was performed in segments A5-A7. Expression of KIF5A D27 leads to a significant reduction (37.3%) in the number of motor neu-
rons, indicating that KIF5A D27 is pathogenic. Number of segments counted n¼ 16 and 37 for control and KIF5A D27, respectively. Data are mean6 SD. ****p, 0.0001 (unpaired t test).
C, At 25°C, expression of KIF5A WT or KIF5A D27 in motor neurons using the VGlut-Gal4 driver resulted in fully viable adults. At 29°C, KIF5A WT expression had no effect on the viability; adult
flies eclosed as in the control. On the contrary, most larvae expressing KIF5A D27 died, and only 10.3% of them formed pupae that died at the pupal stage. D, The viability was determined by
directly counting the number of larvae reaching the pupal stage at 29°C. Only 10.3% of pupae were present when KIF5A D27 was expressed in motor neurons compared to 91.2% and 94.7%
in control and KIF5A WT conditions, respectively. Number of larvae considered: n ¼ 250, 300, and 300 for the control, KIF5A WT, and KIF5A D27, respectively. Means6 SD are expressed in
percentages. ****p, 0.0001 (one-way ANOVA test with a Tukey post hoc test).
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copies of khc. The absence of phenotype in khc1/� heterozygous
flies as well as the phenotypes observed after KIF5A D27 overex-
pression argue against a haploinsufficiency effect of KIF5A D27
mutations in ALS patients, but rather tend to be explained by a
gain-of-function mechanism.

Our results show that one acquired property of KIF5A D27 is
the ability to form cytoplasmic inclusions, confirming what was
described by other studies (Nakano et al., 2022; Pant et al., 2022).
Indeed, we observed numerous KIF5A D27-positive cytoplasmic
inclusions in the soma as well as in the axons of motor neurons.
Interestingly, KIF5A D27-positive inclusions contain cytoplasmic
GFP as well as HRP-positive inclusions. This observation strongly
suggests that KIF5A D27 is able to recruit neighboring proteins in
inclusions, likely explaining the motor neuronal dysfunctions.

Aggregation of KIF5A D27 is associated with axonal
transport defects, as the distribution of mitochondria as well
as synaptic vesicles is strongly altered by KIF5A D27 expres-
sion. Furthermore, the axonal integrity is also affected, and
motor neuron death occurs on KIF5A D27 expression. These
results are in agreement with those recently reported as
KIF5A D27 expression induces the death of mouse primary
cortical neurons in vitro (Baron et al., 2022; Pant et al., 2022)
as well as mechanosensory neurons in Caenorhabditis elegans
(Nakano et al., 2022).

While the pathophysiological mechanisms of ALS are com-
plex, a common signature of the disease is the presence of pro-
tein aggregates (Blokhuis et al., 2013). Indeed, many genes
associated with familial ALS were prone to aggregation, such as

TDP43 (Neumann et al., 2006), FUS (Kwiatkowski et al., 2009;
Vance et al., 2009), SOD1 (Bruijn et al., 1998), and some dipep-
tide repeat polypeptides originating from C9orf72 hexanucleo-
tide repeat expansion (Al-Sarraj et al., 2011). Our results propose
adding KIF5A to the list of aggregation-prone proteins associ-
ated with ALS. This is supported by recent studies showing that
KIF5A, but not KIF5B or KIF5C, has an intrinsic tendency to oli-
gomerize (Chiba et al., 2022; Pant et al., 2022). Indeed, kinesin-1
generally acts as a homodimer, but it was shown that KIF5A may
be found as a tetramer of heavy chains in vitro (Chiba et al.,
2022).

Mitochondria localization is disturbed in KIF5A D27
condition
The best-known cargos of the kinesin-1 family are mitochondria
which play a central role in the life of all cells, but even more in
neuronal cells that have high metabolic demands. Indeed, mito-
chondria play a central role in many metabolism pathways, such
as ATP synthesis, calcium homeostasis, or the biogenesis of
phospholipids. ATP production and calcium buffering are essen-
tial for neuronal life to ensure neurotransmission (Nicholls and
Budd, 2000; Rizzuto et al., 2012; Engl and Attwell, 2015). As pre-
vious in vitro studies have described that the KIF5A D27 protein
lacks its autoinhibitory property (Baron et al., 2022; Nakano et
al., 2022; Pant et al., 2022), we could expect to observe an accu-
mulation of mitochondria at the axonal endings. However, we
observed the opposite (i.e., a significant decrease of mitochondria
at the NMJs). We believe that, in our comprehensive model, with

Figure 9. In adult motor neurons, expression of KIF5A D27 shortens lifespan and reduces climbing activity. A, Total protein extraction was performed from the thorax of control (VGlut-
Gal4/1), KIF5A WT (VGlut-Gal4/UAS-KIF5A WT), and KIF5A D27 (VGlut-Gal4/UAS-KIF5A D27) expressing flies. Top, Anti-KIF5A staining (indicated by black arrowhead). Bottom, Anti-b -tubu-
lin, used as a loading control. B, Quantification of gel bands was done by using Fiji software (Analyze gels); four gels were analyzed. Data are mean6 SD. ns, p. 0.5 (Mann-Whitney test).
Males shifted at 29°C at eclosion from the VGlut-Gal4, tub-Gal80ts, UAS KIF5A WT, or KIF5A D27 crosses were assayed for lifespan and locomotion assays. C, Survival curves at 29°C of male flies
VGlut-Gal4; tubGal80ts control (blue) or expressing KIF5A WT (green) or KIF5A D27 (red). The median lifespan is 20 d for control flies, 22 d for KIF5A WT, and 15 d for KIF5A D27. Number of
flies n ¼ 600, 450, and 608 for the control, KIF5A WT, and KIF5A D27, respectively. Data represent nine different cohorts. Error bars indicate SE. ****p , 0.0001 (log-rank test). D,
Locomotion was monitored by negative geotaxis assays at 3 and 10 d. Three days after the temperature was shifted/raised to 29°C, no difference was observed in the climbing ability of the dif-
ferent genotypes. After 10 d rearing at 29°C, although climbing ability decreased in control and KIF5A WT conditions compared to 3 d as expected, a major effect was observed in the KIF5A
D27 condition. Compared with the control or KIF5A WT, males expressing KIF5A D27 in motor neurons showed an 80% reduction in climbing ability. Number of males considered: n ¼ 120
and 150 for the control at 3 and 10 d, respectively. n ¼ 90 and 150 for KIF5A WT at 3 and 10 d, respectively; n ¼ 110 and 150 for KIF5A D27 at 3 and 10 d, respectively. Means6 SD are
expressed in percentages. *p, 0.05; **p, 0.01; ****p, 0.0001; two-way ANOVA test with Tukey’s multiple comparisons test.

Soustelle et al. · KIF5AD27 Is Pathogenic to Motor Neurons J. Neurosci., November 22, 2023 • 43(47):8058–8072 • 8069



sustained metabolic demand, complex biosynthetic activities, and
non–cell-autonomous regulatory mechanisms, kinesin-dependent
axonal transport can be differentially affected by ALS-causing
mutation.

The lack of mitochondria at the NMJs explains why NMJs
in KIF5A D27-expressing larvae cannot sustain high-frequency
stimulation (Guo et al., 2005; Verstreken et al., 2005). Surprisingly,
the expression of KIF5AWT induces the same phenotype at the
NMJs (i.e., a lack of mitochondria and failure to respond to
high frequency stimulation). However, basal neurotransmission
remains normal on KIF5A WT expression. In contrast, drastic
alterations of neurotransmission were observed on KIF5A D27
expression. We propose that the severe reduction in mitochon-
drial density as well as the presence of mitochondrial inclusions
along segmental nerves disturbs the energy supply, leading to
neurotransmission defects. This defect in mitochondrial distri-
bution with cluster formation is common to several ALS mouse
models (SOD1 G37R or G85R, TDP-43 Q331K or M337V) and
is also observed in patients, suggesting that mitochondrial misloc-
alization is a common pathologic feature in ALS (De Vos et al.,
2007; Sasaki and Iwata, 2007; Shan et al., 2010; Velde et al., 2011;
Wang et al., 2013; Magrané et al., 2014; Smith et al., 2019).

Beyond mitochondria, we also found that synaptic vesicles
are not correctly localized within the axons and at NMJs of
KIF5A D27-expressing larvae. This suggests a global axonal
transport defect induced by KIF5A D27. Alteration of motor
neuron physiology is supported by aberrant HRP staining, which
labels neuronal membranes. In KIF5A D27-expressing larvae,
HRP staining is not uniform as in control and numerous HRP-
positive inclusions were observed, strongly suggesting that the
integrity of motor neuron axons is altered. Together, these obser-
vations show that, in addition to the defect in mitochondrial
localization, the expression of KIF5A D27 disrupts the physiolog-
ical integrity of motor neurons which ultimately leads to their
death.

Cytoskeleton is a central player in ALS
Various mechanisms can explain the onset of ALS, from defects in
RNAmetabolism, neuronal excitability to altered proteostasis, and
intracellular transport. Defects in intracellular trafficking are a
general feature found in ALS patients (for review, see Ikenaka et
al., 2012; De Vos and Hafezparast, 2017; Burk and Pasterkamp,
2019; Guo et al., 2020). Motor neurons are the largest polarized
cells in the human body and axonal transport ensures their home-
ostasis by allowing both the distribution of lipids and organelles,
the transmission of the neuronal signal, and the clearing of mis-
folded proteins or pathogenic aggregates (Julien and Beaulieu,
2000; Chevalier-Larsen and Holzbaur, 2006; Millecamps and
Julien, 2013; Castellanos-Montiel et al., 2020; Theunissen et al.,
2021). This process is only possible if the integrity of the neuronal
cytoskeleton is maintained, giving the cytoskeleton a central role
in neuronal cells.

To date, ;30 ALS-related genes have been identified, with
four of them directly involved in microtubule dynamics. The
TUBA4A gene encoding tubulin a 4a protein and the Spastin pro-
tein (an ATPase) are involved in the formation and disassembly of
microtubule tracks, respectively. The other two genes, DCTN1
(Dynactin subunit 1) and KIF5A, are microtubule-related molecu-
lar motors implied in retrograde (via Dynein binding) and antero-
grade transport, respectively. However, these genes only account
for ,5% of all ALS cases (Liu and Henty-Ridilla, 2022). This low
representation does not match with the axonal transport defects
observed in patients. Interestingly, SOD1, FUS, TDP43, and

C9orf72 variants, which are responsible for the majority of
familial ALS cases, are also known to directly or indirectly
cause axonal transport and/or mitochondrial defects (Burk
and Pasterkamp, 2019; W. Guo et al., 2020). This observation
reinforces the hypothesis that cytoskeleton dynamics (and,
more specifically, microtubule disorganization) can trigger
axonal degeneration and synapse loss, raising the question of
oligogenic etiology in ALS.

Here, we characterize the alterations induced by the expres-
sion of the ALS-associated KIF5A mutant in Drosophila motor
neurons. In this whole organism, expression of KIF5A D27 selec-
tively in motor neurons leads to behavioral locomotor deficits
associated with morphologic alteration of the NMJs. Moreover,
the observed tail-flipping phenotype suggests an impairment of
axonal transport that is reinforced by a failure of neurotransmis-
sion recorded at the synaptic level. In addition, KIF5A D27 con-
taining cytoplasmic inclusions are found in the soma and axons
of motor neurons. Finally, the expression of KIF5A D27 leads to
motor neuronal loss and Drosophila death when its expression is
reinforced. This in vivo study shows that the pathogenicity of
KIF5A mutant to motor neurons arises from a toxic gain of func-
tion and represents an important step in our understanding of
the pathogenesis of ALS.
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