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Pediatrico Bambino Gesù IRCCS, V.le S. Paolo, 15, Polo di Ricerca S. Paolo, 00146 Rome, Italy. Tel: þ390668592104; Fax: þ306868592024;
Email: ebertini@gmail.com

Abstract
Microtubules participate in fundamental cellular processes, including chromosomal segregation and cell division, migration
and intracellular trafficking. Their proper function is required for correct central nervous system development and operative
preservation, and mutations in genes coding tubulins, the constituting units of microtubules, underlie a family of
neurodevelopmental and neurodegenerative diseases, collectively known as ‘tubulinopathies’, characterized by a wide range
of neuronal defects resulting from defective proliferation, migration and function. Here, we causally link a previously
unreported missense mutation in TUBB2A (c.1249G>A, p.D417N), encoding one of the neuron-specific b-tubulin isotype II, to a
disorder characterized by progressive spastic paraplegia, peripheral sensory-motor polyneuropathy and ataxia. Asp417 is a
highly conserved solvent-exposed residue at the site mediating binding of kinesin superfamily motors. Impaired binding to
KIF1A, a neuron-specific kinesin required for transport of synaptic vesicle precursors of the disease-associated TUBB2A mu-
tant, was predicted by structural analyses and confirmed experimentally in vitro. We show that overexpression of
TUBB2AD417N disrupts the mitotic spindle bipolarity and morphology and affects the M phase entry and length. Differently
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from the TUBB2AN247K and TUBB2AA248V, two mutants previously identified to affect neurodevelopment, TUBB2AD417N retains
the ability to assemble into microtubules. Consistent with the differential clinical and structural impact, TUBB2AA248V does
not drastically affect TUBB2A binding to KIF1A, nor mitotic spindle bipolarity. Overall, our data demonstrate a pathogenic
role of the p.D417N substitution that is different from previously reported TUBB2A mutations and expand the phenotypic
spectrum associated with mutations in this gene.

Introduction
Alpha and b-tubulins are the major components of microtu-
bules, in which they are continuously incorporated and re-
leased, making these structures highly dynamic (1).
Microtubules are implicated in a host of cellular functions (2)
and are major cytoskeletal components of neurons, where their
function is required for proper neuronal cell division, polarity,
migration and intracellular trafficking (3). Consistently, nervous
system development, and neuronal survival and function are
highly dependent on proper microtubule function, and muta-
tions in an increasing number of genes encoding for tubulin
subunits (TUBA1A, TUBA8, TUBB2B, TUBB3, TUBB2A and TUBB5)
have been associated with a wide spectrum of neurodevelop-
mental disorders, collectively known as ‘tubulinopathies’,
mostly characterized by non-progressive complex cortical and
brain malformations. The identification of heterozygous muta-
tions in TUBA4A as the molecular cause of a progressive form of
amyotrophic lateral sclerosis (4) supports the view that muta-
tions in these genes may also underlie a greater proportion of
neurodegenerative conditions than currently appreciated.

In mammals, there are at least seven b-tubulin isotypes,
which are encoded by multiple genes with differential tissue
expression (5,6). Among these, class I (TUBB1), class II (TUBB2)
and class III (TUBB3) isoforms are strongly expressed in neurons
(7–9). TUBB2A represents �30% of all b-tubulins in human brain
(10), and mutations in this gene have recently been reported to
cause a developmental disorder characterized by structural
brain abnormalities, including cortical dysplasia, simplified gy-
ral patterning, anterior temporal pachygyria and perisylvian
polymicrogyria (11–13). So far, two disease-causing missense
changes (c.741C>G, p.N247K; c.743C>T, p.A248V) have been re-
ported (11), which have been shown to impair proper formation
of the a/b-tubulin heterodimer, resulting in a decreased or im-
paired incorporation of b-tubulin into microtubule polymers.

Here, we report on the identification of a novel variant in
TUBB2A identified by ‘whole’ exome sequencing (WES) in a subject
with a condition characterized by progressive spastic ataxia and a
sensory motor peripheral neuropathy resembling a sacsinopathy.
We demonstrate that, differently from the previously identified
TUBB2A mutations affecting neurodevelopment, the present
disease-causing mutation impairs the affinity of microtubules to
neuron-specific kinesin KIF1A and does not affect dramatically b-
tubulin incorporation in microtubules. Notably, such perturbed
function specifically affects the spindle assembly during mitosis.
Our data associates this novel mutation in TUBB2A with a pheno-
type of progressive neurodegeneration and expands the pheno-
typic spectrum of b-tubulin 2A beyond structural brain defects
and brain malformations or infantile-onset epilepsy.

Results
Clinical assessment

The patient, a 23-year-old young male was born to non-consan-
guineous parents of Italian ancestry. The clinical history was

characterized by delayed motor milestones. He was able to sit
around the age of 1 year and started to walk on tip toes at the
age of 2 years. At age 4 years, he exhibited spastic paraplegia
and an ataxic syndrome that slowly worsened with time with
progressive gait difficulties, and onset of pyramidal signs lim-
ited to the upper limbs. Extensive metabolic investigations
were performed but yielded negative results. Brain magnetic
resonance imaging (MRI) at the age of 8 years showed periven-
tricular T2 hyperintense areas. Multimodal evoked potentials
documented normal somatosensory evoked responses, while
visual evoked potentials were mildly delayed with a normal
electroretinogram. Nerve conduction velocity studies docu-
mented that the sensory conduction velocity of the sural nerve
was not evocable, while motor nerve conduction velocity of the
right and left peroneal nerve was reduced to 22 m/s with low
compund motor action potential (CMAP) amplitudes (left: 2.5
mVs and right 0.8 mVs), and that of the right ulnar nerve was
delayed to 36 m/s with low normal CMAP amplitude (7.4 mVs).
At follow up, reduced visual acuity with strabismus appeared
together with progressive spasticity, ataxia and distal amyotro-
phy of hands and feet with bilateral foot drop (Fig. 1D and E).
Neurological examination at the age of 17 documented loss of
autonomous walking. Cognitive levels were somewhat sluggish
and delayed. The Raven test was under 5%. He showed distal
amyotrophy of hands and feet, strabismus and pendular nys-
tagmus in all directions of gaze. Electromyography and conduc-
tion velocity examination suggested a motor axonal neuropathy
for both the upper and lower limbs. Spasticity was severe in
lower limbs showing bilateral foot clonus. Ophthalmological ex-
amination documented a bilateral temporal optic atrophy but
there were aspects of macular dystrophy bilaterally in the ab-
sence of any sign of pigmental retinopathy. Optical coherence
tomography (OCT) showed normal parameters (Fig. 1G). Control
MRI performed at the age of 18 years showed atrophy of the su-
perior cerebellar vermis, T2-hypointense stripes and thinning of
the corpus callosum. The cognitive Wechsler-IV for adults de-
tected a total score of 69, which was consistent with a mild
mental defect. The MRI had features of cerebellar atrophy and
hypointense stripes in the pons suggesting a sacsinopathy
(Fig. 1A–C). Extensive molecular genetic analysis ruled out dom-
inant spinocerebellar ataxias, hereditary spastic paraplegia syn-
dromes and other neurodegenerative disorders by targeted
resequencing using a comprehensive custom disease gene
panel, including sacsin (SACS).

Molecular analysis

To identify the molecular event underlying the trait, exome se-
quencing was performed in the proband and unaffected parents
and siblings. WES data output is summarized in Supplementary
Material, Table S1. Among 87 392 called variants, data annota-
tion predicted 11 938 high-quality variants having functional
impact (i.e. non-synonymous and splice site changes). Among
the latter, 323 were private or rare changes and were retained
for further analyses. Variants predicted to be deleterious by
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combined annotation dependent depletion (CADD) were priori-
tized on the basis of the functional relevance of genes, taking
into account X-linked, autosomal dominant and autosomal re-
cessive inheritance models, allowing identification of a de novo
missense c.1249G>A (p.D417N) substitution in TUBB2A as the
only excellent candidate. Sanger sequencing validated the vari-
ant and confirmed its de novo origin. Inspection of multiple se-
quence alignment including orthologs and paralogs showed
that the residue is invariantly conserved (Fig. 5). The variant (or
any other substitution affecting codon 417) had not previously
been reported in public (123 000 exomes, gnomAD) and
population-matched in-house (800 exomes) databases. The pu-
tative functional relevance of the p.D417N substitution was also
predicted by different scores; including ExAC missense z score
(6.2), residual variation intolerance score (Residual Variation
Intolerance Score v4, �0.50) and gene damage index (2.41) (14),
consistently indicating that TUBB2A is a protein intolerant to
variation. Based on this finding, mutation analysis of the entire
coding sequence of TUBB2A was performed in 14 SACS
mutation-negative patients with symptoms suggestive of a sac-
sinopathy but did not identify any additional functionally rele-
vant variants in this gene.

D417N does not affect the half-life of TUBB2A and its incorporation
into microtubules
To determine the functional impact of p.D417N substitution and
compare it with the p.A248V substitution that had previously
been associated to both a non-progressive infantile-onset epi-
lepsy with developmental brain abnormalities (11), and develop-
mental delay with anterior temporal pachygyria (12), wild type
(WT) and mutated C-terminally FLAG epitope (FLAG)-tagged
TUBB2A constructs were generated and transfected into human

embryonic kidney 293 (HEK-293) cells. We examined the impact
of both p.D417N and p.A248V mutations on TUBB2A stability,
evaluating the TUBB2A half-life upon inhibition of protein syn-
thesis. Cells were transfected with WT and mutant constructs
and after 24 h were treated with cycloheximide. The levels of
TUBB2A in cell lysates were determined by western blotting.

Comparison of protein stability by cycloheximide treatment
did not show significant difference in protein degradation among
recombinant TUBB2AWT and TUBB2AD417N, indicating that the
p.D417N mutation does not significantly affect the short-term
protein stability (Fig. 2). TUBB2AA248V instead was reduced to �16
and 18% after treatment with cycloheximide for 8 h and 12 h, re-
spectively, compared with TUBB2AWT. Interestingly, p.A248V
was previously reported to impair the correct incorporation of
TUBB2A into microtubule polymers of cultured cells (11).

To explore the effect of p.D417N on microtubules dynamics in
vitro, HEK-293 cells transiently transfected to overexpress WT
and mutant TUBB2A constructs were transferred to 4�C to induce
microtubule depolymerization (30 min) and then to 37�C to pro-
mote cytoskeleton polymerization rescue. The ability of recombi-
nant TUBB2A to assemble into microtubules was then evaluated
in time-course experiments by immunofluorescence analysis.

A slower reintegration of TUBB2AA248V into microtubules as
compared with WT TUBB2A (Fig. 3) was observed, consistent
with the notion that p.A248V substitution affects TUBB2A incor-
poration into growing microtubules (11). Indeed, TUBB2AA248V

incorporation appeared delayed during the early stages of repo-
lymerization and microtubules polymerization rescue was com-
pleted only after 45 min (Fig. 3A and B). Differently from
TUBB2AA248V, TUBB2AD417N retained its ability to assemble into
microtubule polymers, which appeared completely organized
after 30 min. Interestingly, during microtubules regrowth a
gradual accumulation of mitotic cells with aberrant spindle

Figure 1. Clinical features of patient. (A–C) Brain MRI of patients at age 18 years. (A) T1 sagittal, notice atrophy of cerebellar vermis (superior anterior lobule); (B) Fluid

attenuation inversion recovery (FLAIR) and (C) T2 weighted axial image. Arrows highlight the T2 and FLAIR hypointense stripes at the level of the pons. D and E show

distal muscle atrophy of hands. F shows pedigree of family, the propositus corresponds to the black square filled in black. G shows OCT with normal parameters, while

a bilateral temporal optic atrophy is evident bilaterally.
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occurred, suggesting that a high percentage of cells overex-
pressing the mutant TUBB2AD417N was arrested in mitosis
(Fig. 3A and C).

Immunocytochemical analysis showed normal colocaliza-
tion of the recombinant TUBB2AD417N with the endogenous a-
tubulin in both transfected HEK-293 and HeLa cells (Fig. 4).
Overall, these data indicate that, differently from what observed
for TUBB2AA248V, p.D417N mutation does not impair the incor-
poration TUBB2A into the microtubule network (Fig. 4,
Supplementary Material, Fig. S1).

Structural analysis on the effects of the D417N variant of TUBB2A
Asp 417 is a solvent-exposed residue conserved invariant
among TUBB2A orthologs and paralogs and located in a region
that mediates binding to the motor domain of kinesins. Of note,
this residue directly participates in such interaction (Fig. 5). The
negatively charged Asp417 residue forms salt-bridges with the
positively charged Arg307 and Arg316 residues in the motor do-
main of KIF1A, stabilizing the interaction with the kinesin. Both
salt-bridges were predicted to be impaired by the Asp-to-Asn
change, which introduces an uncharged residue. This observa-
tion strongly points to a weakened interaction with KIF1A as
the mechanism underlying the functional effect of the
TUBB2AD417N mutant on the associated neurodegenerative dis-
order. In addition, we analyzed in silico the crystal structure of

Figure 2. D417N substitution does not affect TUBB2A protein stability.

(A) Western blot analysis of TUBB2A protein stability, performed on HEK-293

cells transiently transfected with FLAG-TUBB2A (WT and mutants) and

treated with cycloheximide. GAPDH was used as a loading control.

(B) Histogram shows the quantitative analysis for western blot. The relative

levels before cycloheximide treatment (0 h) were set as 100%. The graph re-

ports the mean 6 SEM. n ¼ 3 *P < 0.05.

Figure 3. D417N substitution does not impair microtubule reassembly following cold-induced depolymerization. (A) HEK-293 cells overexpressing the recombinant

TUBB2A (WT and mutants) were transferred to 4�C to induce the microtubule depolymerization and returned to 37�C promote microtubule reassembly. At defined

time points, HEK-293 cells were analyzed by immunofluorescence experiments to visualize the rate of TUBB2A growth. Scale bar 20 mm. (B) Quantification of

FLAG-tagged TUBB2A density was performed using ImageJ software. For each cell we quantify the FLAG-tagged TUBB2A staining relative to the area of the cell. The

FLAG-tagged TUBB2A density was expressed as mean fluorescent intensity. Bars represent the means 6 SEM. (C) Quantification of the effect of p.D417N on MI during

TUBB2A regrowth. After ice cold treatment, HEK-293 cells overexpressing the recombinant TUBB2A (WT and mutants) were transferred to 37�C to promote microtubule

reassembly and analyzed at defined points to evaluate the percentage of cells with abnormal mitotic spindle. Results are presented as mean 6 SEM. n ¼ 3 *P < 0.005.
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apo-kinesin motor domains bound to a/b tubulin and found
that additional kinesins show interfacial residues with highest
similarity to those of KIF1A (Supplementary Material, Table S3).

Impact of D417N and A248V mutations on mitosis and spindle
bipolarity
Microtubules play a crucial role during mitosis ensuring the cor-
rect mitotic spindle assembly and positioning and ensuring
chromosome migration during anaphase.

We investigated the effect of p.D417N and p.A248V substitu-
tions in TUBB2A on spindle assembly and mitosis in cultured
HEK-293 cells transiently transfected with the mutant constructs.
As shown, we observed that differently from the p.A248V muta-
tion, the ectopic expression of p.D417N substitution caused the
appearance of cells with misshapen spindle at the M phase
(Fig. 6); in most cells the mitotic spindle had a monopolar struc-
tures with disorganized microtubules that extend from the cell
pole toward the cell’s periphery (Fig. 6A and C, Supplementary
Material, Fig. S1). The number of cells presenting this phenotype
correlated with the time of transfection suggesting that these ab-
normalities accumulate during replications (Fig. 6A and B).

A statistically increased mitotic index (MI) (i.e. the percent-
age of cells in mitosis) was documented in HEK-293 cells overex-
pressing the p.D417N mutation (42.8% for D417N mutation,

versus 15.6 and 9.6% for A248V mutation and WT, respectively,
at 48 h after transfection) (Fig. 6D). Prolonging the time of trans-
fection, overexpression of TUBB2AD417N was found to impair the
balance of M phase entry and exit (MI ¼ 42.8% at 48 h compared
with 20.11% at 24 h) (Fig. 6B). Interestingly, after 48 h of transfec-
tion, recombinant TUBB2AD417N and endogenous a-tubulin do
not completely colocalize in microtubules of mitotic cells; the
endogenous a-tubulin is located at the spindle pole within chro-
mosomes while TUBB2A extend in an orientation opposite to
that of the pole (Fig. 6A) indicating aberrant localization of the
mutant protein possibly as a result of altered interaction with
partner proteins. Therefore, HEK 293 cells overexpressing the
p.D417N mutation showed a wide range of nuclear abnormali-
ties, including defects in chromosome cohesion or attachment,
at prometaphase (Fig. 6C).

Since its impact on microtubule dynamics, aberrant mitotic
spindles were observed in HEK-293 cells overexpressing the
p.A248V mutation, however, MI in these cells was much lower
as compared with those overexpressing the p.D417N substitu-
tion (Fig. 6D).

Abnormalities in mitotic spindle are visible also in HeLa cells
transiently transfected with the TUBB2AD417N mutant but with a
much lower frequency probably due to the lower replicative ac-
tivity (Supplementary Material, Fig. S1). Of note, cells overex-
pressing the TUBB2AD417N mutant inducing mitosis show

Figure 4. D417N variant and endogenous a-tubulin are normally incorporated into Microtubule Polymers in vitro. Immunofluorescence analysis of recombinant

TUBB2A (WT and mutants) and endogenous a-tubulin in transfected HEK-293 cells. Scale bar 30 mm. High magnification of selected areas (white box) scale bar 20 mm.
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multipolar spindles as the predominant mitotic structures to-
gether with monopolar spindles: in these cells, microtubules ap-
peared generally thick and preferentially located at one side of
the cell. Moreover, in these structures, exogenous TUBB2AD417N

and endogenous a-tubulin exhibited only partial colocalization;
with the former extending toward the poles to cell periphery
and the latter been located only in proximity of the nuclei.

(Supplementary Material, Fig. S1). These data strongly suggest
that the D417N mutation in TUBB2A disrupts the spindle bipo-
larity, resulting in a delay of cell to exit from the M phase and
increasing the percentage of mitotic cells.

Interestingly, p.D417N substitution had previously been re-
ported in TUBB8, a highly homologous b-tubulin isoform ex-
pressed during human oocyte development, and was

Figure 5. In silico structural analysis and alignment of the D417N amino acid change. Multiple sequence alignment of the TUBB2A protein around the site affected by

the disease-causing D417N amino acid change (invariant residues are grayed), and homology model of the complex of the human TUBB2A protein (showing the site of

the D417 mutation) with TUBA1B, and the KIF1A motor domain. The WT inset highlights D417 and the salt-bridges (dotted lines) formed with the arginines R307 and

R316 in the motor domain of KIF1A. The mutant inset represents a modeled D417N amino acid replacement.

1897Human Molecular Genetics, 2018, Vol. 27, No. 11 |

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/27/11/1892/4935079 by Biblioteca Istituto Superiore di Sanita - R
om

a user on 11 June 2025

Deleted Text: -
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy096#supplementary-data


documented to impair the proper spindle formation resulting in
meiotic arrest in both mouse and human oocytes (15). To better
evaluate the impact of p.D417N on cell cycle progression and
microtubule spindle organization, HeLa cells transiently trans-
fected with WT or mutant TUBB2A proteins were synchronized
at G1/S boundary by thymidine-nocodazole treatment. At meta-
phase, HeLa cells overexpressing the p.D417N substitution
showed aberrant spindle morphology. Mitotic spindle origi-
nated from multiple cellular points and presented supernumer-
ary pericentrin spots indicating a dramatic disruptive impact
on proper chromosomal segregation and cell division
(Supplementary Material, Fig. S2).

Impact on microtubule stability in primary fibroblast of patient
harboring the D417N variant1
TUBB2A is a major tubulin subtype in neurons but is also ex-
pressed at lower levels in other cell lineages (10). We evaluated
the levels of TUBB2A in primary fibroblasts in comparison with
other major b-tubulin isotypes (TUBB, TUBB2C, TUBB2B, TUBB3,
TUBB4, TUBB1 and TUBB6). We observed that TUBB (class I) and
TUBB2C (class IVb) were the most expressed b-tubulin isotypes
representing the 60 and 22%, respectively, of the total b-tubulin
content in fibroblasts. TUBB6 (class V) and TUBB3 (class III) were
discreetly expressed, while TUBB2A (class IIa) was very lowly

expressed (3%). TUBB2B (class IIb), TUBB4 (class IVa) and TUBB1
(class VI) instead were not expressed (Fig. 7).

Although the percentage of TUBB2A expression in fibroblasts
was rather low, since the dramatic effect of p.D417N mutation
on spindle formation and mitosis, we evaluated the impact of
the mutation in primary fibroblasts obtained from of the af-
fected patient. Control and mutant fibroblasts were synchro-
nized at G1/S boundary by thymidine-nocodazole and after G1/S
release, we evaluated the progression of mitosis by time-course
experiments. Consistent with our findings, on transfected cells,
p.D417N affected the spindle morphology and chromosome
condensation; cells predominantly showed monopolar spindles
that during cytokinesis unequally distributed chromosomes to
multiple daughter cells (Fig. 8).

Comparative analysis of KIF1A affinity to TUBB2AD417N and
TUBB2AA248V

In the microtubule–kinesin complex, Asp417 is located at the
residue has been previously reported to be located at the inter
domain interface between microtubules and kinesin superfam-
ily motor proteins and has been reported to be critical for bind-
ing of kinesin to the microtubule (16,17).

Mutation affecting the Asp417 residue previously reported in
TUBB3 (NM_006086.3), a neuron-specific b-tubulin isoform showing

Figure 6. D417N substitution in TUBB2A impairs bipolar spindle formation causing mitotic arrest. (A–C) Immunofluorescence analysis of the mutant TUBB2A harboring

the p.D417N substitution in HEK-293 cells transiently transfected for 24 and 48 h. Scale bar 5 lm. (B) Quantification of the effect of p.D417N on MI after 24 or 48 h of trans-

fection. Results are presented as mean 6 SEM. n ¼ 3 **P < 0.005, ****P < 0.0001. (C) 3D reconstruction of the insert in A showing the frontal face image (en face) and the rear

face image (retro). (D) Quantification of the effect of p.D417N and p.A248V mutations on MI. Results are presented as mean 6 SEM. n ¼ 4 **P < 0.005, ****P < 0.0001.
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92% amino acid sequence identity to TUBB2A, perturbs the binding
of kinesins to microtubules in cultured cells (18–19), impairing axo-
nal transport (18). Consistent with such a critical role, substitutions
affecting this residue (p.D417H and p.D417N) have been found in
patients with an early-onset neurological syndrome with
ophthalmoparesis and progressive peripheral neuropathy (20).

Kinesins are important molecular motors that directionally
transport cargos including proteins, organelles and mRNA by
moving along microtubules (20). They have a central role in
neuronal function, plasticity and morphogenesis by transport-
ing synaptic vesicle precursors, neurotransmitter and neurotro-
phic factor within axons, dendrites and synapses (21).

In addition to their role of intracellular transporters, kinesins
participate in chromosome attachment during cell division and
contribute to anaphase spindle elongation, ensuring proper seg-
regation of chromosomes between daughter cells to avoid aneu-
ploidy (22).

Since the specific impact of the TUBB2AD417N mutant on mi-
totic spindle structure, we investigated the in vitro association of
WT and mutants TUBB2A with the kinesin KIF1A, by performing
coimmunoprecipitation assays on lysates from HEK-293 tran-
siently transfected with FLAG-tagged TUBB2A constructs.

As shown in Figure 9, recombinant TUBB2AWT coimmunoprecipi-
tated with the endogenous KIF1A in adenosine triphosphate-
devoid condition. Consistent with the in silico predictive modeling,
the p.D417N change strongly reduced the affinity of TUBB2A for
kinesin (Fig. 9).

Although TUBB2AA248V coimmunoprecipitated less with the
endogenous KIF1A, considering that the p.A248V has been re-
ported to perturb the incorporation of TUBB2A into microtu-
bules increasing the portion of unpolymerized TUBB2A, the
variability observed in TUBB2A-KIF1A affinity could be ex-
plained not by a low binding affinity of TUBB2AA248V to KIF1A
but rather by a reduced pool of TUBB2A incorporated into mi-
crotubule polymers that coimmunoprecipitate with KIF1A.

Discussion
Tubulinopathies constitute a wide family of neurodevelopmen-
tal disorders characterized by an overlapping range of brain

malformations caused by mutations in genes encoding for dif-
ferent isotypes of a and b-tubulins, the structural components
of microtubules (23). In this study, we report on a previously
unreported dominantly acting missense mutation, p.D417N, in
TUBB2A, one of the neuron-specific b-tubulin isotype II family,
resulting in a progressive neurological condition of spastic para-
plegia, peripheral sensory motor neuropathy and ataxia.
Interestingly, the equivalent amino acid change had previously
been reported in TUBB3 and has been associated with a progres-
sive early-onset peripheral neuropathy showing a very similar
brain abnormality to the present phenotype consisting in hypo-
plasia of the posterior body of the corpus callosum (20).

We investigated the pathogenic role of the disease-
associated mutation and provide evidence that p.D417N substi-
tution disrupts the dynamics of mitotic spindle and mitosis.

In cells expressing the TUBB2AD417N mutant the MI was dras-
tically increased. These cells showed monopolar and multipolar
spindle with altered a/b tubulin colocalization and presented a
wide range of nuclear abnormalities including defects in chro-
mosome cohesion or attachment. Consistent with these find-
ings, in primary fibroblasts, although the expression of
the TUBB2A variant was rather low compared with the major

Figure 8. D417N substitution affects Mitotic Spindle and chromosomes condensa-

tion in fibroblasts. Immunofluorescence analysis of synchronized skin fibroblasts

of healthy individuals and the patient harboring the p.D417N substitution. Cells

were stained using antibodies against pericentrin (green, centrosome marker) and

a-tubulin (red, marker for microtubules and mitotic spindle); chromosomes are

4’,6-diamidino-2-phenylindole stained (blue). Scale bars represent 10 mm.

Figure 7. Expression of b-tubulin isotypes in human primary fibroblasts de-

tected by RT PCR. Real-time analysis of b-tubulin isotypes conducted on primary

fibroblasts of healthy individuals (n¼4). Expression values were normalized

to GAPDH expression. Results are presented as mean 6 SEM. n¼4 **P< 0.005,

****P< 0.0001.
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b-tubulin isotypes, the p.D417N substitution caused similar ab-
normalities in spindle morphology; fibroblasts predominantly
showed aberrant monopolar spindles that during cytokinesis
unequally distributed chromosomes to multiple daughter cells.
In agreement with the present findings, the equivalent substitu-
tion reported in the TUBB8, which is a highly homologous b-tu-
bulin isoform expressed during human oocyte development,
has been reported to impair the correct spindle formation re-
sulting in a meiotic arrest in both mouse and human oocytes
(15).

Cell cycle defects and associated aneuploidy have been de-
scribed in several neurodegenerative disorders (24–27); how-
ever, their impact in neurodegeneration remains poorly
understood. Fibroblasts derived from patients affected by
Huntington’s disease and from R6/2 transgenic mice, the most
widely used model to study Huntington’s disease, showed a
high frequency of multiple centrosomes and aneuploidy (28)
and individuals affected by Alzheimer’s disease (AD) showed in-
creased aneuploidy in brain as well as in peripheral cells (29–
31): aneuploid neurons in AD patients are particularly prone to
degeneration and could account for 90% of the neuronal loss
that occurs in the late-stage of this pathology (32,33).

Considering the late-onset slowly progressive neurodegener-
ation observed in our patient harboring the p.D417N mutation,
it is highly suggestive to hypothesize that the defective mitoses
associated to p.D417N in TUBB2A may promote aneuploidies in
postmitotic neurons and glial cells that might contribute to neu-
rodegeneration. TUBB2A has in fact reported to be a neuronal-
specific b-tubulin isotype, showing a much lower expression in
other human tissues (10). Considering its specific neuronal ex-
pression, it is likely that TUBB2A may be particularly expressed
in neuronal progenitor and its expression increases mainly dur-
ing neuronal differentiation when neuronal progenitor still re-
tain their ability to undergo mitosis and this could explaining
why defective mitoses associated to p.D417N mutation mainly
affect neurons rather other cell types.

Of note, it has been demonstrated that the highly conserved
Asp417 residue is located at the interface between microtubules
and kinesin superfamily motor proteins and that it is critical for
the binding of kinesin to the microtubule. In particular, the neg-
atively charged Asp417 residue interacts with the positively
charged Arg307 and Arg316 residues in the motor domain of
KIF1A (Fig. 5), a neuron-specific kinesin motor required for the
transport of synaptic vesicle precursors (34), stabilizing the in-
teraction with the kinesin. Our in silico predicting and in vitro
data support the idea that the p.D417N mutation, that

substitutes the negatively charged Asp with the uncharged Asn,
affects the binding of TUBB2A with the Arg 307 and Arg 316 resi-
dues of KIF1A (Fig. 5). Similarly, the mutations R307Q and
R316W in the motor domain of KIF1A, that substitute the posi-
tively charged Arg with the uncharged residues Gln and Trp
were predicted to impair the binding of KIF1A to microtubules
(35,36) and are associated with complex neurologic phenotypes
characterized by cognitive impairment, optic nerve atrophy,
cerebellar atrophy, spasticity (36) and peripheral neuropathy
(35) that overlap with the phenotype observed in the patient
harboring the p.D417N substitution in TUBB2A. Moreover,
additional mutations in KIF1A were associated to degenerative
neurological conditions with a progressive course (37,38) and
Kif1a mutant mice exhibit a neurodegenerative phenotype char-
acterized by severe motor and sensory disturbances (39).
Hippocampal neurons of Kif1a mutant mice mature and estab-
lish mature synapses in vitro, however, at 8 days in culture
when the level of Kif1a expression in WT mice increases, they
showed neurite fragmentation and cell body condensation and
are prone to degeneration that definitively occurs at 13 days in
culture (39).

Considering the critical role of KIF1A in the maintenance
and function of mature neurons, loss of binding of TUBB2A to
KIF1A in neurons, could impair the axonal transport disrupting
neuronal function and resulting in a gradual neuronal cell death
contributing to a progressive neurodegenerative process as in
our patient.

Mutations affecting the Asp417 residue were previously de-
scribed in TUBB3 (NM_006086.3) (20), a neuron-specific b-tubulin
isoform showing 92% amino acid sequence identity to TUBB2A,
and were reported to perturb microtubule affinity for kinesins
and kinesin-dependent axonal transport (18). In particular,
Niwa et al. (18) have demonstrated that the p.D417H substitution
in TUBB3 perturbs the binding of kinesins and the axonal trans-
port of mitochondria when expressed in cultured mammalian
neurons. In addition, they have showed that the pathogenic ef-
fect of the p.D417H mutation is independent of the tubulin iso-
form and that the overexpression of TUBB2D417H or TUBB5D417H

mutants similarly inhibited the axonal transport. Likewise,
studies conducted in budding yeast have showed that p.D417H
and p.D417N substitutions perturbed the kinesin-microtubule
interaction resulting in a loss of kinesin localization on microtu-
bule plus-ends (20). The Asp417 residue is evolutionarily con-
served across b-tubulin isotypes (Fig. 5) and both p.D417N and
p.D417H mutations introduce an uncharged Asn or a positively
charged His instead of the negatively charged Asp (18,20)

Figure 9. D417N substitution affects the TUBB2A binding to kinesin KIF1A. Coimmunoprecipitation assay was used to detect the interaction between the endogenous

KIF1A and recombinant TUBB2A (WT and mutants). The graph reports the mean 6 SEM. n ¼ 3 **P < 0.005. Results are expressed as percentage of control (¼100).
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demonstrating that the Asp417 residue is critical in mediating
microtubule–kinesin interaction and axonal transport. Based on
these evidences, we strongly hypothesize that mutations affect-
ing the Asp417 residue in b-tubulin isotypes reduce microtubule
affinity for kinesins impairing kinesin-dependent transport and
that the TUBB2AD417N mutant may act with a similar pathogenic
mechanism to that of TUBB3D417H and TUBB3D417N mutants.

Consistent with what has been previously reported, p.D417H
and p.D417N mutations in TUBB3 induce in humans severe neu-
rological symptoms, such as progressive peripheral neuropathy
and loss of axons (18–20).

As anticipated, the growing evidence in AD of an impair-
ment of mitotic spindle formation and the generation of aneu-
ploidy is also a consequence of the excess of Tau protein that
disrupts the interaction between specific kinesins and microtu-
bules (40,41). In fact, kinesin performs a variety of functions
during cell division, and within the mitotic spindle to ensure
that chromosomes are correctly segregated (42,43) and defects
in kinesin proteins have been shown to affect the spindle as-
sembly and cell cycle progression (44–49). Based on these evi-
dences, we cannot exclude that the p.D417N mutation, in
addition to KIF1A, may impair the binding with additional kine-
sins, and that the effect of the p.D417N mutation on mitosis
could occur via the dysfunction of these motor proteins. The in-
terfacial residues of KIF1A motor domain are in fact highly con-
served in kinesins KIF1B and KIF1C (Supplementary Material,
Table S3) suggesting that the p.D417N mutation in TUBB2A
could affect the microtubule binding of these additional
kinesins.

Interestingly, Kif1b heterozygous mice suffer of a late-onset
axonopathy similar to the Charcot-Marie-Tooth disease type IIA
(CMT2A) and in humans the missense mutation Q98L mutation
in KIF1B is associated with the autosomal dominant CMT2A
(50). Similarly, mutations in KIF1C were described in patients
with spastic paraparesis and cerebellar dysfuntion (51,52).

Differently from the p.D417N substitution, the p.A248V vari-
ant identified in patients with neurodevelopmental disease, af-
fects a conserved residue of TUBB2A located in the T7 loop
positioned at the interface between the a–b tubulin heterodimer
and involved in the guanosine triphosphate bound to the a-sub-
unit. From this, it follows that this mutation impairs the ability
of incorporation into microtubules, without drastically affecting
neither the binding of TUBB2A to KIF1A nor mitotic spindle bi-
polarity as we observed for the D417N substitution.

In conclusion, our comparative analysis of p.D417N substitu-
tion with p.A248V shows different pathogenic mechanisms as-
sociated to the p.D417N variant explaining the difference in the
genotype phenotype correlation.

Overall, this study associates a novel mutation in TUBB2A
with a neurodegenerative phenotype extending the phenotypic
spectrum of b-tubulin 2A beyond a phenotype of developmental
brain malformation and infantile-onset epilepsy.

Materials and Methods
Whole exome sequencing

WES was conducted on the proband, his parents and two unaf-
fected siblings using genomic DNA extracted from leukocytes
after informed signed consents was secured. Exome regions
were enriched with SureSelect Human All Exon v4 kit (Agilent
Technologies), and sequencing was performed on a platform
(Illumina). WES data were processed using an in-house imple-
mented pipeline as previously reported (53–55). Sequencing

output is summarized in Supplementary Material, Table S1.
High-quality variants were annotated and considered for suc-
cessive steps if having not been reported or having a minor al-
lele frequency< 0.001 in genome AD exomes database (56), and
occurring with a frequency< 0.01 in our in-house database
(�900 exomes). Variants of the proband were filtered to retain
all non-synonymous changes and intronic variants adjacent to
splice sites (�3/þ8). Functional annotation of variants was per-
formed using SnpEff v4.3 and dbNSFP v3.5 (57,58) and their func-
tional impact was analyzed by CADD (v.1.3) (59). The TUBB2A
c.1249G>A variant reported in this study was submitted into
the Leiden Open Variation Database (www.LOVD.nl/TUBB2A;
patient ID 00146422).

Plasmid constructs

Flag-tagged TUBB2A expression vector was generated by
polymerase chain reaction (PCR) amplification of reverse-
transcribed RNA isolated from human primary fibroblasts using
a specific primer annealing at the 50 region with an artificial
EcoRI site overlapping the start codon and a specific primer an-
nealing at the 30 regions overlapping the stop codon and con-
taining the sequence for the FLAG tag with an artificial site NotI.
After EcoRI and NotI digestion, the full length coding region of
TUBB2A was cloned into pCDNA3.1 vector (Invitrogen) and the
single-nucleotide changes resulting in the p.D417N and p.
A248V substitutions were introduced by site-directed mutagen-
esis (Stratagene, UK). The entire transgene-coding regions were
sequence validated following maxiprep yields (QIAgen).

Protein stability assay

Hek-293 cells were transiently transfected using 0.5 mg of WT
and mutant TUBB2A constructs and after 24 h of transfection
treated with 10 lg/ml cycloheximide at 37�C to block protein
synthesis. At defined time points, cells were washed twice with
PBS and lysed on ice with Radioimmunoprecipitation assay
buffer (50 mM Tris–HCl, pH 7.4, 50 mM NaCl, 0.1% sodium deoxy-
cholate, 1% Triton, 0.5% sodium deoxycholate including phos-
phatases and protease inhibitors) on ice for 10 min. Cell debris
was removed by centrifugation at 12 000g at 4�C for 15 min and
protein level of TUBB2A was detected by western blotting.

Cell culture and reagents

HEK293 data about HeLa are in Supplemental Materials, exclude
here and skin fibroblast cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Sigma) supplemented with 10% fe-
tal bovine serum (Sigma), 2 mM L-glutamine and 1% penicillin/
streptomycin solution at 37�C.

Transient cell transfection and immunofluorescence

HEK-293 were seeded in 6-well plates and after overnight incu-
bation transfected Flag-tagged TUBB2A expression vectors using
Lipofectamine 2000 (Invitrogen Life Technologies). In total, 24 or
48 h after transfection, cells were fixed with ice–cold methanol
for 7 min, blocked with 5% bovine serum albumin for 1 h and
subsequently incubated with the indicated primary antibodies:
mouse anti-FLAG (1:500, 1 h, Sigma-Aldrich), rabbit anti-a tubu-
lin (1:250, 2 h, Sigma).

Confocal microscopy was performed on a Leica TCS-SP8X laser-
scanning confocal microscope (Leica Microsystems, Mannheim,
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Germany) equipped with white light laser source and 405 nm diode
laser. Sequential confocal images were acquired using a HC PLAPO
63x oil immersion objective (1.40 numerical aperture, Leica
Microsystems) with a 1024� 1024 format, scan speed 400 Hz and z-
step size of 0.3 mm. Z-reconstructions were imported into LAS X 3D
Analysis (Leica Microsystems) software to obtain their three-
dimensional (3D) surface rendering.

Fibroblasts synchronization and immunofluorescence

Fibroblasts were seeded in 24-well cluster plates onto 12 mm
cover glasses. After 24 h of culture in complete medium cells
were treated with 2 mM Thymidine (Sigma) for 24 h, washed
with PBS 1X and then treated with 100 ng/ml nocodazole
(Sigma) for 12 h. Afterwards, fresh drug-free medium was added
to recovery and cells were fixed every 15 min using PHEMO buf-
fer for 10 min at room temperature. Finally, cells were stained
with anti-pericentrin (Abcam) and anti-a tubulin (Abcam),
antibodies.

Observations were performed on a Leica TCS SP2 AOBS appa-
ratus (Leica Microsystems) by the confocal software, using the
63x/1.4 NA oil objective and excitation spectral laser lines at
488, 594 and 633 nm. Cells stained only with the fluorochrome-
conjugated secondary antibodies were used to set up acquisi-
tion parameters. Signals from different fluorescent probes were
taken in sequential scanning mode, several fields (>200) were
analyzed for each labeling condition, and representative results
are shown.

Coimmunoprecipitation experiments

HEK-293 cells were transiently transfected with WT and mutant
TUBB2A and after 48 h of transfection were lysate in 500 ml of lysis
buffer containing 50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM eth-
ylenediaminetetraacetic acid, 1% Triton and phosphatase and
protease inhibitors. Five hundred micrograms of proteins were in-
cubated for 1 h at 4�C with 20 ll of recombinant protein A/G agar-
ore (Santa Cruz) to minimize non-specific binding. After
centrifugation, 2 lg of Kif1A polyclonal antibody or 2 lg of Rabbit
polyclonal IgG was added to the lysate, and samples were rotated
for 1 h at 4�C. Thirty microliters of recombinant protein A/G-
agarose gel were then added, and incubation was continued for 2
h at 4�C. Beads were washed six times with 500 ml of lysis buffer.
After washing, samples were subjected to sodium dodecyl sul-
phate polyacrylamide gel electrophoresis, transferred to a polyvi-
nylidene fluoride membrane and immunoblotted with the
following primary antibodies: FLAG (1:2000, Sigma-Aldrich), KIF1A
(1:2000, Abcam, Cambridge, UK) and LamB1 (1:1000, SantaCruz).

Quantitative real-time PCR

Total mRNA from primary fibroblasts of healthy individuals was
isolated using Trizol Reagent (Sigma-Aldrich), according to the
manufacturer’s protocol. One micrograms of each RNA samples
was reverse transcribed with the SuperScript First-Strand
Synthesis system and random hexamers as primers (Life
Technologies, Carlsbad, CA, USA). The expression levels of
TUBB2A, TUBB, TUBB2C, TUBB2B, TUBB3, TUBB4, TUBB1 and
TUBB6 were measured by quantitative real-time PCR (qRT-PCR)
in an ABI PRISM 7500 Sequence Detection System (Life
Technologies) using Power SYBR Green I dye chemistry. Data
were analyzed using the 2-Delta-Delta Ct method with glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) as housekeeping

gene and data are shown as fold change relative to control.
Notably, the use of an alternative housekeeping gene such as
the glucuronidase beta gene did not modified the data obtained
with GAPDH gene.

Homology modeling of the human tubulin
beta-2A chain

The human tubulin beta-2A chain (TUBB2A) was built by homol-
ogy modeling as a complex with the tubulin alpha-1B chain
(TUBA1B) and the KIF1A motor domain using the Protein Data
Bank (PDB) entry 4LNU (containing a tubulin/kinesin motor do-
main complex) as the template. In the modeled ranges, residues
1–431 for TUBB2A, 1–437 for TUBA1B and 5–352 for KIF1A, these
proteins share 98, 99 and 39% amino acid identity with their re-
spective homologs in the template crystal structure.

The following modeling procedure was employed. In each
monomer of the template, the side chain atoms were removed,
and the remaining backbone atom-only residues were renamed
and renumbered (in PDB format) to the corresponding amino
acids of their homologs (human TUBB2A, TUBA1B and KIF1A
proteins) according to sequence alignments shown in
Supplementary Material, Table S2. The backbone-only structure
was parsed to SIDEpro—(60)—for construction of side chains.
The modeled monomers were maintained in same poses as
their homologs in the template structure to reproduce the tri-
meric quaternary structure.

Data analysis and statistics

Statistical analysis was performed using the GRAPHPAD/Prism
7.0 Software (SanDiego, CA, USA). Statistically significant differ-
ences between groups were analyzed using Student’s t-test for
normally distributed variables. All data are presented as
mean 6 standard error of the mean (SEM). Statistical signifi-
cance was defined as *P< 0.05, **P< 0.005, ****P< 0.0001.

Supplementary Material
Supplementary Material is available at HMG online.
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