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Abstract

Hypomyelinating leukodystrophies are heritable disorders defined by lack of development of brain myelin, but the cellular
mechanisms of hypomyelination are often poorly understood. Mutations in TUBB4A, encoding the tubulin isoform tubulin
beta class IVA (Tubb4a), result in the symptom complex of hypomyelination with atrophy of basal ganglia and cerebellum
(H-ABC). Additionally, TUBB4A mutations are known to result in a broad phenotypic spectrum, ranging from primary
dystonia (DYT4), isolated hypomyelination with spastic quadriplegia, and an infantile onset encephalopathy, suggesting
multiple cell types may be involved. We present a study of the cellular effects of TUBB4A mutations responsible for H-ABC
(p-Asp249Asn), DYT4 (p.Arg2Gly), a severe combined phenotype with hypomyelination and encephalopathy (p.Asn414Lys), as
well as milder phenotypes causing isolated hypomyelination (p.Val255Ile and p.Arg282Pro). We used a combination of
histopathological, biochemical and cellular approaches to determine how these different mutations may have variable
cellular effects in neurons and/or oligodendrocytes. Our results demonstrate that specific mutations lead to either purely
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neuronal, combined neuronal and oligodendrocytic or purely oligodendrocytic defects that closely match their respective
clinical phenotypes. Thus, the DYT4 mutation that leads to phenotypes attributable to neuronal dysfunction results in
altered neuronal morphology, but with unchanged tubulin quantity and polymerization, with normal oligodendrocyte
morphology and myelin gene expression. Conversely, mutations associated with isolated hypomyelination (p.Val255Ile and
p.Arg282Pro) and the severe combined phenotype (p.Asn414Lys) resulted in normal neuronal morphology but were
associated with altered oligodendrocyte morphology, myelin gene expression, and microtubule dysfunction. The H-ABC
mutation (p.Asp249Asn) that exhibits a combined neuronal and myelin phenotype had overlapping cellular defects involving
both neuronal and oligodendrocyte cell types in vitro. Only mutations causing hypomyelination phenotypes showed altered
microtubule dynamics and acted through a dominant toxic gain of function mechanism. The DYT4 mutation had no impact
on microtubule dynamics suggesting a distinct mechanism of action. In summary, the different clinical phenotypes
associated with TUBB4A reflect the selective and specific cellular effects of the causative mutations. Cellular specificity of
disease pathogenesis is relevant to developing targeted treatments for this disabling condition.

Introduction

Hypomyelinating leukodystrophies (HLs) are heritable disorders
of the development and maintenance of brain myelin. They
were initially identified and diagnosed based on magnetic reso-
nance (MRI) features of T2 hyperintensity with only mildly ab-
normal or normal T1 signal (1,2). The molecular causes of HLs
are varied, but have been thought to relate primarily to glial
dysfunction. This dysfunction can include abnormalities in my-
elin proteins (PLP1 in Pelizaeus Merzbacher disease -OMIM
#312080), protein translation (POLR3A, POLR3B, POLRIC in 4H
syndrome- OMIM #607694, 614381, 616494) and gap junction
proteins linking astrocytes and oligodendrocytes (GJC2
in Pelizaeus Merzbacher-like disease- OMIM #608804).
Interestingly, the recent identification of heterozygous muta-
tions of TUBB4A (encoding the Tubulin Beta Class IVA isoform:
Tubb4a) in individuals with hypomyelination indicates that
other CNS cell types besides oligodendrocytes may be involved
in HLs. To date, more than 30 heterozygous pathogenic muta-
tions have been identified in TUBB4A that can result in a broad
phenotypic spectrum including primary dystonia (DYT4-
OMIM#128101) (3,4), spastic diplegia (5-7) infantile encephalopa-
thy (1,8), isolated hypomyelination, (9) and Hypomyelination
with Atrophy of Basal ganglia and Cerebellum (H-ABC-OMIM
#612438)) (1,3,4,6-23). Of note, other tubulin related disorders
have predominantly neuronal manifestations (24), suggesting
our existing understanding of the cellular involvement in hypo-
myelinating leukodystrophies likely underestimates the com-
plexity of oligodendrocyte-neuronal interactions.

This heterogeneity suggests that different TUBB4A mutations
may have variable cellular effects that can predominantly affect
either neurons, oligodendrocytes or both types of cells. We report
the cellular effects of different heterozygous TUBB4A muta-
tions, including the common mutation responsible for H-ABC
(c.745G > A; p. p.Asp249Asn), (1,10) DYT4 (c.5G > A; p.Arg2Gly) (3),
and three additional mutations, including two previously pub-
lished variants associated with isolated hypomyelination and
milder phenotypes of spastic paraplegia (c.763G > A; p.Val255Ile
and c.845G> C, p.Arg282Pro) (9) and a very recently published
mutation (c.1242C>G; p.Asn4l4Lys) associated with severe
encephalopathy and early death (25).Using a combination of
histo-pathological, biochemical and cell biology approaches, we
demonstrate that the different TUBB4A mutations result in cell-
specific effects that closely match the clinical phenotypes associ-
ated with them. The correlation between the phenotypes and the
selective cellular effects of each mutation may also represent
how phenotypic heterogeneity may be generated in other neuro-
degenerative conditions.

Materials and Methods

Selection of mutations and clinical description of
individuals

For these experiments, we chose to analyze five different
TUBB4A mutations representing different associated pheno-
types (Table 1, Fig. 1). All mutations were causative for the dis-
ease phenotype in the heterozygous state. Clinical data were
collected under an IRB approved protocol at the Children’s
National Health System and the VUMC in Amsterdam. MRIs and
clinical data were reviewed by M.S.v.d.K. and A.V. In addition,
existing literature was reviewed for clinical features and molec-
ular characterization of published individuals (n=107) to better
describe the phenotypic spectrum of this disorder, (1,3,4,6—-
10,12-23) and how mutations studied here correspond to known
phenotypes associated with heterozygous TUBB4A mutations.
DYT4 individuals (p.Arg2Gly variant) present with an adult pre-
sentation of whispering dysphonia and abnormal gait, but with-
out involvement of myelination, cerebellum or abnormalities of
the basal ganglia on neuroimaging. Classic H-ABC individuals
with the canonical p.Asp249Asn mutation present with a milder
course including relatively preserved motor and cognitive skills
typically presenting after a year of age. H-ABC is characterized
by hypomyelination combined with atrophy of the putamen,
caudate nucleus and cerebellum on both neuroimaging and
pathologic data. Two variants associated with isolated hypo-
myelination on MRI and milder later onset phenotypes,
p.Val255lle and p.Arg282Pro (9), were selected in view of the
lack of apparent structural involvement of the basal ganglia,
with variable cerebellar involvement. A mutation in an individ-
ual evaluated by M.S.v.d.K. and N.LW. (p.Asn414Lys) (25) with a
severe infantile onset presentation was selected in view of lack
of myelination, cerebellar atrophy and preserved basal ganglia
on neuroimaging, but clinically severe encephalopathy and
early death.

Pathologic characterization of variants p.Asp249Asn
and p.Asn414Lys

Brain samples from three individuals with mutations in
TUBB4A, two with the common p.Asp249Asn and one with
p-Asn414Lys, were collected and analyzed at the VU University
Medical Center, Amsterdam. After embedding in paraffin, the
tissue was sectioned at 6 pm and stained with hematoxylin and
eosin (H&E) according to standard methods. Additionally, tissue
sections were incubated with antibodies against the following
epitopes: glial fibrillary acidic protein (GFAP; Millipore, 1: 1000),
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Figure 1. MRI features in individuals with TUBB4A mutations. Sagittal T1 (top), Axial T2 (middle) and Axial T1 images (bottom) images are shown. Individuals are shown
corresponding to the mutations tested in cellular models. The R2G mutation associated with DYT4 and whispering dysphonia/dystonia is not shown as there are no
gross structural abnormalities associated with it. Individual 1 was a normal 12-year-old female to illustrate normal MRI findings. Individual 2 was a 13-year-old male

with classic H-ABC and D249N mutation. Individual 3 (V255I) was a 5-year-old female with isolated hypomyelination on neuroimaging and clinical features of spastic

quadriparesis and ataxia. Individual 4 (R282P) is a 45-year-old female with isolated hypomyelination on neuroimaging and clinical features of spastic quadreplegia.
Individual 5 (N414K) is a 3-year-old male with severe early onset encephalopathy, severe intellectual disability, motor deterioration, epilepsy, and early death. Note the
absence of a putamen in individual 2 with preserved putamen in individuals 3, 4 and 5 (thin arrow). Note cerebellar atrophy present in all affected cases (dotted arrow)

as well as abnormal T2 signal in the white matter. The schematic below represents the relative contribution of oligodendrocyte versus neuronal mechanisms of dis-
ease to the phenotype. MRIs for D249N, V255I, and R282P modified from Pizzino et al. (2014).

proteolipid protein (PLP; AbDSerotec, 1: 3000), neurofilaments
(SMI31 and SMI311; Covance, 1: 1000) and human leukocyte an-
tigen (HLA)-DR (DAKO; 1: 400). Sections were deparaffinized and
rehydrated. Endogenous peroxidase activity was quenched by
incubating the slides in 0.3% hydrogen peroxide in methanol.
Heat-induced antigen retrieval was performed in citric acid
(0.01M, pH6) using microwave irradiation for 15min on low set-
ting. Tissue sections were incubated overnight with primary
antibodies, and the staining was developed with 3, 3’-diamino-
benzidine as chromogen. Sections were counterstained with

hematoxylin, dehydrated and mounted with polyvinyl alcohol
medium with DABCO (Sigma). Negative controls by omitting the
primary antibody were included in each experiment and were
essentially blank (not shown).

Construction of wild type and mutated eGFP-TUBB4A
expression vectors

The TUBB4A ORF was PCR amplified from a human TUBB4A
cDNA containing plasmid (Accession No: NM_006087, OriGene
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Table 1. Characteristics of published individuals with TUBB4A mutations

Number of previously published mutations,
including those within this manuscript,
excluding 19 individuals with DYT4
presentations from two affected families

Gender

Median age of first symptoms

Median age of last follow up

Number achieving independent ambulation

Excluding DYT4 presentations, n =88

Number of canonical H-ABC affected individuals with p.D249N mutation, n =35
(40% of non DYT4 presentations)

The remainder of mutations were private mutations occurring in two or fewer
families with the exception of ¢.730G>A (occurring in four apparently unre-
lated individuals) and c¢.785G>A (occurring in three unrelated individuals).

37 females and 51 males

6.5 months (range 1-60)

1lyears (range 2-55)

33/77 (43%); only 13 with preserved ambulation over time; individuals who never

achieved independent ambulation were significantly younger at presentation
(4 months, SD 7.1) than individuals who achieved ambulation (18 months, SD
13.9) and achieving ambulation was significantly associated with D249N
(Fisher exact, P=0.02).

Number achieving speech/verbal communication

46/78 (59%); individuals who never achieved speech were significantly younger at

presentation (3.5 months, SD 3.2) than individuals who achieved speech
(18 months, SD 13.6) and achieving speech was significantly associated with
D249N (Fisher exact, P=0.0001)

Presence of seizures

Individuals who had seizures were significantly younger at presentation

(4months, SD 12.1) than individuals who achieved ambulation (12 months, SD
12.0) and absence of seizures significantly associated with D249N (Fisher exact,

P=0.02).
17 were described as cognitively normal (24%), 33 with mild cognitive impair-

Presence of cognitive impairment

ments (46%) and 21 with severe cognitive impairments (30%)

Presence of dystonia during clinical course

70/85 (82%) had impairments related to dystonia

Technologies, Inc.). The PCR product was then cloned into the
PEGFP-C1 vector (Clontech). Point mutations were introduced
into pEGFP-TUBB4A using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies) as per manufacturer’s
instructions. All plasmids were sequenced to ensure the specif-
icity of site-directed mutagenesis. Mutation nomenclature is
relative to the transcription start site of TUBB4A.

Tubulin protein stability assay

HEK?293 cells (cultured in DMEM medium using standard condi-
tions) were transfected with the various GFP-tagged tubulin
constructs using Lipofectamine LTX (Invitrogen). Twenty-four
hours after transfection, cells were treated with 200ng/ul of
cyclohexamide for 12h and protein lysates were collected from
the transfected cells. Immunoblotting was carried out using
chicken anti-GFP (Abcam, ab13970), mouse anti-Tubb4 (Abcam,
ab11315) and mouse anti-GAPDH (Thermo, MA515738).
Membranes were incubated with IRDye 800CW (green channel)
and IRDye 680LT (red channel) secondary antibodies (Licor).
Blots were then imaged using the Odyssey CLx Imaging System
(Licor) and band intensities quantified.

Microtubule polymerization assay

Microtubule polymerization assays were performed as previ-
ously described (26). TUBB4A-GFP-transfected HEK cells were
harvested in BRB80 buffer and lysates were cleared by ultracen-
trifugation at 15, 000 RPM at 4 °C for 20 min. 1 mM GTP and puri-
fied bovine brain tubulin (0.1 mg/ml) (Cytoskeleton) were added
to the supernatant along with graded addition of taxol at 1pM,
10 uM and finally 100 uM taxol in DMSO for 1h at 37 °C. Samples
were then centrifuged for 45min at 37°C at 100, 000g.
Supernatant pellet fractions were analyzed by Western blot

analysis using antibodies for rat-a-tubulin (TUBA, Abcam) and
mouse-GFP (Invitrogen) and imaged using the Licor system.

EB3 polymerization assay in HeLa cells

HelLa cells were seeded at a density of 1 x 10° cells per well and
co-transfected with 2.5 ug of the total plasmid DNA of TUBB4A-
GFP and EB3-Cherry using Lipofectamine 3000 (Invitrogen).
Images were acquired on an inverted epifluorescence micro-
scope (IX-81, Olympus America Inc., Melville, NY, USA)
equipped with high numerical aperture lenses (Apo 603 NA 1.45,
Olympus) and a stage top incubator (Tokaihit, Japan) main-
tained at 37°C at a rate of two captures per second for 90 total
images. Fluorescence excitation was carried out using solid-
state lasers (Melles Griot, Carlsbad, CA) emitting at 488 nm (for
green) and 561 nm (for red) fluorophores. Images were acquired
with a 12-bit cooled CCD ORCA-ER (Hamamatsu Photonics) with
a resolution of 1280 x 1024 pixels (pixel size=6.45mm?). The
camera, lasers, and shutters were all controlled using Slidebook
6 (Intelligent Imaging Innovations, Denver, CO). Analysis of
time lapse was performed on ImageJ software to calculate EB3
comet velocity. Assays were performed twice with experimental
duplicates.

Cerebellar granule transfection

Cerebellar granule neurons were isolated from C57/B6 mice at
post-natal day 4 (27), and plated at a density of 1 x 10%/well.
Neurons were then transfected at DIV 3 with Lipofectamine
2000 (Invitrogen) and TUBB4A-GFP plasmids. 48 h later, neurons
were fixed and stained with anti-mouse Tujl (Santa Cruz) and
anti-rabbit Map2 (Covance) antibodies and appropriate second-
ary antibodies. Microscopy was carried out using confocal imag-
ing (Olympus) and analyzed using Image] and Metamorph
Premiere software.
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Oli-neu cell culture, transfection and morphological
analysis

Oli-neu cells (a gift from Dr. Patrizia Casaccia) were maintained
in DMEM/F12 (GIBCO) with 2% B27 (GIBCO). For differentiation,
B27 was reduced to 0.5% and medium was supplemented with
T3 (30ng/ml; Sigma). Cells were transfected with 5pug of total
plasmid DNA using either the AMAXA system, program A-033
(Lonza) or Lipofectamine LTX (Invitrogen), as per manufac-
turer’s instructions. Immunocytochemistry was carried out us-
ing transfected Oli-neu cells grown on poly-D-lysine (Sigma)
treated coverslips using chicken anti-GFP (Abcam, ab13970) and
mouse anti-CNPase (Millipore, NE1020) primary antibodies and
Cy3-conjugated anti-chicken and FITC-conjugated anti-mouse
secondary antibodies (Jackson Immuoresearch). Coverslips
were mounted using antifade Mounting medium with DAPI
(Vectashield), and imaged using a Leica CTR5000 fluorescence
microscope using identical exposure settings. The investigator
was blinded to the identities of the different transfected con-
structs while carrying out morphological analysis.

Quantitative real-time reverse transcription PCR
(QRT-PCR)

Total RNA was extracted from transfected Oli-neu cells using
TRIzol (Ambion). After treatment with DNAase (Invitrogen) 1pug
of RNA was used for cDNA synthesis with gScript™ cDNA
SuperMix (Quanta). QT-PCR was performed on an ABI 7900HT
real-time thermocycler (Life Technologies) and analyzed using
the AACT method (28) and normalized to p-actin as the internal
control. PCR primers used are listed in Supplementary Material.

Results

Phenotypic characterization of mutations and affected
individuals

The mutations undergoing functional characterization (Fig. 1)
were selected for their representation of different clinical and
radiologic phenotypes. These phenotypes (Fig. 1) are consistent
with groups of individuals emerging from an analysis of 107
published cases (Table 1).

Pathologic characterization of variants p.Asp249Asn
and p.Asn414Lys

To evaluate the consequences of the p.Asp249Asn and
p-Asn414Lys mutations, we carried out a histo-pathological ex-
amination and comparison of brain tissue from these patients.
Macroscopic examination of the brain from the two individuals
with classical H-ABC associated with the p.Asp249Asn mutation
in TUBB4A, showed atrophy of the cerebellum, particularly the
vermis, and to a lesser extent the basis of the pons and pyra-
mids in the brainstem. The surface of the cerebral hemispheres
was unremarkable (data not shown). Coronal sections of the ce-
rebral hemispheres revealed a very thin, slightly yellowish pu-
tamen and a small caudate nucleus, while the thalamus and
globus pallidus were normal. The lateral ventricles were mildly
enlarged and the white matter appeared grayish. Examination
of the brain sample from an individual with the p.Asn414Lys
mutation, showed a similar degree of cerebellar atrophy, also
affecting the vermis; while coronal sections of the putamen and
caudate nucleus had a normal appearance. The lateral ventri-
cles were moderately enlarged and the corpus callosum was

thin. The white matter of the deep and subcortical areas, the in-
ternal capsule, anterior commissure and corpus callosum was
grayish and virtually undistinguishable from the gray matter
(data not shown).

On microscopic examination, the cerebellar cortex of the
two individuals with classical H-ABC was atrophic with a se-
verely paucicellular granular layer (Fig. 2A). The molecular layer
was narrowed and slightly gliotic. There was only a minor drop-
out of Purkinje cells, but the remaining Purkinje cells showed
markedly swollen dendrites and axons (Fig. 2B). A similar cere-
bellar cortical pathology was also seen in the individual with
the severe combined phenotype associated with the
p-Asn414Lys mutation (Fig. 2C and D), although the thinning of
the granular layer was somewhat less severe. In all three indi-
viduals, the cerebellar white matter was pale, especially in the
cerebellar cortical folia.

The cerebral cortex was normal in all three subjects. The de-
generation of the putamen was subtotal in both classical H-ABC
individuals (Fig. 2E) with few, if any remaining neurons and
astrogliosis (Fig. 2F). The caudate nucleus also showed slight
neuronal loss and mild astrogliosis. In the individual with the
severe combined phenotype, the putamen and caudate nucleus
were unremarkable (Fig. 2G and H). The thalamus and globus
pallidus were intact in all three individuals.

At high magnification, microscopy revealed a severe loss of oli-
godendrocytes in the white matter of both classical H-ABC individ-
uals together with sparse axonal spheroids (Fig. 2I and J). By
contrast, the density of white matter oligodendrocytes was in-
creased with the p.Asn414Lys mutation, and no axonal swellings
or spheroids were found (Fig. 2K and L). The lack of myelin ap-
peared to be related to both hypomyelination and mild myelin de-
generation, as a few macrophages could be focally found in
perivascular regions. The axons were much better preserved. In
the white matter of all individuals, immunohistochemistry dem-
onstrated strong activation of microglia (Fig. 2M and O) and moder-
ate isomorphic reactive astrogliosis, more prominent around blood
vessels (Fig. 2N and P). There was a marked lack of myelin in the
cerebral white matter of the deeper and subcortical cerebral areas
of the two patient samples when compared with the control (Fig.
2Q and S), which was more severe with the p.Asn414Lys mutation.
The U-fibers were also involved. These results are consistent with
a recently published report independently describing the pathol-
ogy associated with the p.Asn414Lys mutation (25).

TUBB4A mutations do not impact protein stability, but
differentially affect microtubule dynamics

The selected mutations are located in several different func-
tional domains of TUBB4A (Fig. 3A). The p.Arg2Gly mutation is
located in a highly conserved Met-Arg-Glu-Ile (MREI) region that
is present in all beta-tubulin isotypes. It is known to interact
with the Asn249 amino acid site and plays a role in microtubule
stability (Fig. 3A) (10,29). A mutation at this site could theoreti-
cally alter the relative abundance of Tubb4a protein. The
p-Val255Ile mutation is located near the GTP binding domain of
Tubb4a protein, which is involved in binding alpha and beta tu-
bulin (Fig. 3A). The nearby p.Arg282Pro mutation occurs on the
M-loop of the Tubb4a, which forms lateral interactions between
tubulin subunits to help stabilize the tubulin polymer (Fig. 3A).
Based on their respective locations, both are expected to affect
tubulin polymerization. The p.Asp249Asn mutation affects an
integral amino acid that interacts with residue Arg2, thought to
play a role in the stability of assembled microtubules. Finally,
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Figure 2. Neuropathology of TUBB4A-related diseases. Images in the top left box are D249N mutation pathology figures and images in the top right box are N414K mu-
tation pathology figures. (A) In classical H-ABC (D249N mutation), the cerebellar cortex is severely atrophic with massive loss of granular neurons; stain against neurofi-
laments (NF) (B) shows swelling of Purkinje cell dendrites and axons (asterix). (C) In early onset encephalopathy (N414K mutation), the cerebellum also shows severe
cortical atrophy with enlargement of the sulci and thinning of the granular layer; stain against NF (D) shows swellings of Purkinje cell axons and dendrites (asterix). (E)
On macroscopic examination of a classical H-ABC brain, the putamen and, to a lesser degree, the caudate nucleus is not recognizable (arrows) on this coronal brain
slice cut at the level of the anterior hippocampus. (F) This corresponds microscopically with loss of striatal neurons. Note also the small perivascular calcification (ar-
row). (G) In the individual with the severe combined phenotype, the putamen and caudate nucleus are preserved (arrows), and (H) there is no loss of striatal neurons.
(I-L) Microscopic examination of the cerebral white matter reveals lack of oligodendrocytes (dark round nuclei) (I) and presence of axonal swelling and spheroids (1, J;
arrow in J) in classical H-ABC, whereas the number of oligodendrocytes is increased in the severe combined phenotype (K) and no spheroids are present (L). Note the
white matter neuron normally expressing NF. (M-P) In both H-ABC (M,N) and the severe combined phenotype (R,S), the white matter also shows strong activation of
rod-shaped microglia (O,P) with accruing of some plump macrophages in the perivascular spaces (bv) (P) and moderate isomorphic reactive astrogliosis with scattered
hypertrophic cells in the parenchyma and around blood vessels (N,P). The bottom box has immunohistochemical stain against the major myelin protein proteolipid
protein (PLP) from D249N (Q), control (R), and N414K (S) brain slices. (R) PLP staining in frontal lobe of normal brain. (Q,S) Images show severe lack of myelin in the fron-
tal lobe in classical H-ABC (Q) and an even more profound lack in the severe combined phenotype (S).
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Figure 3. 3D Mapping of TUBB4A mutations and their impact on protein stability. (A) Schematic of ap-tubulin heterodimer structure. TUBB4A (sky blue) is shown bound
to alpha tubulin (gray) with the GTP (brown) binding site and the M-loop (red). [JC1] The amino acids R2 (dark blue), D249 (red), V255 (green), R282 (yellow), and N414
(purple) are shown as spheres. The structural model of human TUBB4A (UniProt accession P04350) was generated by ProMod3 v1.0.2 through the SWISS-MODEL web
service (47) using the PDB structure 1JFF as a template (29). Pymol (Schrédinger, LLC.) was used to generate the images. (B) Representative immunoblot of protein ly-
sates from HEK293 cells transfected with wild type and mutant tubulin for protein stability assays. Immunoblots were simultaneously probed with anti TUBB4 (red),
anti GAPDH (red) as a loading control and anti-GFP (green) antibodies. The transfected TUBB4A migrates higher than endogenous TUBB4 due to the presence of the GFP
tag and appears as a yellow band due to co-staining of both anti TUBB4 and anti GFP antibodies. (C) Quantitation of endogenous and GFP tagged TUBB4A levels relative
to GAPDH show no significant alterations between different mutations. (n = 3 independent experiments for each construct).

the mutation p.Asn414Lys sits in the beta tubulin H12 helix that
is the docking site for kinesins and other motor proteins and is
thought to alter their activity (30), but have also been shown to
alter polymerization dynamics at the plus- and minus-ends of
microtubules (31).

Protein stability assays indicated that none of these muta-
tions affected the steady-state levels of TUBB4A protein (Fig.
3B). HEK293 cells transfected with mutant EGFP-TUBB4A con-
structs had similar levels of endogenous or exogenous TUBB4
levels compared with wild-type (WT) transfections (Fig. 3C).

We then analyzed how TUBB4A-GFP bearing pathogenic mu-
tations might affect the overall tubulin polymerization (Fig. 4A).
We used ultracentrifugation to separate microtubules from
unincorporated free tubulin. Free tubulin remained in the su-
pernatant (S) and tubulin polymers were in the pellet (P) (Fig.
4B). Mutations p.Arg2Gly (DYT4), p.Asp249Asn (H-ABC) and the
severe phenotype p.Asn414Lys, did not affect WT tubulin incor-
poration into microtubules when compared with WT TUBB4A
(Fig. 4B); however, mutations p.Val255Ile and p.Arg282Pro, result
in a decreased incorporation of the WT tubulin into

microtubules as more of the native TUBA remained in the su-
pernatant while the entirety of the TUBB4A-GFP was present in
the polymerized form (P). (Fig. 4B). This was not a result of dif-
ferences between the incorporation of WT and mutant tubulin-
GFP (Fig. 4C). These results suggest that the p.Val255Ile and
p.Arg282Pro might act through a dominant toxic gain of func-
tion mechanism.

To further study the dynamics by assessing the rate of tubu-
lin polymerization, we performed live imaging of the plus-end
microtubule binding protein, EB3. We co-transfected HELA cells
with EB3-cherry and the TUBB4A-GFP plasmids, and used EB3-
cherry to track the growing end of microtubules. The velocities
of WT (1.67 um/s), and p.Arg2Gly (1.61 pm/s), were indistinguish-
able from one another, indicating the same rate of tubulin poly-
merization (Fig. 4D). Interestingly, p.Asp249Asn (1.85 um/s), and
p-Asn414Lys (1.87 pm/s) both caused statistically increased rates
of polymerization over controls while the two mutants
p.Val255lle (1.47 um/s) and p.Arg282Pro (1.31 um/s) mutants had
diminished velocity of the EB3 comets, indicating a slower rate
of polymerization, which is consistent with the decreased
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Figure 4. TUBB4A mutations cause abnormal tubulin polymerization (A) The microtubule pelleting assay is used to show the amount of tubulin incorporated into mi-
crotubules under conditions that favor polymerization. Polymerized tubulin is contained in the pellet (P) and unpolymerized tubulin is contained in the supernatant
(S) and is quantified using Western blot staining and imaged with Licor software. The red channel depicts alpha tubulin proteins. The green channel demonstrates
TUBB4A-GFP. Results are normalized to WT TUBB4A-GFP. (B) Quantification of the fractionation of tubulin in the microtubule pellet vs. total tubulin (supernatant and
pellet) shows TUBB4A-GFP containing mutations R2G, D249N, and N414K did not alter the fraction of WT tubulin in microtubules (red channel). However, TUBB4A-GFP
with mutations in V2551 and R282P, which cause primarily hypomyelinating phenotypes, resulted in statistically significant decrease in the fraction of tubulin in the
microtubule pellet. (Error bars represent standard error of the mean, n= 3, *P < 0.05, calculated by one way ANOVA). (C) Quantification of the fraction of TUBB4A-GFP po-
lymerized in microtubules shows no alterations resulting from mutations as compared with wild type TUBB4A. All of TUBB4A-GFP, for all six conditions, is incorpo-
rated into the tubulin polymer. (D) Live imaging of EB3-cherry is visualized by viewing successive frames as different channels, red, green, and blue, creating a
‘rainbow’ effect. More rapid polymerizations result in a longer rainbow with less overlap between the colors and slower polymerizations results in a shorter rainbow
with greater overlap in colors manifested as white. Thus, when there is less overlap in channels as seen in the transfection with wild type TUBB4A-GFP (left) polymeri-
zation is faster and when comets are shorter and appear white microtubule elongation is slower as in the case of the V255I (right). Scale bar - 20 um. (E) High power
view of EB3 ‘rainbow’ comets show that TUBB4A mutations associated with an isolated hypomyelination phenotype (V2551 and R282P) cause a decrease in the length
of the EB3 ‘rainbow’ with greater amounts of overlap (white), indicating a slower rate of polymerization. Again, a scale bar 5 um is shown. (F) Quantification of the EB3
comet velocity demonstrates increased velocity of the EB3-cherry comet in D249N (1.85 pm/s), and N414K (1.87 um/s) when compared with WT TUBB4A-GFP (1.67 pm/s)
velocities. Mutations V255I (1.47 um/s) and R282P (1.31 um/s), which cause primarily hypomyelinating phenotypes, both had slower EB3 comet velocities indicating a
slower rate of microtubule elongation when compared with wild type TUBB4A. (Error bars represent standard error of the mean, n=2 at least 80 comets were counted
per condition, **P < 0.01, **P < 0.001, calculated by one-way ANOVA).
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amount of tubulin that is polymerized, shown above (Fig. 4A
and B).

these cells. Cerebellar granule neurons transfected with muta-
tions causing DYT4 or H-ABC phenotypes, p.Arg2Gly,
p-Asp249Asn respectively, had morphologically abnormal neu-
rons when compared with WT-transfected neurons (Fig. 5A-C).

Selective TUBB4A mutations result in altered
morphology of cerebellar granule neurons

To further determine pathogenic specificity of TUBB4A muta-
tions, we examined their effects in relevant cell types. Because
cerebellar granule neurons degenerate in individuals with H-
ABC, we tested the effects of our panel of TUBB4A mutations on

Neurons transfected with TUBB4A-GFP bearing these mutations
had shorter axons, lower number of dendrites, and less branch-
ing of the dendritic arbors (Fig. 5G). In contrast, primary cerebel-
lar granule neurons transfected with TUBB4A-GFP plasmids
with p.Val255Ile and p.Arg282Pro mutations, which are causa-
tive for later onset primary hypomyelination, and the severe in-
fantile form without basal ganglia involvement, p.Asn414Lys,
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Figure 5. Neuronal morphology is altered in TUBB4A mutations causing neuronal phenotypes. Cerebellar granule neurons were cultured and transfected wild type and
mutant TUBB4A-GFP. Neuronal morphology was visualized by GFP (green channel), and MAP2 immunostaining (red channel) is used to differentiate dendrites vs.
axons (white arrows). A scale bar (10 um) is shown. (G) Quantification of morphology of cerebellar granule neurons is shown including axon length, and dendrite num-
bers and branch point. Error bars represent standard error of the mean, n=4, at least 15 transfected neurons were counted for a total of >60 neurons per condition,

*P <0.05, P < 0.01, calculated by one way ANOVA).

had normal neuronal morphology (Fig. 5D-F). They displayed
normal axon lengths, dendrite number, and branching of the
dendritic arbors when compared with cerebellar granule neu-
rons transfected with WT Tubb4a (Fig. 5G).

Tubulin mutations show differential effects on myelin
gene expression and morphology in Oli-neu cells

Oli-neu cells are immortalized cell lines derived from primary
mouse oligodendrocytes and have been extensively used to
study oligodendrocyte regulation and function (32). These cells
can be induced to differentiate into cell types that exhibit
branching and expression of the major myelin genes similar to
mature oligodendrocytes. We transfected the various tubulin
constructs into Oli-neu cells to determine the effect of the dif-
ferent tubulin mutations on oligodendrocyte function. We ob-
served that the p.Arg2Gly mutation had no impact on the
expression of the major myelin genes plpl, mbp or cnp when
compared with the WT tubulin construct (Fig. 6A). However, the
p-Asp249Asn, p.Arg282Pro and p.Asn414Lys mutations showed

a significant reduction in the expression of all three of the mye-
lin genes while p.Val255Ile showed a significant reduction only
in cnp gene expression (Fig. 6A).

Oligodendrocyte branching is critical for normal myelination
and a functional microtubule network is essential for this pro-
cess (33,34). We therefore sought to determine whether tubulin
mutations could compromise oligodendrocyte branching.
Consistent with our myelin gene expression results, we ob-
served that cells transfected with the p.Arg2Gly mutation did
not show any differences with respect to Oli-neu branching
when compared with the wild type. However, Oli-neu cells
transfected with p.Asp249Asn, p.Arg282Pro, p.Val255Ile and
p-Asn4l4Lys mutations showed a significant reduction in the
proportion of cells that showed complex branching patterns
(Fig. 6B and C).

Discussion

Recently, there has been growing research into a group of disor-
ders collectively known as ‘Tubulinopathies’ or mutations in
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Figure 6. Tubulin mutations impact myelin gene expression and branching in differentiated Oli-neu cells. (A) Relative expression levels of mRNA for the myelin genes
Mbp, Plp and Cnp obtained by gRT-PCR from differentiated Oli-neu cells transfected with the different tubulin plasmids. Values were normalized to f Actin taking mean
value for the mock transfection as 1. Error bars represent standard error of the mean, n > 3 independent experiments for each construct, **P < 0.001, calculated by one-

way ANOVA with Dunnet’s post hoc test. (B) Representative images of the Oli-neu cells transfected with the different GFP tagged-tubulin mutations. Immuno-staining
using the GFP antibody is shown. Scale - 50 uM. (C) Proportion of the cells with more than two processes. Error bars are 95% confidence intervals. n =3, more than 150

cells were counted for each replicate, **P < 0.001, calculated by Z-test.

tubulin isoforms that cause a spectrum of disorders. Thus far
mutations in TUBA1A, TUBA4A, TUBB2A, TUBB2B, TUBB3,
TUBB4A, TUBBS, and TUBG1 have been identified as causing a
neurologic disease phenotype (24). Here, we present evidence
demonstrating that mutations in TUBB4A cause distinct pheno-
types in neurons, oligodendrocytes, and both cell types.

Our data suggest that the broad spectrum of clinical pheno-
types due to TUBB4A mutations [Whispering dysphonia (DYT4)],
isolated hypomyelination with cerebellar atrophy, early infan-
tile encephalopathy and H-ABC) may be due to the selective cel-
lular impact and microtubule dynamics of different mutations.
Indeed, each mutation appears different in its effects on micro-
tubule dynamics and cellular morphology (Table 2).

The DYT4 clinical phenotype is the most distinctive, with its
adult onset phenotype and isolated dystonia without any white
matter abnormalities on neuroimaging. Consistent with this
finding, the p.Arg2Gly mutation responsible for DYT4 had alter-
ations in neuronal morphology and was the only one of the mu-
tations without any alterations in oligodendrocyte morphology
or myelin gene expression. This phenotype thus appears to be
the result of selective neuronal involvement.

Conversely, the mutations associated with isolated hypo-
myelination (p.Val255Ile and p.Arg282Pro) and infantile enceph-
alopathy (p.Asn414Lys) all significantly down-regulated myelin
gene expression and branching complexity when expressed in
Oli-neu cells but had no impact on neuronal morphology in

transfected cells. Overall, these mutations (p.Val255Ile,
p.Arg282Pro, and p.Asn414Lys) appear to have a predominant
oligodendrocyte involvement. In keeping with the significant
hypomyelination seen in individuals, it could be hypothesized
that the atrophy of the cerebellum seen in some cases might be
a consequence of glial abnormalities rather than an indepen-
dent neuronal abnormality.

The canonical H-ABC mutation (p.Asp249Asn) was the only
mutation tested in this subset that altered both neuronal and
oligodendrocyte morphology in vitro and the expression of mye-
lin genes. These findings were consistent with a clinical pheno-
type and neuropathological phenotype that affected both
neurons and oligodendrocytes.

On neuropathology, the individuals with canonical H-ABC
have severe involvement of the cerebellar cortex affecting both
the neurons in the granular layer and the Purkinje cells and
marked loss of putaminal neurons with axonal swelling. These
individuals also have marked loss of oligodendrocytes, thus
mimicking the combined neuronal and oligodendrocyte in-
volvement seen in vitro. It should be noted that neuropathology
further reflects the specificity of different mutations as in the
p-Asn414Lys mutation the neostriatum is intact despite severe
hypomyelination and oligodendrocyte density is highly in-
creased. This divergent effect on oligodendrocyte numbers
could be due to differences in neuroaxonal involvement be-
tween H-ABC and the infantile onset encephalopathy
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Table 2. Pathologic and in vitro functional effects of specific mutations

Disease description Whispering dysphonia H-ABC Isolated Isolated Early infantile
(DYT4) hypomyelination hypomyelination encephalopathy
Amino acid change R2G D249N V2551 R282P N414K
Presence of abnormal Neuronal only Neuronal and Oligodendrocyte Oligodendrocyte Oligodendrocyte
morphology oligodendrocyte only only only
of transfected cells
in vitro
Microtubule dynamics Normal Abnormal, increased Abnormal, de- Abnormal, de- Abnormal, increased
polymerization creased creased polymerization
polymerization polymerization
Myelin protein expression Normal Decreased Decreased Decreased Decreased
Human pathology Not available Available Not available Not available Available
Striatal neurons Loss with axonal Spared
spheroids
Oligodendrocytes Loss with decreased Increased density of
number of oligodendrocytes
oligodendrocytes
Myelination Hypomyelination Hypomyelination
Cerebellar granular Affected Affected

layer/Purkinje cells

associated with p.Asn414Lys. Early-onset neuronal and axonal
diseases are typically associated with oligodendrocyte loss in
the white matter (35-37). By contrast, oligodendrocyte progeni-
tor proliferation is a common reaction to lack of myelin when
axons are relatively spared (38).

All the mutations with a hypomyelination phenotype al-
tered microtubule dynamics. In contrast to decreased polymeri-
zation caused by mutations with isolated hypomyelination
(p.Val255Ile and p.Arg282Pro), increased polymerization was de-
tected by EB3 comet analysis for p.Asp249Asn and p.Asn414Lys
and while this effect was small, it was statistically significant.
This suggests that imbalances in tubulin dynamics, in either
direction, can cause a disease phenotype. p.Val255Ile and
p.Arg282Pro altered the ability of WT tubulin to incorporate into
microtubules suggesting these mutations cause a dominant
toxic gain of function. The other two mutations affecting tubu-
lin polymerization, p.Asp249Asn and p.Asn414Lys, increased
the rate of polymerization. It should be noted that p.Asn414Lys
has recently been shown in humans to demonstrate the accu-
mulation of microtubules in oligodendrocytes (25). Conversely,
p-Arg2Gly did not affect microtubule dynamics to a detectable
level, suggesting that this mutation might act through a distinct
mechanism. However, it is also possible, given the milder phe-
notype of this mutation that defects were too mild to be de-
tected by our assays. It should be noted that the p.Arg2Gly
mutation is located in a highly conserved MREI region and is
thought to interact with p.Asp249Asn at a salt bridge to modu-
late protein stability (10). The p.Arg2Gly mutation may cause
defects in tubulin function through mechanisms that are unre-
lated to its dynamic state, including trafficking and transport
that we have not explored in the present study (39).

Although the exact role of TUBB4A in myelination is still
unclear, microtubules play a critical role in the formation of
normal myelin. Of note, the transport of key myelin mRNA and
proteins to the myelin sheet is microtubule-dependent. The PLP
protein is synthesized in membrane-bound ribosomes and
transported through the Golgi to myelin by a vesicular,
microtubule-dependent process (40,41). Mbp mRNA is trans-
ported on microtubules to the myelin compartment and this

translocation is perturbed in cultured oligodendrocytes by drugs
affecting microtubule dynamics (42). Additionally, CNP partici-
pates in the structural support system needed to maintain cell
processes of oligodendrocytes by copolymerizing with tubulin
and inducing microtubule assembly (43). In the case of the taiep
mutant, a rat model in which a p.Ala302Thr homozygous muta-
tion in the rat tubb4a gene was recently identified, progressive
demyelination is thought to be due to an abnormal accumula-
tion of microtubules in oligodendrocytes (25). Interestingly,
oligodendrogliosis and accumulation of microtubules in oligo-
dendrocytes are also found on human autopsy specimens with
the heterozygous variant p.Asn414Lys, which leads to severe
hypomylenation and infantile encephalopathy (25). Our EB3
comet assay demonstrated an increased rate of polymerization
suggesting that an alteration in tubulin polymerization may af-
fect microtubule accumulation in both the taeip rat and in the
infantile encephalopathy caused by the p.Asn414Lys mutation.
The 3D modeling of the Tubb4a protein suggests the
p-Asn414Lys mutation alters a binding site for kinesin and other
motor proteins (Fig. 3); additionally, the taeip rats have also
demonstrated reduced levels and altered trafficking of MBP
mRNA both in vivo and in vitro (44,45). Our findings of reduced
expression of mbp, plp and cnp might thus be a consequence of
altered trafficking of the cognate mRNA molecules for these
genes, either as a result of abnormal binding of motor proteins
or an abnormal accumulation of microtubules and disruption of
cell trafficking. Pharmacological disruption of microtubules has
also been shown to compromise oligodendrocyte outgrowth
and branching (46), a phenomenon that we have observed with
all the four TUBB4A mutations that cause the hypomyelination
phenotype.

The developmental and cellular regulation of TUBB4A ex-
pression have not been studied in detail. However, global gene
expression analysis in different CNS cell types suggests that
this gene has a higher expression in mature oligodendrocytes
when compared with neurons, astrocytes or oligodendrocyte
precursor cells. Combined with our data indicating cell-specific
effects, this would suggest a mechanism that favors a cell au-
tonomous role for the TUBB4A mutations in oligodendroglial



function. However, it must be kept in mind that these are in vitro
studies and that in an in vivo setting with complex cellular inter-
actions that these mutations might have secondary non-cell au-
tonomous consequences. Developmental effects of these
mutations have also not been addressed in our experiments.
Further studies in whole organisms (25) with TUBB4A mutations
are necessary to elucidate these mechanisms.

Clinicians typically differentiate between ‘neuronal’ and
non-neuronal disorders based on clinical and radiologic fea-
tures. In some disorders considered to be primarily neuronal,
white matter abnormalities on neuroimaging are visible and are
hypothesized to be due to secondary glial dysfunction attrib-
uted to abnormal neuronal signaling (2). Conversely, H-ABC is
part of a group of disorders called leukodystrophies, defined as
affecting the glial-axonal unit. In these disorders, symptoms at-
tributable to neuronal dysfunction are classically ascribed to
secondary injury to unmyelinated axons. However, in DYT4, H-
ABC and other TUBB4A mutations, specific mutations in a single
gene appear to be the result of cell selective phenotypes with
mutations that lead to either purely neuronal, combined neuro-
nal and oligodendrocytic, or purely oligodendrocytic defects
closely matching their respective clinical phenotypes. This sug-
gests that underlying cellular physiology in these disorders may
be more complex than initially hypothesized, with mutations in
the same gene having distinct but important impacts in differ-
ent and sometimes several cell types. Cell specificity of different
mutations in TUBB4A related disorders may be indicative of a
broader phenomenon also likely to be present in other neuroge-
netic disorders currently characterized on a clinical or radiologic
basis as primarily neuronal or leukodystrophies. As cell targeted
molecular therapies are developed, these considerations will
have a growing importance in disease management.
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Supplementary Material is available at HMG online.
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