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Abstract

Spinocerebellar ataxia (SCA) type 17-digenic TBP/STUB1 disease (SCA17-DI) has been recently segregated from SCA17,
caused by digenic inheritance of two gene mutations — intermediate polyglutamine-encoding CAG/CAA repeat
expansions (polyQ) in TBP (TBP,; _ o) and STUB1 heterozygosity — the former being associated with SCA17, and the
latter with SCA48 and SCAR16 (autosomal recessive). In SCA17, most patients carry intermediate TBP,; _ 4 alleles

but show incomplete penetrance, and the missing heritability can be explained by a new entity whereby TBP,; _ 44
requires the STUBT variant to be symptomatic. The STUBT gene encodes the chaperone-associated E3 ubiquitin ligase
(CHIP) involved in ubiquitin-mediated proteasomal control of protein homeostasis. However, reports of the neuropa-
thology are limited and role of STUBT mutations in SCA17-DI remain unknown. Here we report the clinicopathologic
features of identical twin siblings, one of whom was autopsied and was found to carry an intermediate allele (41 and
38 CAG/CAA repeats) in TBP and a heterozygous missense mutation in STUBT (p.P243L). These patients developed
autosomal recessive Huntington's disease-like symptoms. Brain MRI showed diffuse atrophy of the cerebellum and
T2Wl revealed hyperintense lesions in the basal ganglia and periventricular deep white matter. The brain histopathol-
ogy of the patient shared features characteristic of SCA17, such as degeneration of the cerebellar cortex and caudate
nucleus, and presence of 1C2-positive neurons. Here we show that mutant CHIP fails to generate the polyubiquitin
chain due to disrupted folding of the entire U box domain, thereby affecting the E3 activity of CHIP. When encoun-
tering patients with cerebellar ataxia, especially those with Huntington’s disease-like symptoms, genetic testing for
STUBT as well as TBP should be conducted for diagnosis of SCA17-DI, even in cases of sporadic or autosomal recessive
inheritance.
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Introduction
To date, although diseases with true digenic inheritance

inheritance, and broad-spectrum phenotypes such as
spinocerebellar degeneration. Spinocerebellar ataxia

(DI) have been rarely reported, they should be considered
when encountering patients showing non-Mendelian
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type 17 (SCA17) is an autosomal dominant cerebellar
ataxia characterized by cerebellar ataxia and dementia
with sometimes extensive variability in phenotypes such
as Huntington’s disease-like symptoms (HDL), caused
by abnormal expansion of a CAG/CAA repeat encoding
a polyglutamine (polyQ) tract in the TATA-box bind-
ing protein (TBP) gene [1]. It has long been unexplained
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why the penetrance differs depending on the number of
polyQ repeats: >49 such repeats being fully penetrant,
whereas 41-48 repeats, termed intermediate alleles, are
associated with reduced penetrance, and half of het-
erozygotic individuals in SCA17 families are healthy. A
recent genetic study has revealed the pathogenesis of the
SCA17/HDL phenotype in which intermediate alleles
arise through digenic inheritance of two gene mutations
— TBP polyQ and a heterozygous STUBI variant — the
latter being associated with SCA48 and the spinocerebel-
lar autosomal recessive type 16 (SCA17-DI) [2]. Another
group has identified heterozygous mutations in STUBI
with intermediate alleles in TBP in patients exhibiting a
progressive dementia syndrome similar to frontotempo-
ral dementia, with only mild cerebellar atrophy on MRI
[3]. However, reports of the neuropathologic features are
limited [4, 5] and role of STUBI mutations in SCA17-DI
remain unknown. Here, we describe in detail the clinico-
pathologic features of an autopsied patient with SCA17-
DI and demonstrate the possible pathogenicity of STUBLI.

Case presentation

Patient 1

A 62-year-old Japanese woman from a non-consanguine-
ous family, whose identical twin sister had shown similar
symptoms (patient 2), presented with gait disturbance.
No other family members showed similar disorders.
Their mother had died of a malignant tumor at the age
of 72, but no significant ataxia or cognitive impairment
had been observed until her death. Their father had been
healthy until his 90s. The patient had exhibited normal
physical and neurological development. At the age of 68
years, she was admitted to a hospital due to dancing-like
involuntary movements in the hands and feet. Neurologi-
cal examination revealed choreic movement, saccadic eye
movement, slurred speech, limb and trunk ataxia, and
increased deep tendon reflexes in the upper and lower
limbs. Babinski sign was negative. No superficial sensory
disturbance or Romberg sign was detected. There was
no evidence of bladder or rectal disturbance. Brain MRI
revealed severe atrophy of the cerebellum. The cerebrum
also showed diffuse atrophy and bilateral hyperintense
lesions on T2WI in the basal ganglia and periventricu-
lar deep white matter (data not shown). Thus, the patient
was diagnosed as having hereditary cerebellar ataxia with
leukoencephalopathy, but genetic analysis excluded such
diseases including spinocerebellar ataxia type 1 (SCA1)
and dentatorubral-pallidoluysian atrophy (DRPLA).
Thereafter, her condition slowly deteriorated and she
demonstrated cognitive decline. At the age of 73 years,
her unsteadiness worsened and she became bedridden.
At the age of 76 years, she died of gallbladder cancer.
General autopsy was performed, at which time the brain
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weighed 890 g. Genetic analysis revealed an intermedi-
ate allele (41 and 38 CAG/CAA repeats) in TBP and a
heterozygous missense mutation in STUBI (p.P243L)
(Fig. 1a—c), establishing a diagnosis of SCA17-DI [2].

Patient 2

The patient presented with symptoms similar to those of
patient 1. She was a 57-year-old Japanese woman with
gait disturbance, and five years later she became unable
to walk. She had no previous medical history except
for surgery for an acoustic tumor at the age of 52 years.
At the age of 66 years, she suddenly developed choreic
movement similar to those of patient 1. Thus, the patient
was thought to have the same hereditary disease, but
genetic analysis excluded SCA1 and DRPLA. She became
bedridden due to severe trunk ataxia at the age of 69
years, followed by worsening cognitive decline. Brain
MRI revealed severe atrophy of the cerebellum and dif-
fuse atrophy of the cerebrum and basal ganglia, show-
ing bilateral hyperintense lesions on T2WI in the basal
ganglia, thalamus, and deep white matter (Fig. 1d-f).
She then suffered repeated bouts of aspiration pneumo-
nia and died at the age of 88 years. No autopsy or genetic
testing for STUBI or TBP was performed.

Neuropathologic features (patient 1)
Macroscopically, atrophy of the basal ganglia was promi-
nent in the caudate nucleus, which showed moderate
neuronal loss with gliosis. Neuron reduction was also
observed in the deep layer of the frontal and motor cor-
tices, where the white matter showed diffuse myelin pal-
lor (Fig. 2a—e). Severe loss of Purkinje cells and granule
cells with Bergman gliosis (Fig. 2f, arrows) were evi-
dent (Fig. 2f). Immunoreactivity of calbindin-D28k in
the remaining Purkinje cells was depleted (Fig. 2g). The
brain showed no pathological features suggestive of
complications arising from Alzheimer’s disease (ABC
score: A3B1C1) or Parkinson’s disease (Lewy body dis-
ease: none). No neuronal loss or focal gliosis was evident
in the spinal cord, except for mild loss of neurons in the
anterior horns and myelinated fibers in the corticospi-
nal tract. Immunohistochemistry for expanded poly-
glutamine stretches using 1C2 antibody demonstrated
diffuse accumulation in the neuronal nuclei in a diffuse
pattern (neuronal intranuclear inclusions: NIIs). NIIs
were restricted to the central nervous system, and most
frequently detectable in sector CA1l of Ammon’s horn,
where 67% of neurons possessed 1C2-positive nuclear
inclusions (Fig. 2h). Table 1 summarizes the neuronal
loss and distribution of the inclusions.

To investigate STUBI (protein) alteration in the
affected brain, we performed immunohistochemis-
try using an antibody against SUTBI. In a previous
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Fig. 1 Genetic analysis and MRI findings. a Fragment analysis of 7TBP. The numbers besides the peaks indicate the numbers of repeats. b Sanger
sequencing of the repeat region of the TBP gene. The repeat sequences are marked in light red. The numbers indicate the numbers of repeats. ¢
Sanger sequencing of the variant. Red arrow indicates the variant. d-f Brain MRl images of patient 2 at the age of 82 years. d Severe atrophy of the
cerebellum is evident on the T1-weighted sagittal image. e, f Diffuse cerebral atrophy and lateral ventricular enlargement accompanied by bilateral
hyperintense lesions on the T2-weighted image in the basal ganglia, thalamus, and deep white matter. R, the right side of the brain

pathologic study, aberrant STUBI localization was dem-  E3 activity of the CHIP-p.P243L mutant

onstrated in the distal PJC dendrites of patients with ~ We then investigated whether the STUBI mutation
SCA48, while STUB1 was immunoreactive in soma- caused a functional change in the encoded protein,
todendrites in the control [9]. However, our analysis chaperone-associated E3 ubiquitin ligase (CHIP), which
revealed no such difference in localization between them  is involved in the ubiquitin-mediated proteasomal con-
(Supplementary Fig. 1 in Additional file 1). trol of protein homeostasis, and is known to facilitate
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Fig. 2 Neuropathologlc ﬁndlngs (a )Coronal section showmg atrophy ofthe caudate nucleus. Kliver-Barrera stalnlng (KB) b, ¢ Neuronal loss with
gliosis in the basal ganglia: moderate in the caudate nucleus b and mild in the putamen (c). d Diffuse myelin pallor in the frontal white matter. KB.

e Mild neuronal loss in the frontal cortex, accentuated in the deep cortical layer. KB. f Loss of Purkinje cells with Bergmann gliosis (arrows) in the
cerebellar cortex. HE staining. g Depleted immunoreactivity of calbindin-D28k in the cerebellar cortex. The cell body and dendrites of Purkinje

cells are strongly stained in the control brain. Calbindin-D28k immunohistochemistry (IHC). h Numerous neurons possessing 1C2-positive diffuse
staining in nuclei and the magnified image (inset). Sector CAT of Ammon'’s horn. 1C2-IHC. Ctrl, control; Pt, patient. Barina=1 cm for a; 350 um for b,

Ctrl

degradation of misfolded proteins in neurodegenerative
diseases [10]. Therefore, we assessed the effect of STUBI
p.P243L mutation on E3 ubiquitin ligase activity by tran-
siently expressing the wild type (WT) or p.P243L mutant
of STUBI in HEK293T cells, followed by immunoprecip-
itation and in vitro ubiquitination assay (Fig. 3a). In the
presence of E1, E2 (UbcH5a), and ubiquitin, STUBI-W'T
efficiently generated the polyubiquitin chain, whereas the
p.P243L mutant failed. These results clearly indicated
that p.P243L polymorphism in the U box domain affects
the E3 activity of CHIP. Details of methods are in Addi-
tional file 1.

Discussion and conclusions
We have described the clinicopathologic features of
patients harboring an intermediate allele (41 and 38
CAG/CAA repeats) in TBP and a heterozygous mis-
sense mutation in STUBI (p.P243L), and demonstrated
reduced E3 ubiquitin ligase activity of the STUBI-p.
P243L mutant.

The clinical features of the present identical twins were
quite similar to each other, with onset of ataxic gait at

around 60 years of age, followed by chorea and cogni-
tive decline, and a period of approximately 10 years from
onset to becoming bedridden, although patient 1 had half
the disease duration of patient 2 due to cancer. Reflect-
ing their clinical course, brain MRI also showed features
in common. Similarly, the clinical presentation in both
patients resembled that of two previously reported cases
harboring an intermediate allele (41 and 37, and 43 and
41 CAG/CAA repeats, respectively) in TBP and the same
heterozygous missense mutation in STUBI (p.P243L)
[2]: all of the patients were female and demonstrated
cerebellar ataxia and cognitive decline, and three of the
four developed chorea with a Huntington’s disease-like
(HDL) phenotype. On the other hand, these three fami-
lies showed different inheritance patterns, the present
family showing autosomal recessive inheritance and
the other two families autosomal dominant inheritance
and a sporadic pattern, being consistent with a previous
report of complex forms of inheritance in SCA17-DI [2].
The difference in age at disease onset between the pre-
sent patients and two other reported patients (around 60
years for the former and 30s for the latter) is also within
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Fig. 3 Attenuating effect of p.P243L on E3 activity in CHIPa Impaired E3 activity of the STUBT-p.P243L mutant. The WT or p.P243L mutant of
Myc-STUBT was transiently expressed in HEK293T cells. Then, the anti-Myc immunoprecipitates were subjected to in vitro ubiquitination assay,
and samples were immunoblotted with the indicated antibodies. b Crystal structure of the mouse CHIP U box dimer in complex with E2 (Ubc13
and Uev1a) (PDB: 2c2v). One protomer in the CHIP dimer is colored cyan and the other blue. Ubc13 is colored magenta. P243 in the human CHIP
(P244 in mouse STUBT) is shown in orange. ¢ Close-up view around the (3-sheet of the CHIP U box (PDB: 2c2v). The 3-sheet is shown as sticks. The
backbone hydrogen bonds in the 3-sheet are indicated by dashed lines. Side chains other than proline on the B-sheet are omitted. The residue

the wide onset age range observed for SCA17-DI as a
whole [2].

The pathological findings in the present patient were
similar to those reported previously for SCA17-DI [4,
5] and SCA17 [6, 7] in that most patients exhibited
degeneration of the cerebellar cortex and striatum with
the presence of 1C2-positive neurons showing diffuse
nuclear staining [4, 6, 7] (Table 1). Only in one of these
cases, the striatum including the caudate nucleus, which
is known to be associated with choreic movement in
Huntington’s disease, was not affected and indeed no
involuntary movements were noted [4] (Supplementary
table 2 in Additional file 1). Overall, the histopathological
alterations may be slightly milder in SCA17-DI than in
SCA17, and more cases will need to be studied to clarify
the difference.

Given the similarities of pathology between SCA17-
DI and SCA17, despite the fact that the former had a
mutation in STUBI whereas the latter did not, a major
question naturally arises as to whether a heterozygous
STUBI mutation alone could affect the phenotype.
There have been a few reports on the neuropathology of
SCAA48, which has both commonalities and differences
relative to SCA17-DI and SCA17. The reports on SCA48
have highlighted severe degeneration of the cerebellar
cortex [5, 8, 9]. On the other hand, no alterations were
observed within the striatum in two of those reports [5,
9] (Table 1), despite the fact that one of the two patients

presented with HDL showing chorea and dystonia [5]. In
terms of 1C2-immunoreactive structures, one had scat-
tered 1C2-positive neuronal intranuclear inclusions [8],
while the other did not [5]. The TBP repeat size in those
patients was not stated. Even considering that the speci-
ficity of the 1C2 antibody could be sometimes unstable,
it would be of importance to determine the repeat size
of TBP in patients with heterozygous STUBI mutation
in order to better understand the role of heterozygous
STUBI mutation.

It has been postulated that the pathogenicity of muta-
tions in STUBI centers on E3 activity of CHIP [10], as
we demonstrated, but details of the pathomechanism
have remained unclear. The E3 activity of six SCAR16-
associated STUBI variants — p.E28K, p.N65S, p.K145Q),
p-M2111, p.S236T, and p.T246M - have been evaluated,
and it has been reported that p.T246M mutation in the
U box affects the structure and E3 activity of CHIP [11].
In contrast, another U box mutant, p.S236T, exhibited E3
activity equivalent to that of the wild type, suggesting that
mutations within the U box domain, a Zn-free E3 active
site similar to the RING finger domain, may or may not
significantly affect E3 activity depending on the mutated
residue [11]. As we identified reduced E3 activity of CHIP
resulting from p.P243L mutation, we therefore further
analyzed the effect of STUB1 p.P243L on the conforma-
tion of the U box domain using data from the deposited
crystal structure (Fig. 3b, ¢) [12]. A previous report has
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indicated that the proline residue corresponding to P243
in human CHIP is highly conserved in all U box proteins
in mammals [13]. P243 in human CHIP (P244 in mouse
CHIP) is not directly involved in CHIP dimerization or
binding to E2 (Fig. 3b). The CHIP U box domain con-
tains three P strands (f1-3), and P243 is located at the
end of B1, which seems to promote -sheet termination
and folding of the U box domain (Fig. 3c). However, in
the p.P243L mutant, the NH group of L243 may form
a hydrogen bond with the N-terminal main chain of an
a-helix (a2), which extends the C-terminal end of 3.
Because 3 is immediately followed by an a2, the exten-
sion of B3 would inhibit a2 helix formation and disrupt
overall folding of the U box (Fig. 3c). Moreover, P243
in human CHIP forms a hydrophobic core with M240,
M286, and 1290 (M241, L287, 1291 in mouse CHIP) to
stabilize the structure of the U box [14], and p.P243L
mutation disrupts these interactions (Fig. 3c). Together,
these results suggest that the p.P243L mutation disrupts
the folding of the entire U box domain, and impairs ubig-
uitin ligase activity, leading to insufficient degradation of
TATA box-binding protein with moderately expanded
poly-Q tracts and disease onset.

In conclusion, we have presented the second geneti-
cally confirmed autopsy case of SCA17-DI presenting
with a Huntington’s disease-like phenotype, and have
demonstrated the functional and conformational changes
resulting from STUBI mutation associated with ubiquitin
ligase activity. Further clinicopathologic and molecular
studies are needed to clarify how TBP polyQ and STUBI
mutations interact and affect the phenotypic variability of
SCA17-DIL
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