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Abstract

Introduction Biallelic mutations in STUB1, which encodes the E3 ubiquitin ligase CHIP, were originally described in association
with SCAR16, a rare autosomal recessive spinocerebellar ataxia, so far reported in 16 kindreds. In the last 2 years, a new form of
spinocerebellar ataxia (SCA48), associated with heterozygous mutations in the same gene, has been described in 12 kindreds
with autosomal dominant inheritance.

Methods We reviewed molecular and clinical findings of both SCAR16 and SCA48 described patients.

Results and conclusion SCAR16 is characterized by early onset spastic ataxia and a wide disease spectrum, including cognitive
dysfunction, hyperkinetic disorders, epilepsy, peripheral neuropathy, and hypogonadism. SCA48 is an adult-onset syndrome
characterized by ataxia and cognitive-psychiatric features, variably associated with chorea, parkinsonism, dystonia, and urinary
symptoms. SCA48, the last dominant ataxia to be described, could emerge as the most frequent among the SCAs due to
conventional mutations. The overlap of several clinical signs between SCAR16 and SCA48 indicates the presence of a contin-
uous clinical spectrum among recessively and dominantly inherited mutations of STUBI. Different kinds of mutations, scattered
over the three gene domains, have been found in both disorders. Their pathogenesis and the relationship between SCA48 and

SCAR16 remain to be clarified.
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Introduction

The STUBI gene (STIP1 homology and U-box containing pro-
tein 1; OMIM, 607207) encodes CHIP, which is an E3 ubiquitin
protein ligase. CHIP (C-terminus of HSC70-interacting protein)
couples protein folding and proteasome-mediated degradation by
interacting with heat shock proteins (HSPs) [1-3].

Since its discovery in 1999 [1], CHIP has been shown to
play a pivotal role in regulating the cellular balance between
protein folding and degradation. CHIP, which is primarily
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localized to the cytoplasm, is highly expressed in tissues with
high metabolic activity and protein turnover [1], and aberra-
tions in its expression and activity are observed in several
pathological conditions, especially neurological and oncolog-
ical diseases [3—5].

In 2013, biallelic mutations in STUBI were associated with the
autosomal recessive spinocerebellar ataxia type 16 (SCAR16) [6].
In the following years, SCAR16 has been reported in several
families, with a phenotype characterized by early-onset ataxia
associated with additional features such as spasticity, cognitive
impairment, movement disorders, epilepsy, and occasionally
hypogonadism, mimicking Gordon Holmes syndrome [7].

More recently [8], a heterozygous mutation in STUBI has
been associated with a new form of autosomal dominant
spinocerebellar ataxia (SCA), named SCA48, in a Spanish
kindred presenting with adult-onset ataxia and cognitive and
affective symptoms. Interestingly, in SCAR16 families, car-
riers of one single STUBI mutation were described as
completely asymptomatic. Since the original description in
2018, eleven further SCA48 families have been reported,
showing a complex phenotype characterized not only by atax-
ia and cognitive/behavioral dysfunction but also by a
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spectrum of movement disorders, encompassing both
hypokinetic and hyperkinetic features [9—11]. The increasing
number of reported patients and of different heterozygous
STUBI mutations (n = 10) supports the concept that SCA48
might be recognized worldwide as a not infrequent form of
hereditary ataxia.

Here, we provide a review of the literature of STUB-asso-
ciated hereditary ataxias (SCAR16 and SCA48), with a spe-
cial attention to the lastly described autosomal dominant form.
Aims are to better characterize the clinical features of these
ataxic disorders and to investigate on genotype-phenotype
correlations, modalities of transmission, and possible neuro-
degeneration mechanisms.

SCAR16 phenotypic characteristics

SCARI16 is a rare autosomal recessive disorder due to homo-
zygous or compound heterozygous mutations in STUBI gene.
The present review included 31 SCAR16 patients (15F, 16M)
from 17 families reported in literature (Supplementary
Table 1). Three additional patients have been reported [12,
13], but their clinical features have not been fully described,
and they have not been included in the phenotype evaluation.
Mean age of onset of symptoms was 20.4 = 13.9 years, rang-
ing from birth to 57 years. Initial symptom was ataxia in 23/31
patients, developmental delays in three, primary or secondary
amenorrhea in three, and epilepsy or cognitive impairment in
one each. During the disease course, all patients developed
progressive cerebellar ataxia, associated with dysmetria and
dysarthria. Abnormal ocular movements, mostly nystagmus,
were present in 15 patients. Cognitive impairment (intellectual
disability and/or deterioration) was reported in 21 patients,
while corticospinal signs were present in 19, varying from
increased tendon reflexes only (9) to severe tetraspasticity;
Babinski signs were positive in six. Movement disorders were
frequently described: Indeed, apart from action tremor that
could be considered as a part of the cerebellar syndrome, 11
patients presented with hyperkinetic movement disorders,
such as chorea (3), athetosis (3), dystonia (3), myoclonus
(7), and ballism (2). Hypogonadism, which was a characteris-
tic feature in one of the first SCAR16 reports [7], was ob-
served in five patients from four families. Generalized tonic—
clonic seizures (GTCS) were reported in four patients from
three families. Psychiatric symptoms were reported only in
two cases.

Electrophysiological studies of the central and/or peripher-
al nervous systems were conducted in 14 patients. Peripheral
nerve involvement was found in 4/12 patients, abnormalities
of Brainstem Auditory Evoked Potentials (BAEPs) in 3/5, of
Visual Evoked Potentials (VEPs) in 3/3, of Motor Evoked
Potentials (MEPs) in 3/8, and of Somatosensory Evoked
Potentials (SSEPs) in 3/5.
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MRI, performed in all but two subjects, showed the con-
stant presence of cerebellar atrophy, sometimes associated
with thin corpus callosum (3), atrophy of the pons or midbrain
(5), or of the cerebral cortex (2).

A post-mortem study has been performed in one patient
only. Neuropathological analysis showed severe loss of
Purkinje cells and neurons of the granular layer, accompanied
by reactive Bergmann gliosis. Staining with CHIP and HSP70
antibodies showed diffuse reactivity in neurons and astrocytes
[14].

It is worthy of note that a patient with late age at onset
(54 years) harbored two variants in STUBI: a small deletion
leading to frameshift (c.678 679delCA, p.Ille227PhefsTer11),
resulting in a prematurely truncated protein with defective or
absent ubiquitin ligase activity, and a ¢.103C>A, p.Arg35Ser,
a variant of uncertain significance upon in silico predictions
[15]. Although family history was not informative, the global
clinical phenotype in that patient, including cerebellar ataxia,
cognitive deterioration, behavior abnormalities, generalized
chorea, and absence of corticospinal signs, appears to be more
similar to SCA48 than SCAR16.

SCA48 phenotypic characteristics

SCAA48, the most recently described autosomal dominant
spinocerebellar ataxia, is due to heterozygous mutations in
the STUBI gene. We reviewed the clinical and genetic char-
acteristics of the reported 26 patients (18F, 8M), originating
from one Spanish [8], ten Italian [9, 10], and one Turkish [11]
kindreds (Supplementary Table 2). Mean age of onset was
42.3 + 8.8 years, ranging from 22 to 56 years. Epilepsy cannot
be included with certainty in SCA48 phenotype; therefore, to
calculate age at onset, we did not consider as first symptom
GTCS, which appeared in childhood and disappeared in adult-
hood in two patients from the same family (Family C). Initial
symptoms were as follows: cerebellar dysfunction (ataxia and/
or dysarthria) in 20/26 patients, cognitive and/or psychiatric
dysfunction in nine, and choreic movements in one. Over the
course of the disease, all patients presented cerebellar symp-
toms, while all but three showed cognitive impairment. Eye
movement abnormalities, mostly broken smooth pursuit, were
found in nine subjects and dysphagia in seven. Psychiatric
features, mainly anxiety (n = 11), apathy (n = 6), and depres-
sion (n = 6), were present in 22 patients. Both hypokinetic and
hyperkinetic movement disorders were common and often
coexisted: Ten patients had mild parkinsonism, while 13 had
chorea and eight dystonia. Hyperreflexia was reported in 12
patients but only in two cases a positive Babinski sign was
present. Twelve patients had urge incontinence or other uri-
nary tract symptoms. Three patients from the same family had
a positive history for a mild epileptic syndrome (GTCS), for
which they did not take any treatment. Hypogonadism was
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reported only in one patient, affected also by Addison’s dis-
ease and Hashimoto’s thyroiditis.

Electrophysiological studies of the central and/or peripheral
nervous systems were conducted in 12 patients.
Electromyography and peripheral nerve conduction studies did
not show any abnormalities in 12 patients, as well as VEPs (n =
4), BAEPs (n =4), and MEPs (n =6). SSEPs were absent at
lower limbs in two patients, normal in the remaining seven.

MRI was performed in 24 patients, and all showed vermian
and hemispheric cerebellar atrophy, more pronounced at the
level of the posterior areas [8]. Mild cortical atrophy was
observed in 7 patients. A T2-weighted hyperintensity affecting
the dentate nuclei and extending to the middle cerebellar pe-
duncles has been demonstrated in seven patients [9, 10].
Diffusion tensor imaging in one patient revealed cerebello-
frontal disconnection and dentate nuclei involvement [11].

FDG-PET was performed in six patients and showed glu-
cose hypometabolism, marked in the cerebellum and less se-
vere in the cerebral cortex and striata [9, 10]. 9mTc-HMPAO
SPECT imaging showed cerebellar and cerebral cortical hy-
poperfusion in three studied patients [8, 11]. DaTSCAN de-
tected a slightly reduced striatal uptake in two patients and
was normal in one [9, 10].

Post-mortem studies are so far not available in SCA48 (see
Addendum).

SCA48 prevalence, diffusion, and penetrance

It is interesting to note that, although SCA48 has been identi-
fied only recently, we could collect already clinical and mo-
lecular information from 12 published families. One study
screened 235 TItalian adult-onset patients (218 sporadic, 17
with autosomal dominant inheritance) with a cerebellar ataxia
syndrome of unknown etiology [10]. All had tested negative
for mutations in the most common ataxia genes (FRDA; SCA
types 1, 2, 3, 6, 7, and 17; and FXTAS). The study identified
eight unrelated probands (four with a positive family history
and four sporadic) affected with SCA48, determining an over-
all frequency of 3.4%, which rose to 23.5% among familial
cases. Considering that cerebellar ataxias of unknown etiology
might represent about 48% of dominant ataxia cases [16],
SCA48 could represent a significant proportion of all SCAs.
A recent NGS study on autosomal dominant ataxias of un-
known etiology, performed before SCA48 identification,
found relevant genetic variants in 14% of cases, being muta-
tions in CACNAIA the most frequent and accounting for 4%
of them [12]. Therefore, SCA4S is likely the most frequent
among the SCAs due to conventional mutations.

Another noteworthy point is that, among the families re-
ported so far, only the mutation ¢.823 824delCT recurred in
three families (A, K, M), whereas the remaining kindreds
harbored private mutations. Lack of evidence of founder

mutations in the described families supports the hypothesis
that SCA48 might be identified worldwide.

Among the 12 reported index cases, occurrence of the disease
was sporadic in four. This might suggest a reduced penetrance of
some mutations or, most likely, missed diagnosis in relatives,
considering the late-onset, the mild progression, and the variable
presentation which could lead to the wrong diagnosis of demen-
tia, psychiatric disorder, Parkinson’s disease, or chorea.

Comparison between SCA48 and SCAR16

Clinical and laboratory findings are compared in Table 1. As
expected for autosomal dominant and recessive disorders,
SCARI6 has an earlier onset compared with SCA48 (20.4 +
13.9 vs 42.3 £8.8 years; p <0.001). The female/male ratio was
0.94 in SCARI16 and 2.25 in SCA48, but this difference was
not statistically significant. In both disorders, ataxia was the
most common first symptom and subsequently developed in
all patients. Cognitive dysfunction was the second most fre-
quent feature either in SCAR16 (68%), often classified as in-
tellectual disability, or SCA48 (88%), always described as cog-
nitive decline. It seems somewhat surprising the low frequency

Table 1 Comparison of clinical and laboratory findings between
SCAR16 and SCA48

SCARI16 (n =31)  SCA48 (n =26)

Onset age (mean + SD) 20.4+13.9 42.3+8.8
Cerebellar features 100% 100%
Cognitive impairment 21 (68%) 23 (88%)
Movement disorders 11 (35%) 15 (58%)
Parkinsonism 0 (0%) 10 (38%)
Hyperkinesia 11 (35%) 14 (54%)
Chorea 3 (10%) 13 (50%)
Dystonia 3 (10%) 8 31%)
Myoclonus 7 (23%) 0 (0%)
Psychiatric disorders 2 (6%) 22 (85%)
Pyramidal signs 10 (32%) 1 (4%)
Isolated hyperreflexia 9 (29%) 11 (42%)
Epilepsy 4 (13%) 3 (11%)
Hypogonadism 5 (16%) 1 (4%)
Urinary tract symptoms 6 (19%) 12 (46%)
Abnormal electroneurography — 4/12 (33%) 0/12 (0%)
Abnormal evoked potentials 6/11 (55%) 2/9 (22%)
Cerebellar atrophy 29/29 (100%) 24/24 (100%)
T2 dentate hyperintensities 0/29 (0%) 7/24 (29%)

Movement disorders include parkinsonism and hyperkinetic disorders
(chorea, athetosis, ballism, dystonia, myoclonus)

The denominator is specified only if different from the number of total
cases
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of behavioral abnormalities reported in SCAR16 in comparison
with SCA48 (6 vs 85%; p <0.001), also in view of the well-
known association between cognitive and psychiatric dysfunc-
tion in children and adolescents. Indeed, the prevalence of psy-
chiatric disorders in young people with intellectual disability
ranged from 31 to 72% [17, 18]. Probably, that is why the
presence of behavior abnormalities has been just assumed and
not mentioned explicitly in most SCAR16 papers.

Mild parkinsonism, not requiring a pharmacological treat-
ment, was present in SCA48 only (38%), whereas hyperkinetic
movement disorders were slightly and not significantly more
frequent in SCA48 than SCAR16 (54 vs 35%). Myoclonus,
however, seems to be specific of the autosomal recessive form.

Upper motor neuron syndrome is present in 61% of SCAR16
patients constituting an important element of the clinical picture.
In SCAA48, hyperreflexia was present in 46% of patients, but it
was associated to Babinski sign in only one patient (4%), while
another patient showed isolated Babinski sign (Supplementary
Table 2). These findings suggest that corticospinal tract involve-
ment in SCA48 is less relevant than in SCAR16.

Hypogonadism and epilepsy, occurring in four and three
families respectively, are definite, although not frequent fea-
tures of SCAR16. Conversely, their occurrence is sporadic
(one family each) in SCA48, and their belonging to the dis-
ease spectrum needs to be confirmed by other reports.
Neurophysiological studies were often not reported in the
reviewed papers; however, evidence of peripheral neuropathy
is present in 33% of SCARI16 patients and in none of the
SCA48 patients. Similarly, neurophysiological evidence of
central nervous system is often found in SCAR16 only.

MRI showed cerebellar atrophy in all investigated patients;
therefore, it appears an obligatory feature of STUBI-related
disorders. Cerebellar atrophy was found also in three SCA48
presymptomatic individuals [8], and likely it represents an
early disease feature. MRI showed a T2-weighted hyperin-
tense signal extending from the dentate nuclei to the middle
cerebellar peduncles in seven SCA48 patients [9, 10]. This
finding has not been reported in SCAR16 and, even though
its evidence is limited to a small number of cases, could be a
peculiar imaging biomarker of the dominant form.

In SCA48, PET and SPECT imaging revealed a pattern of
hypometabolism/hypoperfusion involving not only the cere-
bellum but also, to a lesser extent, the cerebral cortex and the
striatum. The pre-synaptic dopaminergic system was normal
or only minimally affected. Functional imaging studies are
lacking in SCARI16.

SCA48 and the cerebellar cognitive affective
syndrome

Signs of cognitive impairment were present in the majority of
SCAA4S8 patients, ranging from a mild or moderate dysexecutive
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syndrome to a marked and diffuse deterioration. The multi-
domain cognitive impairment, which included also language
impairment, disorder of spatial cognition, and behavioral
changes, might suggest a cerebellar cognitive affective syn-
drome (CCAS). This condition has been first described by
Schmahmann and Sherman on 20 patients with diseases con-
fined to the cerebellum [19]. The pattern of abnormalities in
CCAS involves executive function, visual-spatial cognition,
linguistic performance, and personality change with blunting
of affect or disinhibited and inappropriate behavior. The syn-
drome was clinically prominent in patients with lesions involv-
ing the posterior lobe of the cerebellum. CCAS may be due to
disruption of neural circuitry linking the posterior cerebellar
cortex with cerebral cortical association areas and paralimbic
regions involved in higher order cognitive processing [20].

The pattern of cognitive and psychiatric changes seen in
SCA48 patients might resemble CCAS, although
anosognosia, memory loss [8—10], and palilalia [11], which
are not part of the CCAS, have been described. The more
pronounced involvement of cerebellar posterior areas [8] and
cerebello-frontal disconnection seen by DTI studies [11] sup-
ports the hypothesis that CCAS might match SCA48 cogni-
tive dysfunction. On the other side, several individuals affect-
ed with SCA48 showed no cognitive decline up to 30 years
after disease onset, and the original description of CCAS re-
fers to pure cerebellar lesions, whereas SCA48 appears to be a
widespread neurodegenerative disorder, encompassing corti-
cal, subcortical, and infratentorial areas. Therefore, disruption
of the frontostriatal circuitry, and degeneration of the cholin-
ergic basal forebrain nuclei, as well of the neurons of the
association cortical areas themselves, may be also implicated
in the genesis of cognitive dysfunctions [20]. In our opinion,
the relationship between the cerebellum and cognitive dys-
function in SCA48 deserves further studies.

SCA48 and SCA17

Cognitive deficits are generally uncommon and late in the
most common SCAs due to expanded polyglutamine tracts
[20]. Their frequency has been estimated to be 5-19% in
SCAZ2 and lower in SCA1, SCA3, and SCAG6. On the contrary,
dementia is an important aspect of the clinical picture in
SCA17 and DRPLA, two other polyglutamine-related ataxias.
With regard to movement disorders, they are not rare in
SCAs. Their prevalence during overall disease course ranged
from 5 to 24% for parkinsonism, from 1 to 9% for chorea, and
from 4 to 24% for dystonia in SCA1, SCA2, SCA3, and SCA6
[21]. However, excluding DRPLA, which is a very rare disease
in Western countries, SCA17 is the form more often associated
with parkinsonism (79%), chorea (48%), and dystonia (53%).
SCAL17 is a neurodegenerative disease caused by the expan-
sion above 43-45 units of a CAG/CAA repeat in the coding
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region of the TATA box-binding protein (TBP) gene [22]. SCA17
shows a complex and variable clinical phenotype, in some cases
overlapping that of Huntington’s disease and, for this reason, it is
also called Huntington’s disease-like 4 (HDL-4). Disease onset is
typically in the third or fourth decade; the presenting symptoms
may be either psychiatric disturbances, such as behavioral
changes and mood alterations, or neurological features, including
ataxia and movement disorders [23]. Cognitive impairment is a
frequent (77%) and early complain [24]. The clinical triad of
ataxia, movement disorders, and cognitive/affective symptoms
underpins both SCA48 and SCA17; however, the latter seems to
be a more severe condition, with earlier onset (34.6 + 13.2 years),
more frequent corticospinal signs (57%), and epilepsy (35%)
[24]. Indeed, it is already known that compared with
polyglutamine ataxias, the forms caused by conventional muta-
tions are more slowly progressive, have a longer survival, and
lead to less severe disability [25].

Here we would emphasize the similarity between SCA48
and SCA17, and we propose that, for its association with
dementia, psychiatric symptoms, and sometimes chorea, also
SCA48 may fall within HD-like syndromes.

STUB1 and the encoded CHIP protein:
functions and molecular pathways

STUBI encodes CHIP, a 35 kDa enzyme involved in protein
quality control that acts as ubiquitin ligase, chaperone, and
cochaperone binding heat shock proteins [1, 2, 26]. In human,
CHIP is mainly expressed in the striated muscle, pancreas,
brain, and cerebellum, while minor expression is found in
other tissues. Similarly, STUBI is widely expressed in mouse
brain including Purkinje cells and cerebellum [6].

CHIP is composed by three functional domains: an N-
terminal tetratricopeptide repeat (TPR) domain for
cochaperone activity, a C-terminal U-box domain for
ubiquitination activity as E3 ligase, and an intermediate
coiled-coil (CC) domain required for CHIP dimerization [4,
27]. TPR domain mainly interacts with heat shock proteins
HSC70, HSP70, and HSP90, binding and guiding them to
support the refolding of misfolded proteins, whereas U-box
domain binds an E2 ubiquitin-conjugating enzyme that
ubiquitinates unfolded proteins leading them to proteasome-
driven degradation [28, 29].

CHIP hence plays a protective role due to its chaperone,
cochaperone, and ubiquitination activity that aims to prevent
the neurodegeneration caused by abnormal unfolded protein
accumulation [30]. Indeed, CHIP upregulation in vivo
displayed an attenuation of tau aggregation [31], and CHIP
deficiency has shown to lead early aging in mice [32].

Aggregation of misfolded proteins and defects in protein
quality control system are a common and well-known theme
in neurodegenerative disorders [33, 34] and nevertheless in

hereditary ataxias [35]. For instance, mutations in RNF216
and OTUD4, coding an E3 ubiquitin ligase and a
deubiquitinase, respectively, were found to cause, similarly to
STUBI, ataxia and hypogonadism [36], likewise later con-
firmed by other reports which described recessive mutations
in RNF216 [37-42]. Nonetheless, CHIP was found to control
the decay of expanded proteins like ataxin-1 [43] and ataxin-3
[44], involved in SCA1 and SCA3 [45, 46]. Furthermore, other
proteins involved in neurodegenerative diseases interact with
CHIP. For instance, parkin and o«-synuclein, involved in
Parkinson’s disease, were found to be targets of CHIP [47].

Impairment of protein quality control caused by CHIP defi-
ciency was investigated through generation of a Stubl™~
knock-out (KO) mouse. Early work in KO mice, which show
accelerated cellular senescence, increased oxidative stress, toxic
accumulation of proteins, and deterioration of proteasome ac-
tivity, demonstrated that CHIP is an essential regulator of mam-
malian longevity via the regulation of protein quality control
[32]. Subsequently, it was shown that Stubl™™ mice present
severe impairments in motor, sensory, and cognitive functions,
in particular in tasks related to cerebellar function [7]. Indeed,
complete loss of CHIP resulted in degeneration of Purkinje
cells. Moreover, evident defects in behavioral and reproductive
functions were noticed, hence suggesting that Stub/~~ mice
well represent the human SCAR16 phenotype [7].

Interestingly, motor impairments were found in Stubl™"
mice [48] together with an altered subset of behavior, hence
providing that CHIP underexpression leads to defects in neu-
ronal circuitry. Noteworthy, the milder phenotype of Stubl™"
mice could reflect the differences between SCA48 and the
more severe SCAR16.

CHIP is also involved in mitophagy [49] and autophagy
[50]. The impairment of the autophagic process might represent
a potential pathogenetic mechanism by regulating the activity
of specific transcription factors and/or mitochondrial biogenesis
[51, 52], a feature likewise observed in KO mice [53].
Nonetheless, also the CHIP-mutated driven impairment of the
endoplasmic reticulum protein quality control [54], significant
in the homeostasis of the autophagy-lysosome pathway, might
have a role in the etiology of STUB/-related disorders.

STUB1T mutations and patterns of inheritance

Pakdaman and collaborators analyzed in a heterologous system
some of the missense mutations associated with SCAR16 and
found that those variants can cause defect in both protein struc-
ture and stability and ubiquitination activity, as well as alter
CHIP dimerization [55]. Similarly, Kanack and collaborators
showed that point mutations causing SCAR16 cause several
and variable defects in CHIP functions, often correlated with
the corresponding domain where the mutation belongs to, de-
spite this is not a mandatory correlation [56]. For instance, they
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found that mutations in TPR domain hamper the ability to bind
chaperones as expected, but in a variable severity level and, in
some cases, also hindering the ubiquitination activity at the same
time [56]. This could be explained by the fact that cochaperone
binding is a required signal to trigger ubiquitination activity.
Besides these defects, they revealed an increased tendency to
form soluble oligomers, a lower thermal stability, and a reduc-
tion of protein expression, thence confirming that, in addition to
nonsense and frameshift mutations, also missense mutations can
induce a reduction, although variable, of CHIP levels and impair
the activity of residual protein [56]. Interestingly, they also no-
ticed that cellular thermodynamic conditions may have a pivotal
role in CHIP function and activity, suggesting that specific CHIP
functions are active or inactive depending on the cellular stress
condition [56]. Even more recently, Madrigal and collaborators
investigated how functional properties of STUB/ missense cor-
relate with different clinical features [57]. They found that mu-
tations in U-box domain have severe effects on the overall CHIP
functions and were tightly related to cognitive dysfunction in
SCAR16 patients, hence proposing that mutations in certain
CHIP domains could bring to specific phenotypic manifesta-
tions [57]. The limited number of monoallelic missense variants
and the lack of functional investigations on protein function and
structural features prevented similar speculations on genotype-
phenotype correlations in SCA4S.

How STUB-related ataxias can act through different pattern
of transmission is yet to be clarified, as well as why carrier
parents in SCAR16 families result, to our knowledge, to be
healthy. However, this is not a novel issue that research world-
wide must deal with. Indeed, genes with both autosomal domi-
nant and recessive inheritance have been recorded, particularly in
neurodegenerative diseases. In fact, this feature characterizes sev-
eral genes known to be cause of at least one specific type of SCA/
SCAR or hereditary spastic paraplegia, as well as genes known
to be cause of disorders in which ataxia and/or spasticity are listed
among main features (Supplementary Table 3), thus suggesting
that zygosity should not be anymore a limit in the definition of a
molecular diagnosis. Integration of multiomic data could serve
for improved understanding of genotype-phenotype correlations.

To date, 13 STUBI mutations have been described in
SCA48 and 30 in SCAR16. All types of mutations have been
reported, and all widespread along the three functional do-
mains, though only one SCA48 mutation (p.R225%) is placed
in the coiled-coil domain, just at the border with the U-box
domain (Fig. 1). Despite hitherto clinical reports and both
in vitro and in vivo functional studies all converge to loss-of-
function mechanisms underlying SCAR16, the processes that
might explain the dominant inheritance are yet to be explained,
and functional studies are required to clarify this issue. A po-
tential CHIP gain of function may be considered, as well as
dominant negative effect, given the fact that CHIP acts as dimer.
Anyhow, work in STUBI" mice [48] suggests that
haploinsufficiency could be the mechanism underlying SCA4S.
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Conclusion

STUBI encodes for CHIP, a ubiquitin ligase involved in pro-
tein quality control, mitophagy, and autophagy, and has a pro-
tective role in preventing neurodegeneration related to abnor-
mal unfolded protein accumulation.

Monoallelic mutations in STUBI lead to SCA48, the last
described autosomal dominant form, a complex adult-onset
syndrome characterized by ataxia and cognitive-psychiatric
disorder, variably associated with chorea, parkinsonism, dys-
tonia, and urinary symptoms. To this multifaceted phenotype
corresponds a widespread degeneration pattern, with involve-
ment of the cerebral cortex, the basal ganglia, and the cerebel-
lum. Given the different modalities of presentation of SCA48,
the diagnosis may be missed, especially in sporadic cases. The
clinical presentation of SCA48 is somewhat close to that of
SCA17, since in both ataxia is associated with cognitive, psy-
chiatric, and movement disorders.

Mutations in STUBI can also cause SCAR16, an autosomal
recessive spastic ataxia with onset in children or young adults,
and a wide disease spectrum, including cognitive dysfunction, hy-
perkinetic disorders, epilepsy, peripheral neuropathy, and
hypogonadism. The overlap of several clinical signs of SCAR16
and SCA48 indicates the presence of a continuous clinical spectrum
among recessively and dominantly inherited mutations (Fig. 2).

In both SCA48 and SCAR16, different kinds of mutations have
been found, and mutations are scattered throughout the entire gene,
although only one SCA48 mutation is placed in the coiled-coil
domain. The clear pathogenesis of these disorders, the relationship
between them, and how the type and location of STUBI mutations
contribute to the clinical expression remain to be clarified.
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Appendix
Addendum
After submission, two articles have been published, describ-

ing three novel SCA48 families, two from the USA [58] and
one from the Netherlands [59]. The papers confirm the
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complex phenotype of the disease and add valuable informa-  cephalon and medulla oblongata. Aberrant STUB1 localiza-
tion on its neuropathology. Both studies describe marked loss  tion in the distal PC dendritic arbors [58] and ubiquitin/p62-
of Purkinje cells (PC) with Bergmann gliosis, and both did not ~ positive neuronal inclusions in the cerebellum, neocortex, and
find TDP-43 or alpha-synuclein positive inclusions. The  brainstem [59] have been also described.

Dutch study also revealed severe neuronal loss in the mesen-
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Fig. 1 Scheme of STUBI gene and CHIP protein with its domains. SCAR 16 mutations are reported in black, SCA48 mutations in red. #, p.Y230C{s9*
has been found in both SCA48 and SCAR16

Fig.2 Overlap of clinical features
in SCAR16 and SCA48
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