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ARTICLE

Exonic trinucleotide repeat expansions in ZFHX3
cause spinocerebellar ataxia type 4:
A poly-glycine disease

Joel Wallenius,! Efthymia Kafantari,! Emma Jhaveri,! Sorina Gorcenco,! Adam Ameur,?

Christin Karremo,! Sigurd Dobloug,!3 Kristina Karrman,*> Tom de Koning,® Andreea Ilinca,!

Maria Landqvist Waldo,” Andreas Arvidsson,! Staffan Persson,! Elisabet Englund,>® Hans Ehrencrona,*>
and Andreas Puschmann!.%*

Summary

Autosomal-dominant ataxia with sensory and autonomic neuropathy is a highly specific combined phenotype that we described in two
Swedish kindreds in 2014; its genetic cause had remained unknown. Here, we report the discovery of exonic GGC trinucleotide repeat expan-
sions, encoding poly-glycine, in zinc finger homeobox 3 (ZFHX3) in these families. The expansions were identified in whole-genome datasets
within genomic segments that all affected family members shared. Non-expanded alleles carried one or more interruptions within the repeat.
We also found ZFHX3 repeat expansions in three additional families, all from the region of Skane in southern Sweden. Individuals with
expanded repeats developed balance and gait disturbances at 15 to 60 years of age and had sensory neuropathy and slow saccades. Anticipa-
tion was observed in all families and correlated with different repeat lengths determined through long-read sequencing in two family mem-
bers. The most severely affected individuals had marked autonomic dysfunction, with severe orthostatism as the most disabling clinical
feature. Neuropathology revealed p62-positive intracytoplasmic and intranuclear inclusions in neurons of the central and enteric nervous
system, as well as alpha-synuclein positivity. ZFHX3 is located within the 16q22 locus, to which spinocerebellar ataxia type 4 (SCA4) repeat-
edly had been mapped; the clinical phenotype in our families corresponded well with the unique phenotype described in SCA4, and the orig-
inal SCA4 kindred originated from Sweden. ZFHX3 has known functions in neuronal development and differentiation n both the central and
peripheral nervous system. Our findings demonstrate that SCA4 is caused by repeat expansions in ZFHX3.

Introduction families with the same disease phenotype and ZFHX3 repeat

expansions from our ataxia series, but the repeat expansions

An increasing number of genes associated with hereditary
ataxias are being discovered, as a result of the increasing avail-
ability and constant improvements in next-generation
sequencing (NGS) technology.'” Hereditary ataxias form a
broad spectrum of different entities, and cerebellar ataxia
with neuropathy defines a certain subgroup within this spec-
trum.® In 2014, we described two kindreds with autosomal-
dominant cerebellar ataxia and sensory and autonomic
neuropathy.* The affected family members also had a charac-
teristic slowness of horizontal saccades, and their ancestors
could genealogically be traced to the same village in southern
Sweden. We now report the discovery of exonic trinucleotide
repeats in ZFHX3 (MIM: 104155) and find that these repeats
co-segregate with the disease phenotype in these two families.
We have expanded the previously reported family’s pedigree,
provide clinical follow-up data 8-9 years after our first descrip-
tion, and report on the neuropathology of one affected indi-
vidual who died at the age of 28 years. We identified four addi-
tional persons with ataxia from three independent Swedish

were absent from large in-house and national datasets from
individuals with other diseases and from population controls.
The gene’s location within the previously described locus for
spinocerebellar ataxia type 4 (SCA4 [MIM: 600223]) and the
clinical overlap with SCA4 suggest that ZFHX 3 repeat expan-
sions cause SCA4. This disorder might be a relatively common
cause of autosomal-dominant ataxias, at least in the southern
Swedish population.

Subjects and methods

Genealogical data and clinical examination

Family 1 and family 2 were described in 2014 by some of the au-
thors,* and the authors had since remained in contact with the fam-
ilies and continuously cared for some of their affected members at
their clinics. Family 2 had been described in 1978.° Additional
affected members were identified via the families and/or from among
persons with ataxia in the authors’ clinics. Updated pedigree draw-
ings are shown in Figure 1. All surviving affected family members
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Figure 1. Family pedigrees

Standard symbols were used. Black symbols represent individuals with cerebellar ataxia with sensory and autonomic neuropathy. Pro-
bands are indicated with black triangles. Gray symbols show family members who had gait and balance problems according to family
history. Gray symbols with a central black dot represent two siblings who were evaluated within this study but were considered to have a
neurodevelopmental disorder that is different from cerebellar ataxia with sensory and autonomic neuropathy, and who do not have
ZFHX3 repeat expansions. The black numbers above the symbols are individual identifiers. For those family members for whom age
at symptom onset was available, it is shown below the symbols in blue. Sex and gender of non-affected individuals was disguised,
and sibling order partly altered to protect confidentiality. For the same reason, a few unaffected family members are not shown.
UFM, unaffected family member who was analyzed genetically within this study.

werere-contacted in 2022, and all were interviewed and re-examined
in a standardized manner in the context of the present study. As for
the examinations for our 2014 publication, the international cooper-
ative ataxia rating scale (ICARS) was used for examining and
comparing specific ataxia symptoms®; affected members from the
newly identified SCA4-affected families had been examined accord-
ing to the scale for the assessment and rating of ataxia (SARA).” After
the identification of three additional families carrying ZFHX3 repeat

expansions from our ongoing ataxia research study,” their members
were also re-approached for this study. Medical records of deceased
and alive affected members were reviewed. Our study was approved
by the Regional Ethics Review Board in Lund and the Swedish Ethical
Review Authority. All adult participants provided informed consent.
Two children were examined by a pediatrician in the context of their
clinical evaluation; written informed consent was provided by their
parents.

The American Journal of Human Genetics 177, 82-95, January 4, 2024 83



Genetic analysis

Blood was drawn from affected and unaffected individuals. Short-
read whole-genome sequencing was performed at the Department
of Clinical Genetics, Region Skane, the Center for Translational
Genomics, Lund University or at Centogene, Rostock, Germany.
Clinical reports from whole-genome examinations filtered for
ataxia and neuropathy genes that include known clinically rele-
vant repeat expansions were obtained but failed to elucidate the
cause of the disease. We continued to analyze WGS datasets
from families 1 and 2 to search for variants in genes not previously
related to neurological diseases or ataxias. We explored different
approaches depending on whom we assumed to be affected by
the same disease; we analyzed only family 1 or both families
together, and we either included or excluded family 1's two young
children (V:1 and V:2), who had a different clinical phenotype
that included infantile onset and cognitive and behavioral symp-
toms, albeit with ataxia. Family 1 III:UFM and other in-house ge-
nomes from unrelated individuals without ataxia were used as ref-
erences where needed.

Genomic segments shared by affected but not by unaffected
family members were detected by identity-by-descent (IBD) anal-
ysis. We predicted IBD segments by first phasing variant calling
format (VCF) files from families 1 and 2 with Beagle v5.4” and us-
ing the 1000 Genomes reference panel, then running hap-ibd."’
Non-default settings for hap-ibd are provided in Table S1, and a
full description of each setting is available in the hap-ibd docu-
mentation (https://github.com/browning-lab/hap-ibd).

Single-nucleotide variants (SNVs) were either supplied in VCF
files by the sequencing cores or produced from supplied binary
alignment map (BAM) files via the Genome Analysis Toolkit
v.4.2.6.1.'" VCF files were annotated and filtered with VEP
v.109'? so that variants with minor-allele frequencies above 0.01
were excluded. Copy-number variants (CNVs) were called with
the Genome Analysis ToolKitv.4.2.6.1 according to the Broad In-
stitute’s CNV calling tutorial (https://gatk.broadinstitute.org/hc/
en-us/articles/360035531152), with default settings. The input-in-
tervals file spanned the entire GRCh37 (hg19) genome in 1,000 bp
intervals. SNV and CNV calls were cross-correlated with the
genomic segments shared by affected members and curated manu-
ally with the Integrative Genomics Viewer v.2.12.2 for CNVs.'?
CNVs that fit the co-segregation patterns were manually screened
with DECIPHER' so that common CNVs would be excluded.

Known short tandem repeat (STR) expansion loci were exam-
ined with ExpansionHunter v.5.0.0."° The bundled variant catalog
was extended to include the more recently described FGF14*'°
and NOTCH2NLC'” pathogenic repeats that cause similar clinical
or pathological phenotypes. No expansions were found in either
of these loci. STR expansion loci not previously associated with
disease were assessed with ExpansionHunter Denovo v.0.9.0
from 2020,"® which is still the most recent version. Results were
cross-correlated with the shared genomic segments and manually
curated. From this emerged a trinucleotide repeat expansion in
ZFHX3 as a single finding. This expansion was confirmed by its
addition to the ExpansionHunter variant catalog, the re-running
of ExpansionHunter, and finally visual examination of the locus
with graphics produced by REViewer v.0.2.7.""

Screening of larger datasets

After the identification of expanded ZFHX 3 repeats associated with
the disease phenotype in families 1 and 2, we screened additional
available datasets for this repeat expansion. We queried 25 WES

and 64 WGS datasets from 89 persons with ataxia of unresolved
cause from our ataxia series, including those previously published.®
We also analyzed ZFHX3 repeats in 90 WES and 60 WGS datasets
from individuals with other neurological diagnoses in our research
database and queried the SweGen dataset with [llumina short-read
WGS data from 1,000 unrelated Swedish individuals, most of
whom (942) were probands selected from more than 85,000 twins
in the Swedish Twin Registry, as previously described.”’ We
analyzed the architecture of normal repeats in our 90 WES and 60
WGS in-house datasets (300 alleles) and in all 2,000 alleles from
SweGen with ExpansionHunter and REViewer.

Analysis of shared haplotype of the five families

We performed three additional IBD predictions, for which we
added WGS data from members of families 3, 4, and 5, to confirm
a shared haplotype and to investigate a possible relation between
all five families. We searched for SNVs with the lowest frequency
in population databases (gnomAD NFE and SweGen) within the
IBD genomic area that included ZFHX3 and compared their occur-
rence among affected and unaffected members of all five families.

Long-read sequencing

Long-read genome sequencing was performed on DNA from indi-
viduals III:1 and IV:1 from family 1. These individuals were
selected because they displayed a large difference in disease
severity and age at onset (37 and 15 years). The samples were
run on the PacBio Revio instrument, generating 77.2 Gb and
56.5 Gb of high-quality (>QV20) long-read data for individuals
I1I:1 and IV:1, respectively. PacBio long-read data from 27 individ-
uals from the Human PanGenome Consortium®' were used for
comparison. We analyzed the data manually to determine the
exact number and architecture of repeats in ZFHX3 and to exclude
structural changes within the 16q22 SCA4 locus.

Neuropathology

Individual IV:1 from family 1 died unexpectedly at the age of 28 years,
and a clinical postmortem examination was performed to elucidate
the cause of his death. An extensive neuropathological examination
of the central and peripheral nervous system was performed accord-
ing to established procedures at the Department of Pathology, Region
Skane. It included conventional and immunohistochemical stains of
brain regions and of autonomous nerves in the skin, gastrointestinal
plexus, and epicardium. Antibodies against hyperphosphorylated
tau, alpha-synuclein, and TDP-43 were used as described previ-
ously.”” For evaluation of p62 protein pathology, anti-nucleoporin/
p62 LCK ligand manufactured by BD Transduction Laboratories
(clone 3, catalog no. 610832) was used in 1:100 dilution.

Results

Genetic analysis of families 1 and 2

No deleterious single-nucleotide variant, indel, copy-number
variant, or previously described short tandem repeat co-segre-
gating with the disease was identified in families 1 or 2. We
did not identify a common genetic cause when including
the two individuals with a severe neurodevelopmental
phenotype (family 1, V:1 and V:2) and excluded these from
subsequent analyses. Our IBD analyses revealed 199 genomic
segments shared by all analyzed affected individuals in fam-
ily 1, except V:1 and V:2. These segments ranged in length
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Figure 2. ZFHX3 locus harboring the repeat expansion encoding poly-glycine

ZFHX3 is encoded on the negative strand in the hgl9 reference genome. For clarity, the negative strand sequence is included in the
figure. Unless otherwise specified, we discuss the repeat region from the perspective of the negative strand.

(A) In the vast majority of non-expanded alleles, the repeat region consists of exactly 18 GGC units, two GGT units, and a single AGT
interruption; we report the total repeat length as 21 for these alleles. The locations of the GGT units (which also code for glycine but
interrupt the repetitive GGC pattern on the DNA level) are given relative to the AGT interruption (light gray numbers). Such a normal
allele results in a protein with 20 glycine residues interrupted by a single serine at position 7. This poly-glycine is followed by a single
serine residue and a C2C2-type zinc finger motif. Generally, zinc finger motifs are considered elements that can bind to DNA in a
sequence-specific manner. See main text for the exact composition of this locus in the minority of non-expanded alleles.

(B) There were no detectable interruptions in any of the expanded alleles from the affected members of the five families described here—

the repeat region was entirely composed of GGC units.

from 1 kbp to 2.7 Mbp, with a median of 108 kbp; one of the
longest included a 1.6 Mbp segment on chromosome 16.
When the proband of family 2 (IV:1) was included, the shared
segment on chromosome 16 was narrowed down to 394 kbp
(Table S1). Within this genomic segment, a GGC (poly-
glycine) repeat expansion in the final exon of ZFHX3
(MANE Select transcript, GenBank: NM_006885.4) co-segre-
gated perfectly with disease status in both families (Figure 2;
Tables 1 and S2). The two children (family 1, V:1 and 2) and
their unaffected parent had normal ZFHX3 repeat lengths,
as did the unaffected family members in family 1 (IILUFM
and IV:UFM). Long-read sequencing revealed the exact
length of the repeat expansion to be 57 uninterrupted GCC
repeats in family 11II:1 (age of onset 37 years) and 74 uninter-
rupted GCC repeats in IV:1 (age of onset 15 years).

Screening of larger ataxia datasets and identification of
additional families

Re-analyzing WES and WGS data from our ataxia series
identified four additional individuals with ataxia from
three additional families with expanded ZFHX3 repeats,
the probands of families 3-5, and individual family 3
IV:1 (Tables 1 and 2; Figure 1). When including the addi-
tional families, the genomic segment shared by all affected
individuals shortened to 111 kbp; within this segment
three very rare intronic SNVs were found exclusively in
repeat expansion carriers, further defining a shared haplo-
type (Table S4). We did not find expanded alleles among
persons with ataxia or controls in our in-house research
database with individuals with other neurological diagno-

ses from southern Sweden, nor among 2,000 alleles in the
SweGen database.

Normal repeat length and locus architecture

We used 300 non-expanded alleles from our in-house WES
and WGS datasets, as well as 2,000 non-expanded alleles
from the SweGen WGS dataset, to determine the normal
ZFHX3 repeat structure. All non-expanded alleles had in-
terruptions within the GGC repeat; these interruptions
were predominantly synonymous GGT and a non-synony-
mous AGT encoding serine (Figure 2; Table S5). The vast
majority of alleles had the exact structure depicted in
Figure 2. The remaining alleles deviated in multiple ways,
as detailed in Table S5. The distribution of total repeat
lengths is presented in Figure 3, both for the control data-
sets mentioned above as well as for 27 additional controls
with long-read sequencing. In expanded alleles, there were
no visible interruptions of any kind in short-read WGS
data, but short reads might not suffice to entirely exclude
interruptions because the repeat region is longer than the
short read length of 150 bp. Long-read sequencing of two
affected individuals confirmed a complete lack of interrup-
tions: GGC was the only repeat unit.

Genealogical data and clinical examination

We have collected clinical information on forty members
affected by neurological disease in the five families (Figure 1).
All five families originate from Skdne (approximately 1.4
million inhabitants), the southernmost region of Sweden,
where our center is located. Fifteen affected members were
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examined by the authors of the previous* and/or the present
study. Tables 1 and 2 summarize the family members’ clinical
phenotypes. Clinical descriptions are provided below and as
a Supplemental Note. We also refer to our previous work” for
additional detailed clinical descriptions of families 1 and 2;
these descriptions include videos of several affected family
members.

Our genetic studies showed that family 1’s individuals
V:1 and V2 did not share the repeat expansion that we
found in all other genetically examined affected individ-
uals from families 1 and 2. These two siblings, V:1 and
V2, had signs and symptoms (see Supplemental Note) of
a more severe neurodevelopmental disorder of hitherto
undetermined genetic cause.

The remaining 38 affected members of families 1 to 5
shared clinical features; all had autosomal-dominant cere-
bellar ataxia with sensory and autonomic neuropathy.
They developed gait or balance disturbance at a mean age
at disease onset of 37.6 years, but with a range from 60 to
15 years in a pattern compatible with anticipation (Tables 1
and 2; Figure 1). Electroneurography showed signs of sensory
or sensory-motor neuropathy; frequently, the sensory neu-
ropathy signs were pronounced but motor findings relatively
moderate. In all but two instances in our families, the
affected child of an affected individual manifested disease
symptoms earlier than the parent (Figure 1). The initial
symptom was balance disturbance, commonly perceived as
a tendency to stumble while walking. Symptoms progressed
slowly but relentlessly, and all affected individuals had both
gait ataxia and limb ataxia. Most of the examined adult fam-
ily members with ataxia had lost the ability to write their
name legibly with a pen or to stand without support. Slow
horizontal saccades were seen in all individuals with
ZFHX3 repeat expansions, there was no nystagmus, and
smooth pursuit eye movements were frequently unim-
paired. When directing their gaze sideways, some of the
affected individuals involuntarily turned their head in this
direction and/or showed simultaneous involuntary perioral
muscle activation. Mirror movements had been noted in
one individual.* Individuals who were younger at the onset
of ataxia developed more severe additional symptomatology.
Dysautonomia was a common sign. It mostly manifested
with symptomatic orthostatic hypotension, which became
very severe in members of the younger generations, and as
difficulties with bowel or bladder control. Seven affected in-
dividuals with earlier onset had involuntary weight loss and/
or muscle wasting accompanied by documented under-
weight body mass index (Tables 1 and 2) that in three of
them became severe and was considered to have contributed
to their deaths at ages 28-47 years. These individuals had
not received feeding tubes and had dysphagia, and two
of them died in the hospital after cardiac arrest. Other
affected individuals had less severe swallowing problems
and were able to maintain a higher BMI. Family members
with severe symptomatic orthostatism received blood-pres-
sure-elevating medication (fludrocortisone, etilefrine, droxi-
dopa, midodrine) in combinations and dosages that changed

over the years; one person was treated with erythropoietin
with the aim of increasing blood volume and pressure; the ef-
fect of these measures varied. Individuals with diarrhea re-
ported a benefit from loperamide tablets.

Postmortem examination and neuropathology
Individual IV:1 from family 1 had been treated with cefo-
taxime for urinary-tract infection for 11 days until 5 days
prior to his death. He developed peritonitis after surgical
PEG insertion, had a cardiac arrest, and was resuscitated
but died the following day. Postmortem examination
showed bilateral pneumonia with pulmonary edema and
acute peritonitis. There was widespread invasive mycosis
in most examined tissues, including the myocardium,
lungs, gastrointestinal walls, skin, skeletal muscles, and
brain. Candida dublinensis was identified in blood cultures
after his death. Microscopic examination revealed intracel-
lular inclusions in hepatocytes. The cerebrum exhibited
mild atrophy, and there was mild cerebellar atrophy (see
supplemental note). The substantia nigra appeared pale.
Microscopic examination showed widespread foci of selec-
tive eosinophilic neuronal death attributed to the cardiac
arrest and subsequent resuscitation.”” Signs of chronic dis-
ease included neuronal loss and gliosis in the cerebellum,
brain stem, and spinal cord. A marked loss of pigmented
cells was seen in the substantia nigra, and a moderate
cell loss was seen in the locus ceruleus. The number of Pur-
kinje cells was markedly reduced in the cerebellar hemi-
spheres and moderately reduced in the vermis, and there
was Bergmann gliosis. The dentate nucleus showed gliosis
and a reduced number of cells; the remaining cells were
atrophic and had perinuclear halos. There were abundant
intranuclear and less abundant intracytoplasmic inclu-
sions in brainstem neurons (Figures 4A-4C) and singular
inclusions of the same types in the cerebral cortex. The in-
clusions were sharply delineated, and their aspect and dis-
tribution differed from the pathology of viral infections
(CMV, HSV, rabies) that are known to be associated with
intracellular inclusions; immunostaining against HSV
was negative. There were no inclusions in cerebellar sec-
tions. Peripheral nerve fibers in the lower extremities
showed marked thinning but with relatively preserved
myelin, as in axonal death. Epicardial nerve fibers ap-
peared normal in appearance. Skeletal muscle sections
had normal appearance. Nerve cells of the myenteric
plexus in the esophagus contained inclusions (Figures 4E
and 4F). The inclusions stained for p62 (Figures 4D—4F).
Alpha-synuclein immunoreactivity was seen in brainstem
and medulla oblongata neurons (Figures 4G and 4H), in
the hippocampus, and in gastrointestinal-tract myenteric
ganglion cells, which also were atrophic. Mild alpha-synu-
clein immunoreactivity was seen in thin intradermal nerve
fibers of the abdominal wall. Alpha synuclein immunopo-
sitivity was seen in neurites and in fine granular deposi-
tions within the cytoplasm of neurons, in different pat-
terns than the p62-positive inclusions. There were no
Lewy bodies.
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Table 1. Clinical phenotype and genetic results of affected members of family 1

Family 1
Individual 1I:1 11:2 11:4 II:5 l:1 :2 l:3 l:4 lI:5 IV:1 Al V:2
Age at onset 47 36 33 32 37 45 35 16 31 15 0.5 1.5
(years)
Age at most 78 70 75 60 66 57 47 42 44 28 8 4
recent evaluation
or age at death
Initial BD, BD, BD BD BD BD gait and BD BD BD delayed abnormal
symptomy(s) numbness  intention limb psycho-motor  gait, limb
in feet tremor ataxia development ataxia
Walking aid wheelchair ~ wheelchair ~ wheelchair wheelchair ~wheelchair wheelchair ~ wheelchair wheelchair wheelchair walker at walker none
(most recent home,
documented) wheelchair
outside
Dysarthria ++ ++ yes +++ +++ + +++ +++ +++ yes + +
Dysphagia NA NA yes yes ++ no +++ + + +++ + no
Slow ocular NA NA yes NA yes yes NA yes yes yes no no
saccades
Paresthesia NA NA no NA no tingling no NA burning NA Pain in legs tingling
sensation sensation sensation in
in feet in hands feet and pain
and feet in legs
Sensory yes yes yes yes yes yes NA yes yes yes no no
impairment
in extremities
Deep tendon areflexia areflexia areflexia NA areflexia areflexia hyporeflexia ~ hyporeflexia areflexia areflexia normal hyporeflexia
reflexes
Other head tremor; transient painful pronounced involuntary fasciculations torticollis, mirror movements inverted profuse s hypotonic hyperlaxity,
symptoms/diagnoses dysphagia  fasciculations cramps muscle leg hallucinations, in hands foot weating, infant, myoclonic
in left wasting, p  jerks absence-like posture, i cough, hyperlaxity, jerks,
thigh araparesis,  and facial episodes nvoluntary excessive myoclonic attention
reduced twitching facial airway jerks, behavioral deficit
muscle twitching  mucus problems,
strength and production, everted foot
increased involuntary posture
tone facial
in arms twitching,
atypical
autism
Most recent NA NA 43 (67) NA 62.2 (66) 56.5 (57) NA 37 (38) 57.5 (43) 21 (20) NA NA

ICARS score,
max 100 (age)

(Continued on next page)
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Table 1. Continued
Family 1
Individual 1I:1 1I:2 1:4 I:5 1:1 :2 13 l:4 1:5 V:1 VAl V:2
Cerebellar +++ ++ NA +++ +++ ++ ++ +++ + 0 +++ ++
atrophy (CT, 76) (CT, 72) (MR, 60) (MR, 57) (MR, 43) (MR, 39) (MR, 32) (MR, 33) (MR, 20) (MR, 2) (MR, 2)
(imaging
modality,
age)
Electroneurography ~ NA NA SN NA SN S-MN NA SN S-MN S-MN normal NA
Orthostatic NA NA NA NA fluctuating no yes yes yes yes no no
hypotension blood
pressure
Bowel no no NA NA constipation bowel no postprandial constipation constipation incontinence constipation
symptoms urgency diarrhea and
constipation
Urinary urge NA erectile recurring no UR no UR UR incontinence incontinence
symptoms, sexual incontinence dysfunction UTI’s
dysfunction
Unintended NA NA NA yes yes no yes yes yes yes no no
weight loss
and BMI <18
DNA-analysis NA NA NA NA WGS WGS NA NA NA WGS WGS WGS
Nr of repeat units NA NA NA NA 52 42 NA NA NA 56 21 21
Short-read, allele 1
Nr of repeat units NA NA NA NA 21 21 NA NA NA 18 21 21
Short-read, allele 2
Nr of repeat units NA NA NA NA 57 NA NA NA NA 74 - -
Long-read, allele 1
Result: ZFHX3 NA NA NA NA expanded  expanded NA NA NA expanded normal normal

repeats

More detailed clinical descriptions and information on additional family members are found in the supplemental note. Repeat lengths are provided as outlined in Figure 2. In addition, the following members of family 1 were
analyzed genetically but are not shown in the Table: 1ll:UFM carried 21 and 21 repeats. IV:UFM carried 18 and 21 repeats. The second unaffected (married-in) parent of V:l and V:Il had 21 and 22 repeats. BD = balance
disturbance; BMI = body mass index; CT = computed tomography; FBGC = familial basal ganglia calcification (see supplemental note); ICARS = international cooperative ataxia rating scale; ID = intellectual dysfunction;
MRI = magnetic resonance imaging; NA = not assessed; SARA = scale for the assessment and rating of ataxia; SN = sensory neuropathy; S-MN = sensorimotor neuropathy; UR = urinary retention; UTI = urinary-tract infection;
WES = whole exome sequencing; WGS = whole genome sequencing; ‘+’ = mild; ‘++’ = moderate; ‘+++' = severe. Portions of the information in Tables 1 and 2 are reprinted, in modified and updated form, from [4] with
permission from Elsevier.
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Table 2. Clinical phenotype and genetic results of affected members from families 2-5

Family 2 Family 3 Family 4 Family 5
Individual 11:2 :2 V:1 l:1 V:1 :1 IV:1 1I:1 1:1
Age of onset (years) 43 38 25 57 44 45 43 50 40
Age at most recent 75 53 46 80 50 52 51 79 50
evaluation/age at death
Initial symptom(s) BD BD, worsened BD BD BD BD Gait and BD BD
fine motor limb ataxia
skills
Walking aid (most requires support wheelchair wheelchair wheelchair none wheelchair requires wheelchair walking
recent documented) support sticks
Dysarthria yes yes +++ yes yes yes ++ yes no
Dysphagia no no no yes no yes ++ yes yes
Slow ocular saccades NA pathological yes yes yes NA yes NA NA
saccades
Paresthesia no no NA no no NA no no yes
Sensory impairment yes yes yes yes no NA yes yes yes
in extremities
Deep tendon reflexes areflexia areflexia areflexia areflexia areflexia NA hyporeflexia areflexia areflexia
Other symptoms/ upgaze palsy, increased involuntary facial restless legs neuralgia, painful leg cramps anxiety, - flushes,
diagnoses lower-back pain muscle tone twitching, FBGC subjective painful leg restless
in legs at night cranial cramps legs
sensation
Most recent ICARS NA NA 54,5 (46) NA 23 (50) NA 30 (50) NA NA
score, max 100 (age)
Most recent SARA NA NA NA NA 12 (50) NA NA NA NA

score (age)

(Continued on next page)
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Table 2. Continued

Family 2 Family 3 Family 4 Family 5
Individual 11:2 :2 IV:1 li:1 IV:1 :1 IV:1 1I:1 1
Cerebellar atrophy NA ++ ++° NA ++ NA ++ ++ NA
(imaging modality, age) (CT, 44) (MR, 37) (MRI, 49) (MRI, 43) (CT, 51)
Electroneurography SN NA NA S-MN NA NA NA S-M N SN
Orthostatic NA no yes NA no NA yes yes yes
hypotension
Bowel symptoms NA bowel urgency and bowel urgency constipation no NA alternating constipation - constipation
diarrhea and diarrhea and diarrhea
Urinary symptoms NA UR and enuresis no yes no NA urgency UR urgency
nocturna
Unintended weight NA NA yes no no NA yes - no
loss and BMI <18
DNA-analysis NA NA WGS WGS WGS NA WGS NA WGS
No. of repeat units NA NA 72 46 56 NA 56 NA 59
Short-read sequencing
allele 1
No. of repeat units NA NA 21 21 18 NA 21 NA 21
Short-read sequencing
allele 2
Result: ZFHX3 repeats NA NA expanded expanded expanded NA expanded NA expanded

= CT showed calcifications in internal and external globus pallidus and in subcortical white matter; Please see also the legend to Table 1.
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Figure 3. ZFHX3 repeat lengths in non-expanded alleles

Distribution of the total number of STR repeat units, including po-
tential interruptions, as determined from the DNA sequence of
1,000 unaffected individuals from the Swedish SweGen WGS data-
base,”® 150 in-house WES or WGS datasets without the ZFHX3
repeat expansion, and 27 PacBio datasets from the Human
PanGenome Reference Consortium.”’ Numbers above the bars
indicate the number of alleles. By contrast, expanded alleles in
affected individuals (not shown above) were 42-72 GGC repeats
in length, as determined from short-read WGS data, and 57 or
74 GGC repeats as determined by long-read sequencing of two
affected individuals (see Table 1 and text), offering clear delinea-
tion between non-expanded and expanded alleles.

Discussion

We report the association of exonic GGC trinucleotide
repeat expansions, encoding poly-glycine, in ZFHX3 with
autosomal-dominant cerebellar ataxia with sensory and
autonomic neuropathy in five Swedish families, including
two whose clinical phenotype we previously described in
detail.” Affected individuals developed gait and balance
disturbances at variable ages, and the families displayed
clear evidence for anticipation, which is compatible with
a repeat expansion as its genetic cause. Key clinical symp-
toms include ataxia, neuropathy with predominantly sen-
sory findings, slow saccades, and cerebellar atrophy on
MRI and neuropathology. Orthostatic hypotension, loss
of bladder or bowel control, or other signs and symptoms
of dysautonomia occurred and severely impaired some of
the affected individuals, especially those with earlier onset
and more severe disease.

In data from large national and in-house cohorts, we have
been able to define the normal length of the identified repeat
to 14-26 trinucleotides encoding poly-glycine; the most
common length by far was 21 repeat units, including inter-
ruptions. In short-read data, expanded repeats were esti-
mated to be between 42 and 72 units of pure GGC. Short-
read data are less accurate when a repeat expansion ap-

proaches the read length (approximately 150 base pairs or
50 trinucleotide repeat units), but non-expanded alleles
could clearly be delineated in short-read data. A clear separa-
tion between the distribution of normal alleles (14-26 re-
peats) and pathogenic expansions (42-74 repeats) was
seen. Two individuals were analyzed by both short-read
and long-read sequencing; their repeat length was estimated
to be 52 and 56 by short-read technology, but long-read
sequencing revealed 57 and 74, respectively; this suggests
that estimations based on short-read data do not accurately
represent the true lengths of the expanded repeats in these
two individuals. Although the anticipation observed in our
families correlates well with the lengths observed in the
long-read data, further research is needed to firmly establish
a correlation between ZFHX3 repeat length and age of onset
or the severity of clinical symptoms. Long-read sequencing
confirmed pure GCC repeats in these two expanded alleles.
By contrast, all 2,300 non-expanded alleles that we assessed
had one or more interruptions. Repeat interruptions are
known to have a stabilizing effect on repeat length.”* We hy-
pothesize that the interruptions stabilize the repeat length in
unaffected individuals and that disappearance of interrup-
tions might have been the first step toward gradual expan-
sion of the repeat from generation to generation.”*

All five families originated from the limited geographic
area of Skane, the southernmost region of Sweden, but
the family trees could not be linked on the basis of existing
genealogical information. Genetic data revealed that in all
examined affected members of the five families, the
ZFHX3 repeat expansion was located within a shared
genomic segment of at least 111 kbp in length, indicating
a common founder event many generations ago. The old-
est members of family 4 and 5 were not known to have
neurological symptoms. This is compatible with the possi-
bility that the actual founder event was spontaneous muta-
tions that eliminated or reduced the number of repeat in-
terruptions to an allele that then was prone to expand in
length from generation to generation. However, we have
not been able to identify any alleles without repeat inter-
ruptions but with normal repeat length.

Recent additions to the list of genetically defined hered-
itary ataxias include two repeat-expansion disorders that
were detected through NGS: intronic biallelic complex
pentanucleotide RFCI expansions causing cerebellar
ataxia, neuropathy, and vestibular areflexia syndrome
(CANVAS [MIM: 614575])" and deep intronic monoallelic
trinucleotide FGF14 expansions causing late-onset spino-
cerebellar ataxia 27B (MIM: 620174).> Both disorders
were soon shown to be relatively common causes for previ-
ously undiagnosed hereditary ataxias."*> The fact that we
identified five families with ZFHX3 repeat expansions from
our center suggests a relatively high prevalence of this dis-
order, at least among persons with ataxia from southern
Sweden. Future studies will, we hope, describe the preva-
lence of this disorder in other populations.*®

Neuropathology revealed p62-positive intraneuronal in-
clusions, most of which were seen in the cells’ nuclei. A
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(A-C) Hematoxylin and eosin (H & E)-stained tissue from the medulla oblongata with eosinophilic, intracytoplasmic (A), and intranu-

clear (B and C) inclusions in neurons.

(D) These inclusions stained positively with antibodies against p62.

(E and F) Similar immunoreactivity against p62 was seen in inclusions in neurons of the esophageal myenteric plexus.
(G and H) Alpha-synuclein-positive neurites and fine granular intracytoplasmic immunoreactivity in the medulla oblongata.

minority of nerve cells showed similar inclusions in the
cytoplasm. Inclusions were seen in neurons of the central
and peripheral nervous system, and in extraneuronal tis-
sue. Pathological proteinaceous intranuclear or cyto-
plasmic depositions characterize many forms of spinocere-
bellar ataxia with poly-glutamine expansions; such forms
include SCAL1, 2, 3, 6, and 7.?”-*® Exonic repeat expansions
that encode poly-glycine have so far not been associated
with human disease. However, expansions of CGG trinu-
cleotide repeats in the 5'-untranslated regions of several
genes have been postulated to cause disease through spe-
cific mechanisms that result in the translation of poly-
glycine.”” These include fragile X tremor/ataxia syndrome
(MIM: 300623),°" an adult-onset disorder involving ataxia,
and neuronal intranuclear inclusion disease (MIM:
603472).>'3% In a large series, 39% of individuals with
the latter disease had ataxia, and 92% had autonomic
dysfunction.*”

ZFHX3 is located between the markers D165S3019 and
D16S512 on the long arm of chromosome 16, to which spi-
nocerebellar ataxia type 4 (SCA4) had been mapped by
conventional linkage analyses in a German and in two
Swedish kindreds reported from Stockholm, Eastern Swe-
den.**** The gene is in relative proximity to the locus re-
ported in the original SCA4 kindred from Utah.*® The rela-
tively unique clinical phenotype in the families in the
present study corresponds well with the phenotype
described in SCA4, although we assume that examination
and reporting methods have changed since the earlier de-
scriptions of SCA4. Furthermore, the original Utah SCA4

kindred originated from Sweden.*®*” We therefore suggest

ZFHX3 expansions to be the cause for SCA4.

There is one previous neuropathological report of a
member of the large German SCA4 kindred. This man
had disease signs since age 55, developed sensory loss, are-
flexia, and neurophysiological signs of axonal neuropathy;
became wheelchair dependent; and died at age 70 years.
No intracellular inclusions were reported, but staining for
poly-glutamine aggregates was performed and was nega-
tive, and there was cell loss in the brain stem nuclei, cere-
bellum, and spinal cord.*® The individual who was autop-
sied within our study had much younger onset and
clinically more severe disease, and we hypothesize that
poly-glycine inclusions might only be formed, or be
formed more abundantly, in individuals who have early
onset and who may have longer repeat expansions in
ZFHX3.

Involving data from two large kindreds and three addi-
tional families, our study provides strong evidence on
the genetic association of repeat expansions in ZFHX3
with this specific clinical phenotype. Analyses of more
than 2,300 non-expanded alleles revealed that normal al-
leles are considerably shorter than the read length of
short-read NGS sequencing methods, and we have been
able to correctly identify four additional individuals
from three families through analyses of short-read data.
Our study remains limited by the fact that we so far
have been unable to determine the repeat expansions’
exact lengths in all affected family members or to screen
additional unaffected members to confirm that they
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have normal repeat lengths, for example by an orthog-
onal method such as repeat-primed PCR. Such analyses
from all family members with this disorder would also
be necessary to validate the presumed inverse association
of repeat length with age at symptom onset, as we have
observed in long-read sequencing data from only two
individuals.

We also have not been able to proceed to experiments
that elucidate the functional effect of the expanded
ZFHX3 trinucleotide repeat on transcription or translation,
or the effect of an expanded poly-glycine repeat on protein
function. It is possible that the eosinophilic inclusions
seen in the affected individual we report on here are
composed of mutant ZFHX3 with longer-than-normal
stretches of poly-glycine and without a serine interruption
and that such mutant ZFHX3 proteins exert toxic effects.
Other possible pathomechanisms include RNA toxicity,
whereby transcripts with expanded uninterrupted repeats
sequester RNA-binding proteins and form RNA foci.”’ Pre-
vious work has shown that ZFHX3 plays a role in neuronal
differentiation’”** and that ZFHX3 is implied in cerebellar
neurons’ responses to oxidative stress,** plausibly linking
variation in this gene to a cerebellar disorder. Furthermore,
ZFHX3 was identified as one of a few candidate genes for
sporadic Hirschsprung disease,** which might connect
ZFHX3 to the pathology observed in the enteric nervous
system and the clinical symptoms of diarrhea and fecal
incontinence.

Unveiling the genetic cause of more and more cerebellar
ataxias has made it possible to start developing targeted treat-
ments.** We hope that our clinical and genetic observations
might lay the ground for research on pathogenesis and path-
omechanisms and ultimately help to develop treatment for
individuals with this severely disabling disorder.

Data and code availability

Catalogs used for querying ExpansionHunter for the path-
ogenic ZFHX3 repeat expansions, generated during this
study, are provided in the supplement. There are restric-
tions to the availability of individual NGS datasets because
of human subjects’ confidentiality, national laws, regula-
tions, and institutional practices; access to individual
NGS datasets usually requires approval from the Swedish
Ethical Review Authority.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.11.008.
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Supplemental Note: Case Reports

Our previous publication' contained detailed information on these and additional members of
both families as they were available at the time of that work, that were presented in the main
text table and in the supplement esupp2.' The below pedigree illustrates which family
members were described or examined in which of our two publications and indicates changes
in numbering:

Family 1 Family 2

v
v o
1
@® Patients examined for the 2014 study* © Patients described (not examined) in the 2014 study*
v Designation of patient in 2014 study* is shownin blue where it differs from designation in present study.

*Wictorin et al. Parkinsonism Relat Disord 2014;20(7):748-54.

@ Patients examined for the present study O Patients described (not examined) in the present study

Case reports on the following pages summarize the clinical picture of affected individuals not
previously published, those who were followed up in 2022-2023 and/or those for whom
relevant new information had emerged since the original publication.



Family 1

I1:4  Since the previous study, this individual had developed dysphagia and painful cramps
in her left thigh. She also had several hospital admissions due to infections. She died 75 years
old.

III:1 This family member was examined at the age of 66 years. Since the previous study
this individual had started using a wheelchair and required turning devices to move between
bed and wheelchair. BMI had fluctuated between 13.9 and 18.8 during the previous years.
During the past year the individual had begun to choke while drinking and was referred to a
speech therapist who confirmed dysphagia. She medicated for chronic constipation and
hypertension and required a urinary catheter. The individual described episodes of involuntary
jerky movements in the legs which had begun at age 63.

III:2  The existence of this affected family member was known to the research group in
2014, but he had previously not been available for physical examination. When examined for
the first time in this study, he was 57 years old and had been using a wheelchair for five years.
He had sensory impairment of all modalities in mainly the lower extremities with distal to
proximal gradient, areflexia, intention tremor and fasciculations. Fasciculations were
especially noticeable above his left knee. He experienced tingling sensations in his feet at
night. The individual reported problems with bowel urgency but denied urinary symptoms
and dizziness. The individual had medically treated hypertension.

III:3 This family member was not described in the previous study. He was had evaluated
and followed at our neurology clinic but we had been unaware of his relationship to this
kindred until after 2014. He was diagnosed with torticollis at the age of 25 which improved
by age 45. At the age of 35, he was described as having an atactic gait and atactic limb
movements along with diminished reflexes and positive Romberg’s test. Reportedly he also
had urinary retention. From the onset of ataxic symptoms, BMI varied between 12.2 to 17.4.
At age 45, he refrained from using a walking aid despite incidents of falling each week. The
following year he had hallucinations and several absence-like episodes with unclear etiology.
He also started using a wheelchair and had developed severe ataxia, dysphagia, dysarthria and
orthostatic hypotension. He had several hospital admissions due to repeated infections and
died from sepsis and the age of 47 years.

II1:4 (designated III:3 in previous publication')  Since the previous study, this affected
family member had received intensive therapy for her severe symptomatic
hypotension/syncope, including midodrine, droxidopa and intermittent erythropoietin
infusions. Despite these medications, she first used an office chair on rolls to move around in
her home, as she would frequently faint when trying to stand up or walk. Later she resorted to
a life near the floors, moving on all fours as her blood pressure also had become too low when
sitting on a chair. She lost weight but declined a feeding tube. She died 42 years old.

IIL:5 (designated III:4 in previous publication') When this family member was examined
at the age of 43, she could no longer stand without strong support of both arms and required
support from another person when moving from wheelchair to bed. This was due to the
progression of both ataxia and muscle wasting. A slightly inverted foot posture was noted at
rest. She had developed mild dysphagia and a lack of appetite. BMI had varied between 11.7
and 14.4 during the previous year. She described a burning sensation in both hands and feet



both day and night, relieved slightly by gabapentin, an analgesic for neuropathic pain. There
was sensory impairment of all tested modalities not only in her legs but also arms, with distal
to proximal gradient. Family members described she had begun having episodes of sleep
terror each night. She had also developed an inability to close her eyes properly for which she
had received titanium weight implants in her eyelids. She lost more and more weight,
declined a feeding tube, and died at age 44 years, weighing only 30 kg (BMI 11,7 kg/m?),
from marasmus and cardiac arrest.

IV:1  This individual was not described in the previous study because he had only just
become 18 years old and since we were unaware of his connection to the family. He was
diagnosed with atypical autism and reportedly had temper tantrums, panic attacks, and mild
difficulties with verbal communication, concentration, and learning since childhood.
Attention deficit hyperactivity disorder was mentioned in several medical records, but it was
unclear whether this had been diagnosed on the basis of formal criteria. Balance disturbance
was first noticed at the age of 15 years. By the age of 20, he had developed areflexia and
problems with fine motor skills. Ataxia symptoms progressed and at the age of 23 he had mild
dysarthria, wide-based and slowed gait, and reduced hand-foot coordination, but was still able
to ride a bicycle. At 24, he had orthostatic hypotension and began sweating profusely during
low-intensity physical activity, for example shorter walks and moving from bed to chair. The
subsequent years he developed severe dysphagia and involuntary facial twitching, and had
excessive airway mucus production and difficulty to expectorate. At 26, he required a walker
at home and a wheelchair for longer distances. He had sensory impairment of all modalities in
upper and lower extremities. He required clean intermittent urinary catheterization for several
years and had recurring constipation. BMI during his last two years had decreased gradually
from 20.4 to 15. He had percutaneous endoscopic gastrostomy performed at age 28 years but
died the day after the gastrostomy from cardiac arrest and signs of severe infection.
Postmortem examination revealed invasive mycosis with miliary spread to all examined inner
organs, CNS, skin, and musculature. There was necrosis of gut, spleen, and liver.

V:1 (does not have the ZFHX3 repeat expansion)  This child was born after the data
collection for the previous study. As an infant she was hypotonic and showed delayed
psychomotor development, especially of her ability to walk. Her parents noticed
uncoordinated movements when she was around 6 months old. According to her parents she
was unable to stand on her own at 6 years of age. When examined at the age of 8 years, she
was able to stand but still required the support of one hand. She used a walker, had a wide-
based gait and everted feet. She preferred to move around by pushing herself forward on her
knees but reportedly fell several times a day even from this position. She reportedly had a
high pain threshold but occasionally experienced a painful sensation in her legs. According to
her parents, she often choked while drinking. Her balance and coordination problems
reportedly fluctuated over time. Myoclonic jerks were noticed in the hands during rest. Both
somatic sensation and reflexes appeared normal. A general lack of subcutaneous fat,
prominent superficial veins and joint hypermobility were observed. Several cognitive
symptoms were described in her medical records and by her parents. The girl had an
underdeveloped use of language, a mild intellectual disability, a strong need for daily
routines, and was very selective about food, only eating certain food items. Her parents also
reported severe behavioral problems with an inability to control emotion. She had intermittent
constipation and had required a diaper since birth due to fecal and urinary incontinence. It was
unclear whether the incontinence was of organic origin or due to cognitive impairment. She
received antidepressants and sleep medication. When the child was examined, neither of the



parents showed any signs of the disease; the parent belonging to Family 1 (IV:UFM in
Figure 1) was 37 years old at the time and was shown to have two non-expanded ZFHX3
alleles.

V:2 (does not carry a ZFHX3 repeat expansions) This child was born after 2014. No
abnormality of normal muscle tone was noted in her infancy and early psychomotor
development was normal, except for delayed gait. Her parents noticed unusual gait pattern
and motor dyscoordination at 1.5 years of age. Six months prior to our examination the girl
had begun to report intermittent tingling in her feet and occasional pain in her legs. The
parents described that the girl’s symptoms fluctuated over time; on bad days she was unable
to climb stairs and was “shakier”. When examined at the age of 4 years, she was able to walk
without support, but preferred to run to keep a better balance. She was able to stand with both
feet together and eyes open but could not stand in tandem. She was able to walk on her toes
but not on her heels. Myoclonic jerks in the hands were noticed during rest. Somatic sensation
appeared normal, but reflexes were diminished. The parents described that the daughter had
once had an hour-long episode of cramping while remaining conscious, and an episode of
fever preceded by turning blue around the mouth, both lacking obvious explanations. Toilet
training was successful for a year, but at age 4 the girl had gone back to using a diaper
because of urinary incontinence. She had constipation problems since birth. According to the
parents, the girl had fallen behind in preschool and showed an apparent attention deficit.
Neuropsychiatric investigation was pending.



Family 2

II:2  This individual was not described in the previous study because medical records had
not been available. She developed a balance disturbance at the age of 43. The same year,
neurologist’s examination showed atactic gait, areflexia, and positive Babinski’s sign
bilaterally. Eye examination showed up-gaze palsy. Ten years later, she occasionally needed
to support herself against a wall while walking, and fine motor skills had worsened, but she
remained able to carry out regular housework chores. She had a sensory impairment of all
modalities and mild dysmetria. She was troubled by pain in the lower back. She was
described as dissimulating and anxious. She died 75 years old. According to notes in
relatives’ medical records, I1:2’s father I:1 had had balance disturbance for at least 10 years
prior to his death at the age of 70.

III:1  This family member was briefly described in the previous study, but more detailed
information has become available from medical records. At the age of 38, he noticed a
difficulty to walk straight, especially in the dark, along with worsened fine motor skills. At 44
years, he had developed wide-based gait, dysarthria, dysmetria, and areflexia except for a
weak triceps reflex response on both sides. Three years later, documentation described
pathological saccadic ocular movement but without further specification. At 49, he had started
using a walker. He fractured his femur at age 52, and thereafter used a wheelchair, but he was
still able to move between bed and chair without support. He developed sensory impairment
of all modalities in upper and lower extremities, complete areflexia, and positive Babinski’s
sign bilaterally. He was prescribed diazepam because of increased muscle tone in the legs at
night. He also had medically treated hypertension. He had frequent bowel problems, both
constipation and diarrhea. During his last years he obtained a long-term catheter due to
urinary retention and nocturnal enuresis. He died 53 years old.

I11:2 This individual has been described in our previous work. According to family
members, this person had a brother (II1:3) with similar neurological symptoms which began
at the age of 20; III:3 died at the age of 40 years. Medical records could not be retrieved due
to missing personal data.

IV:1  Examination of this person at the age of 46 showed that ataxia and dysarthria had
progressed since our previous study. He had been using a wheelchair for the past 7 years, and
sensory impairment was present more proximally in the lower extremities than before. As in
the previous study, he experienced no problems with dizziness but still struggled from bowel
urgency and chronic diarrhea assessed as having a neurologic cause. Two years prior to this
study, he had been hospitalized due to poor health status with BMI 16.6. At the time of our
most recent examination, he had BMI 22.7 and muscle mass was well preserved in the upper
body. He described a good appetite and no dysphagia. He was prescribed buspirone at his
own request as he had heard the medication could mitigate ataxia. Despite lack of formal
evidence for this indication, he felt the medication had a positive effect on overall wellbeing.

Clinical genetic testing revealed a novel truncating variant SLC20A2 (NM_001257181.1)
c.1240G>T, p.(Glu414*), interpreted as ”likely pathogenic” because of the known association
of other truncating variants in this gene with primary basal ganglia calcification type 1 (MIM
213600).” On CT, there were mild calcifications in basal ganglia and cortical areas (below), in
typical distribution for this genetic type of basal ganglia calcification SLC20A2 gene, sparing
the cerebellum. However, in a large case series, only 8% of patients with SLC20A2-related
disease had ataxia, and penetrance regarding clinical symptoms is known to be incomplete



even in carriers of other SLC20A2 variants who show intracerebral calcifications on CT
scans.’ No other examined member of Family 1 or 2 carried this variant. We thus considered
the variant a cause of the calcifications but of minor or no relevance for this individual’s
clinical phenotype.




Family 3

According to information from the family, I:1 had become unable to walk at higher age. I1:1
had balance problems starting in her 50s and died at age 68 years. II:2 had very similar
problems starting in his 50s. III:2 had similar symptoms.

I1I:1 This male individual developed balance problems at age 57 years that had been
progressive. He used a walker since age 63. On examination he had hearing loss, had slow
and hypometric horizontal saccades, and rather turned his head than moved his eyes to look
sidewards. He had mild cerebellar dysarthria. Sensibility for pain, vibration, proprioception,
cold and light touch was decreased distally in legs and arms and no tendon reflexes could be
elicited. Heel-knee-slide showed marked dysmetria and decomposition of movement, and
there was mild to moderate ataxia in finger-nose test and dysdiadochokinesis in fast
alternating hand movements. Nerve conduction studies at age 70 showed complete lack of
sensory responses in median, ulnar and sural nerves bilaterally, and moderately decreased
amplitudes in lower extremity motor nerves. An MRI of the brain at age 78 showed cerebellar
atrophy:

IV:1 III:1’s son had started to notice balance problems from age 44 years. When first seen
at our department at age 47, there was ataxia of gait and in extremities and mild dystonic head
movements. He was able to walk and perform physical work at 50 years of age, but by then
had broad-based gait, nasal dysarthria. MRI showed mild cerebellar atrophy, especially of the
anterior cerebellar lobe:




Family 4

IV:1  This female proband developed a balance disturbance at age 43. When examined
within our research study, she had nasal speech, slightly impaired balance with signs of ataxia
in upper and lower limbs and slight weakness distally in the lower limbs, difficulty walking
on heels and elevating the front foot from the ground while standing. Reflexes were weak and
vibration sense reduced in lower limbs. She reported nocturnal muscle cramps in the legs, in
abdominal muscles, and bruxism. Tilt table test showed both immediate and delayed falls in
blood pressure.

Seven relatives with similar symptoms were reported in the family (Figure 1).

The proband’s grandmother (II, grey symbol in Figure 1) had gait problems, but details have
been difficult to reconstruct; she died at age 64.

I1I:1 developed balance impairment at approximately 45 years of age. Subsequently, she had
difficulties walking, at age 48 she developed severe leg pain and muscle cramps. During her

last years of life, she had been unable to walk and needed much help with daily life activities
such as eating, dressing and personal hygiene. She died at age 52.

Two maternal aunts of the proband, ITI:2 and ITI:3 had similar symptoms starting in their 40s
and 50s, both eventually required a wheelchair. They died at 58 and 67 years of age.

Their three children, cousins to the proband, were all affected, with symptom onset at an
earlier age:

IV:2 developed symptoms of impaired gait in adolescence and needed to use a walker early in
the disease progression; she died at age 50.

IV:3 and IV:4 developed symptoms of balance impairment at 29 and 30 years of age and died
in their thirties after approximately 5 years disease duration. One of them had difficulties
sitting or walking that were ascribed to severe back pain. According to information from the
proband, the other male cousin preferably sat on the floor and moved around on the floor,
without trying to stand up or use a wheelchair, as his disease had progressed. (This reminded
us of what we saw in Family 1, II1:4, where this was due to severe orthostatism.)



Family 5

According to family history, neither parent of II:1 had gait or balance problems nor any other
signs of neurological disease when they died at 79 and 86 years of age.

II:1  This male individual was followed at our department for over ten years; abundant
medical records at our department were reviewed within this study, and additional
information was received from his daughter. At about 50 years of age, he developed gait and
balance disturbance that had progressed. A CT scan of the brain at 51 years of age showed
moderate cerebellar atrophy, which was ascribed to a neurotoxic effect of solvents at the his
workplace after evaluation at an occupational health department. He stopped working because
of his disability at age 56. He needed to use a wheelchair since age 66. Neurologic
examination at 67 years of age showed ataxic gait and limb ataxia. There was predominantly
distal weakness in upper and lower extremities, muscle atrophy and some myokymia in these
muscles. Sensation for the tested modalities pain, light touch and vibration was lost distally in
upper and lower extremities. No tendon reflexes could be elicited. Nerve conduction studies at
age 68 showed an axonal sensorimotor polyneuropathy, with predominant sensory findings
and absence of all sensory responses. With increasing age, gait disturbance progressed, he lost
ambulation, and developed dysarthria and dysphagia. Symptoms and signs of orthostatic
hypotension were recorded but this was not assessed. Fasciculations in extremities and tongue
were noted. A clinical diagnosis of hereditary sensorimotor neuropathy type 2 was entertained
but no genetic testing had been performed. He died in the hospital at 79 years of age from
respiratory failure after aspiration pneumonia that was aggravated by chronic obstructive
pulmonary disease. This individual had no siblings.

III:1 This female family member had progressive gait disturbance with balance problems
since about 40 years of age, which has remained the dominating symptom. She also
experienced dysesthesias in lower extremities, mild subjective dysphagia and restless legs
symptoms. Urinary urgency, constipation and dizziness when standing up also occurred.
Nerve conduction studies showed absence of sensory responses in all nerves examined.
Orthostatic test verified orthostatic hypotension on several occasions. At the time of referral,
she used walking sticks. Neurological examination at our center at 50 years of age showed
ataxic gait and immediate loss of balance on Romberg’s test. She had ataxia during heel-knee-
shin-slide that improved when she was asked to look at her movements. These findings were
interpreted as sensory ataxia. However, her MRI at age 51 years showed moderate cerebellar
atrophy. She had severe loss of vibration sensation in upper and lower extremities, milder
distal loss of touch and pain sensation in the lower extremities and areflexia. No dysarthria,
eye movement disturbance, muscle atrophy, fasciculations, weakness or upper motor neuron
signs were found.
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Figure S1: Distribution of non-expanded alleles (details)

The distribution of total repeat length, including interruptions, in 2,000 non-expanded alleles
from the SweGen database (blue), 300 alleles of our in-house NGS datasets (red), and 52
long-read alleles from the Human Pangenome Reference Consortium (orange). Below the
diagram are the exact counts of allele lengths. It is based on short-read WGS and WES data,

as well as long-read WGS data.



Figures S2-S15: Sequencing images

The images in this section were all produced with REViewer (short-read data, Figures S2-
S13) or TRVZ (long-read data, Figures S14 and S15;
https://doi.org/10.1101/2023.05.12.540470). For each individual, the normal allele is shown
first, above the expanded allele. Sequence is depicted along the positive reference strand, so
that, for example, GGC is shown as CCG, and ZFHX3 transcription runs from right to left. In
the REViewer images, flanking and AGT interruption sequence is colored blue, GGY
sequence downstream of the AGT interruption is colored orange, GGY sequence upstream of
the AGT interruption is colored green. In the TRVZ images, flanking sequence is colored
green, while GGC sequence is colored blue, and any mismatches owing to interruptions are
colored grey.

Short-read data with presupposed AGT interruption (Figures S2-S9)

Genotyping with a presupposed AGT interruption was successful for normal alleles, where
the AGT unit is present. However, the expanded alleles showed no sign of interruptions — the
reads were thus forced to map to either side of the reference AGT interruption, causing a
failure of the total length estimation.

Figure S2: Family 1 III:1.
A canonical non-expanded allele, and an expanded allele. The true length of the expanded
allele was determined with long-read sequencing to 57 GGC units, for comparison.

Figure S3: Family 1 ITI:2.
A canonical non-expanded allele, and an expanded allele.


https://doi.org/10.1101/2023.05.12.540470

Figure S4: Family 1 IV:1

A non-expanded allele three units shorter than usual, and an expanded allele. Read depth is
remarkably better than in other individuals. The length of this expanded allele was determined
to 74 with long-read sequencing, for comparison.

Figure S5: Family 2 IV:1
A canonical non-expanded allele, and an expanded allele.

Figure S6: Family 3 I1I:1
A canonical non-expanded allele, and an expanded allele.

Figure S7: Family 3 IV:1
A non-expanded allele three units shorter than usual, and an expanded allele.



Figure S8: Family 4 IV:1
A canonical non-expanded allele, and an expanded allele

Figure S9: Family 5 I1I
A canonical non-expanded allele, and an expanded allele.



Short-read data without presupposed AGT interruption (Figures S10-S13)

Genotyping without presupposing the common AGT interruption results in better length
estimates for alleles that do not have the AGT interruption. For expanded alleles, the
genotyped length is an estimate, or minimum length. For non-expanded alleles, the genotyped
length is exact regardless of whether there are AGT units present or not. If present, the AGT
interruption shows up as sequence mismatch.

Figure S10: Family 1 III:1
A canonical non-expanded allele, and an expanded allele. The length estimate of the expanded
allele of 52 units was close to the 54 units detected by long-read sequencing of this individual.

Figure S11: Family 1 III:2
A canonical non-expanded allele, and an expanded allele.



Figure S12: Family 1 IV:1

A non-expanded allele three units shorter than usual, and an expanded allele. The length
estimate using short-read sequencing was 56 units, underestimating the length of 74 units as
disclosed by long-read sequencing of this individual.

Figure S13: Family 2 IV:1
A canonical non-expanded allele, and an expanded allele.



Long-read data without presupposed AGT interruption (Figures S14-S15)
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Figure S14: Family 1 III:1

This individual carried one canonical non-expanded allele (top) and one expanded allele
(bottom). Black bars indicate insertions, horizontal lines indicate deletions. There are reads
that perfectly span the repeat region. Estimated length is 57 trinucleotide units.
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Figure S15: Family 1 IV:1

A non-expanded allele three units shorter than usual, and an expanded allele. Black bars
indicate insertions, horizontal lines indicate deletions. There are reads that perfectly span the
repeat region. Estimated length is 74 units.



Supplemental Tables

families chr  start end length [kbp] min-seed min-extend min-output min-mac min-markers
1 16 72,676,268 74,358,156 1,682 1 0.5 1 6 80
1,2 16 72,676,268 73,070,083 394 0.5 0.3 0.5 6 60
1,2,3 16 72,676,268 73,070,083 394 0.3 0.15 0.3 6 45
1,2,3,4 16 72,676,268 72,987,637 311 0.3 0.15 0.3 6 45
1,2,3,4,5 16 72,725,757 72,836,593 111 0.05 0.02 0.05 6 20

Table S1: Genomic segments shared by affected individuals in Families 1-5

Coordinates and lengths of the genomic segments shared by affected individuals from
Families 1-5 as indicated in the first column, as identified by hap-ibd. The segment shared by
all five families was 111 kpb in length (bottom row). Families 2, 4, and 5 are in this analysis
represented by their respective probands. Family 1 is represented by individuals III:1, III:2,
and IV:1, family 3 is represented by only individual III:1. The last five columns are input
parameters to the hap-ibd program. Analyses from Family 1 and 2 were used prior to the
identification of the ZFHX3 repeat expansions, analyses from Families 3-5 were added later
to better define an underlying shared haplotype. Reference genome hg19.

chr start end motif gene region  p-value Bonf. p-value
16 72,821,250 72,822,088 CCG ZFHX3 exonic  0.07864 1.0

Table S2: ZFHX3 as found by ExpansionHunter Denovo
P-values both before and after Bonferroni correction are given. The coordinates are to be
considered approximate.



Marker Coordinates on chr 16
Utah SCA4 family of Swedish origin*
Tight linkage reported D16S397 66,738,337
Haplotype block with D16S397 in affected individuals D16S398 — D16S421 66,129,139 — 67,295,807
German SCA4 family®
Linked interval | D16S3019 - D16S512 | 66,129,331 — 74,067,749
Two Swedish SCA4 families reported from Stockholm®
Linked interval | Same as above in German SCA4 family®
This report
Shared genomic segment* within in Family 1 72,676,268 — 74,358,156
Shared genomic segment* between families 1 and 2 72,676,268 — 73,070,083
Shared genomic segment* between families 1, 2, and 3 72,676,268 — 73,070,083
Shared genomic segment* between families 1, 2, 3, and 4 72,676,268 — 72,987,637
Shared genomic segment* between families 1, 2, 3, 4, and 5 72,725,757 — 72,836,593
ZFHX3 GGY repeat
ZFHX3 NM_006885.4 exon 10 GGY repeat | 72,821,593 — 72,821,656

Table S3: Comparison with previously reported SCA4 loci
The shared genomic segments were identified by hap-ibd. See Table S2 legend and main text
for details. Reference numbers refer to the reference list in the main article.

hg19 hg38 ref alt rsID GT 1KGp3 gnomADg SweFreq
72,729,354 72,695,455 C T 1rs1041588471 0/1 n/a 0.00001546 n/a
72,768,356 72,734,457 A G 15183642752  0/1 0.001 0.001146 n/a
72,771,602 72,737,703 T C n/a 0/1 n/a n/a n/a

Table S4: Very rare SNVs within the IBD-ZFHX3 locus

These SNVs with very low frequencies were found in the genomic segment shared by all
individuals with the repeat expansion, but not found in individuals without repeat expansion.
The 1000 Genomes (1KG) frequencies are from the European population. The gnomAD
genome frequencies are from the non-Finnish European population. SweFreq is based on the
SweGen control data used in the manuscript.



Type of variation Count Frequency Length no.GGT no.GAC no.AGT no.CGC

Normal 1935 84.13% 21 2 0 1
GGC > GAC 78 3.39% 21 2 1 1
+1 GGC 3' 64 2.78% 22 2 0 1
-3 GGC 3' 59 257% 18 2 0 1
+2 GGC 3' 36 1.57% 23 2 0 1
GGT > GGC 3' 24 1.04% 21 1 0 1
GGC >CGC 5' 22 0.96% 21 2 0 1
-1 GGT5' 21 0.91% 20 1 0 1
-1 GGT, -1 GGC 3' 11 0.48% 19 1 0 1
-1 GGC 3 10 0.43% 20 2 0 1
-1 GGT, -2 GGC 3' 6 0.26% 18 1 0 1
-2 GGC 3%,-1 GGT 5' 5 0.22% 18 1 0 1
7GGC,GGT,8GGC 5 0.22% 16 1 0 0
+1 GGT, +1 AGT 5'i 3 0.13% 23 2 0 2
+5 GGT 3' 3 0.13% 26 2 0 1
AGT > GGT 3 0.13% 21 3 0 0
-1 GGT, -6 GGC 3' 2 0.09% 14 1 0 1
-1 GGC 3' 2 0.09% 20 2 0 1
-5GGC 5',-1 GGT 5', -1 AGT 2 0.09% 14 1 0 0
GGC > GGT 5' 1 0.04% 21 3 0 1
+2 GGC 3', GGC > CGC 5' 1 0.04% 23 2 0 1
+2 GGC 5' 1 0.04% 23 2 0 1
-1GGC 5' 1 0.04% 20 2 0 1
GGC > GAC, -1 GGC 3' 1 0.04% 20 2 1 1
-2 GGC 3' 1 0.04% 19 2 0 1
6GGC,GGT,16GGC 1 0.04% 23 1 0 0
6GGC,GGT,15GGC 1 0.04% 22 1 0 0

Table S5: Variations in non-expanded alleles

The structure of 2,300 non-expanded alleles was analysed in detail. There were four types of
deviations from the GGC repeat unit. These are, in order of prevalence, GGT, AGT, GAC,
CGC. The CGC unit was found to always be located at the 5’ end of the repeat region, and
can thus not be considered a true interruption. The GAC unit was found to always be located
three units downstream of the AGT unit. The GGT units were observed in various locations,
although never adjacent to each other, nor terminal (at any ends of the GGC repeats). In the
vast majority of alleles, with two GGT units, the first unit is located two units upstream of the
AGT unit, while the second unit is located six units downstream of the AGT unit (cf. Figure 2
for positions). The descriptions in the first column are either relative (to the most frequent
normal allele as shown in Figure 2A), or absolute (row 13 and the two last rows). The latter
type of description is used when the structure of the repeat deviates significantly from the
normal. The 3’ and 5’ tags mean that the change from normal structure occurs at or near the
downstream and upstream ends, respectively. An added “i” means the change occurred
between the normal allele’s AGT and GGT units.

O O O O O O -~ O 0O O 0O OO OO O o oo o ~ 0 o o o o o



Expansion Hunter catalogs

[

{
"LocusId": "ZFHX3",
"LocusStructure™: "(RCC)*",
"ReferenceRegion”: "16:72821593-72821656",
"WariantId": "ZFHX3",
"WariantType": "Repeat”

¥

The ZFHX3 STR in json format for use with ExpansionHunter, coordinates in hg19.

{
"LocusId": "ZFHX3",
"LocusStructure™: "(RCC)*",
"ReferenceRegion”: "16:72787694-72787757",
"VariantId”: "ZFHX3",
"VariantType": "Repeat”

¥

]

The ZFHX3 STR in json format for use with ExpansionHunter, coordinates in hg38.
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