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Abstract

We describe a novel superoxide dismutase (SOD7) mutation-associated clinical phenotype of cerebellar
ataxia and motor neuron disease with a variant in the ceruloplasmin (Cp) gene which may have
contributed to the phenotype. Our conclusions are supported by the genetic and protein structure
analyses of the case.

Introduction

We describe a novel superoxide dismutase (SOD7) mutation-associated clinical phenotype characterized
by combined cerebellar ataxia and motor neuron disease, which was unrecognized until shortly before
death, masked under a picture dominated by sensory neuropathy. We also highlight the potential
contribution to the observed clinical phenotype, of a concomitant variant of uncertain significance in the
ceruloplasmin (Cp) gene.

Case Report

Clinical presentation. A 61-year-old Caucasian man presented to us with a 19-year history of progressive
neurological decline. Onset of disease occurred at the age of 42 years with painful paresthesia of the left
lower extremity. The disease progressed slowly over the first 14 years, only to accelerate over the
subsequent 5 years with the development of appendicular and gait ataxia with lower limb atrophy,
followed by cerebellar tremor, head titubation, dysphagia, aprosody, and a slow, scanning speech.
Incoordination, impaired dexterity, and tremor impeding fine motor skills, such as using a knife and
playing the oboe, were also present. Ataxia and increasing weakness forced the patient to transition from
using a cane to a wheelchair at 61. During the last 12 months of the patient’s life there was unintentional
weight loss of fifty-five pounds and bowel and bladder incontinence. Family history was positive for
thyroid (mother and brother) and cognitive (father, in his eighties) disorders. His mother had recurrent
miscarriages. He also had history of levothyroxine-treated hypothyroidism and essential hypertension.

Our first neurological examination took place 19 years after symptom onset, at age 61. It revealed an
ataxic syndrome with scanning speech, head titubation, right arm action and postural tremor, and
bilateral leg weakness. Ocular movements were normal. Reflexes were diminished in the upper
extremities, absent in the ankles but with brisk patellar responses and positive Babinski sign bilaterally.
Vibration and proprioception were absent in the ankles (Supplementary Video).

Laboratory investigations revealed decreased motor amplitude over the left extensor digitorum brevis on
electromyography (EMG)/nerve conduction studies. One year later, left thigh atrophy and pain prompted
another EMG which revealed chronic denervation of the left quadriceps and iliopsoas. Extensive workup
revealed elevated anti-gliadin antibody levels. Duodenal biopsy was consistent with a gluten-sensitive

enteropathy. A metabolic panel showed high triglycerides (298 mg/dL), low HDL (30 mg/dL), high VLDL
(60 mg/dL), and high cholesterol/HDL ratio (5.1). Serum copper (58 ug/dL; normal, 72-166 ug/dL) and
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ceruloplasmin 12.5 mg/dL (normal, 16—31 mg/dL) were low. Ferritin was elevated at 923 ng/mL (normal,
30-400 ng/mL). Plasmatic iron and zinc levels were normal. Cerebrospinal fluid (CSF) analysis (age 61)
showed increased proteins (52 mg/dL), normal glucose (67 mg/dL), and two nucleated cells. Cytology
and IgG index were normal. The autoimmune movement disorder panel on serum was negative. Levels of
ANA, CRP, and ESR on serum were also normal. HIV and syphilis tests were negative. A brain MRI at age
61 showed cerebellar atrophy and prominent T2 hyperintensities in the middle cerebellar peduncles
(MCP) (Fig. 1).

There was no response to gluten-free diet or to oral and intravenous copper. A one-month trial of
deferasirox partially and transiently improved his speech and hand tremors. He developed diffuse venous
thrombosis and died at age 62 from distributive (vasodilatory) shock secondary to obstructive
pancreatitis, after a hospitalization for deep venous thrombosis (he was bedridden). Autopsy was not
pursued.

Genetic evaluation. Post-mortem whole-exome sequencing (WES) found a likely pathogenic heterozygous
variant in the SOD7 gene (NM_000454:exon4:¢.347G > A:p.R116H) and a heterozygous variant of
uncertain significance (VUS) in the Cp gene (NM_000096.3(CP):c.2684G > C p.Gly895Ala) according to
ACMG criteria. The amino acid change in SOD1 is conservative with the arginine residue changed to
histidine. The variant is not present in the databases of healthy controls, including the gnomAD database,
dbSNP or Exome Variant Server or the ALSoD database of genetic variatnts connected to ALS [1].
Arginine at codon 11 is highly conserved in across kingdoms. The bioinformatics tools SIFT and
PolyPhen-2 predict the p.R116H substitution to be “deleterious” and “probably damaging”, respectively.

Protein structure analysis. Experimentally resolved 3D structures of human Cp and SOD7 proteins were
retrieved from the Protein Databank — PDB IDs: 2J5W and 2C9V, respectively. Figure 2A-B demonstrates
the location of the Cp G895 variant, which is inside the globular fold and distant from functional sites of
the protein, such as metal binding sites. Co G895A mutant was generated using AlphaFold2 [2]. Structure
alignment of the mutant with the reference structure yielded only 0.031A RMSD. Collectively, the
structural analysis suggests that the introduction of methyl group at position G895 did not cause
conformational changes.

The likely pathogenicity of the SOD7 R116H variant was supported by virtue of its location in a known
mutational hotspot with at least two alternative pathogenic variants described in the same codon [3].
Figure 2C shows that the R116 position is located on the surface of SOD7. Analysis of the resolved
structure with SPPIDER [4] indicates that R116 is part of the protein-protein interaction interface of the
SOD7 homodimer. Subsequent in silico assessment of the change in free binding energy of the
homodimer upon R116H mutation using SSIPe server [5] suggested a strongly unfavorable mutation
(AAGbind = 4.566). Therefore, we hypothesize that the R116H variant most likely destabilizes the protein,
impeding its normal function in the dimeric form.

Discussion
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Pathogenic variants in SODT are causative for familial and sporadic amyotrophic lateral sclerosis (ALS)
under a dominant model of inheritance [6]. We describe a patient with symptoms of atypical ALS carrying
a novel heterozygous SOD1 R116H mutation. Previous studies have identified three different missense
mutations in SOD1 at position 116 (R116G, R116C, and R116S) [3] resulting ALS with a rapid disease
progression. SODT-ALS has been reported to include cerebellar deficits [7] and shared functional
pathways are compromised in ALS and hereditary ataxias [8]. Furthermore, evidence of structural
abnormalities in cerebellar structures and cerebellar peduncles (as presented by this patient) have been
reported in ALS patients [9].

The effect of R116 substitution has previously been investigated. Changes were reported in the ability of
R116 to form hydrogen bonds with residues E50 and C112 changing their relative positions within
monomeric SOD1 and potentially leading to SOD1 misfolding and aggregation. Our structural analysis
suggests that R116 plays a critical role in the stabilization of the SOD2 homodimer, and we predict that
the R116H mutation hinders the formation of the SOD1 enzyme as a dimer.

Conversely, although the pathogenicity of the Cp variant is questionable, the Cp-G895A exists in the
gnomAD database, dbSNP, and Exome Variant Server, and could have contributed to the phenotype.
Cerebellar ataxia and hypo/aceruloplasminemia have been reported in patients with heterozygous and
homozygous Cp variants (in the latter case, also associated with diabetes mellitus, retinal degeneration,
involuntary movements, and cognitive impairment), respectively [10]. However, we are the first to report
middle cerebellar peduncle (MCP) hyperintensities in hypoceruloplasminemia, associated with marked
cerebellar atrophy in the absence of iron deposition in the basal ganglia, ferritin abnormalities, or muscle
wasting [11].

To be enzymatically active SOD1T must be in its dimeric form, in a complex with copper and zinc ions. It is
unknown whether or not Cp insufficiency might affect availability of copper for the normal folding and
activity of SOD1. Previous reports in Down syndrome [12] and Wilson's disease [13] suggest that SOD1
activity is not affected by Cp levels. However, astrocyte proteomics in SOD1-ALS models have
demonstrated Cp upregulation as a likely compensatory/stress response [14]. In the present case, this
response could have been compromised. Our patient’s laboratory abnormalities of low copper, low
ceruloplasmin, and high ferritin (albeit with normal iron), along with a transient response to iron chelation,
suggest that a functional hypoceruloplasminemia could have contributed to this patient’s phenotype.

From a clinical standpoint, the finding of a cerebellar syndrome associated with high-intensity signal in
the MCP on imaging brought two other diagnostic possibilities before a potentially pathogenic SOD7
variant was uncovered: neuronal intranuclear inclusion disease due to NOTCH2ZNLC variants and
autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS, usually with pontine
hypointensity) [15]. If ataxia and neuropathy had not been associated with MCP hyperintensity, CMT2A
(mitofusin 2 mutation, which includes an overlapping phenotype of progressive distal limb muscle
weakness and atrophy, stepping gait, distal sensory loss, and mobility impairment) or gluten ataxia would
have been considerations [15].
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In conclusion, we describe a novel pathogenic SOD7 variant causing an unusual late-onset cerebellar
ataxia with unilateral ALS phenotype and suggest a possible modifying role for genetic
hypoceruplasminemia from a variant of uncertain significance isolated in the Cp gene whose effect is
suggested from laboratory abnormalities. Further studies in cellular and animal models of ALS should
explore the enzymatic function of SOD7-R116H and its propensity for misfolding and aggregation.
Additional studies are required to examine in vivo the relationship between Cp and SOD7 to clarify their
possible concurrent activity.
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Figure 1

Brain MRI nineteen years after symptom onset. Axial T2-weighted images show bilateral hyperintensity in
the middle cerebellar peduncles with hemispheric cerebellar atrophy (left) but without brain atrophy or
basal ganglia iron deposition (center); midsagittal T1-weighted MRI shows normal cerebellar vermis

(right).

Figure 2

Experimentally resolved structures of human Cp and SOD1 proteins. The monomer structure of Cp (A)
(Protein Databank ID: 2J5W) showing G895 without side chain in close up (B). The homodimer complex
of SOD17 (C) (Protein Databank ID: 2C9V) is shown with positions of interest rendered as sticks. Spheres
in all panels represent metal ions.
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