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Abstract

Background: Complex II is an essential component of the electron transport chain,
linking it with the tricarboxylic acid cycle. Its four subunits are encoded in the nuclear
genome, and deleterious variants in these genes, including SDHA (OMIM 600857),
are associated with a wide range of symptoms including neurological disease, car-
diomyopathy, and neoplasia (paraganglioma-pheochromocytomas (PGL/PCC), and
gastrointestinal stromal tumors). Deleterious variants of SDHA are most frequently
associated with Leigh and Leigh-like syndromes.

Methods and Results: Here, we describe a case of a 9-year-old boy with tremor,
nystagmus, hypotonia, developmental delay, significant ataxia, and progressive cer-
ebellar atrophy. He was found to have biallelic variants in SDHA, a known patho-
genic variant (c.91C>T (p.R31%)), and a variant of unknown significance (c.454G>A
(p-E152K)). Deficient activity of complexes II and III was detected in fibroblasts
from the patient consistent with a diagnosis of a respiratory chain disorder.
Conclusion: We, therefore, consider whether ¢.454G>A (p.E152K) is, indeed, a
pathogenic variant, and what implications it has for family members who carry the

same variant.
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1 | INTRODUCTION

Mitochondrial diseases comprise a heterogeneous group of
inborn errors of metabolism resulting from deleterious vari-
ants in genes involved in oxidative phosphorylation and mito-
chondrial maintenance, which are encoded by either nuclear
or mitochondrial DNA. The mitochondrial proteome con-
tains 1100-1400 distinct proteins, most of which are encoded
within the nuclear genome; only 13 proteins are encoded
within the mitochondrial genome (Gorman et al., 2016). The
key metabolic pathways within the mitochondria include the
tricarboxylic acid cycle (TCA) and oxidative phosphorylation
via the electron transport chain (ETC). Succinate dehydroge-
nase, also known as complex II, is a tetrameric mitochon-
drial protein complex required for both processes. Complex
I1, the second of four protein complexes in the ETC, links the
TCA cycle to oxidative phosphorylation (Van Vranken et al.,
2015). Unlike other complexes of the ETC, all of the suc-
cinate dehydrogenase subunits (SDHA, SDHB, SDHC, and
SDHD) are encoded by the nuclear genome (Van Vranken
et al., 2015). Mutations in all of these genes have been im-
plicated in human diseases, including neoplasms (Aldera &
Govender, 2018; Branca et al., 2017; Hoekstra & Bayley,
2013). Interestingly, pathogenic variants in SDHA have been
implicated in cancer (Aldera & Govender, 2018; Hoekstra
& Bayley, 2013) and mitochondrial disease. The genotypes
and phenotypes associated with SDHA-related mitochondrial
disease are variable, with both dominant and recessive inher-
itance being reported (Baysal et al., 2001). Pathogenic vari-
ants produce variable phenotypes including Leigh syndrome
(Horvath et al., 2006; Pagnamenta et al., 2006; Parfait et al.,
2000; Renkema et al., 2015), bilateral optic atrophy (Birch-
Machin et al., 2000; Courage et al., 2017; Taylor et al., 1996),
and cardiomyopathy (Courage et al., 2017; Levitas et al.,
2010).

In this case report, we present a child who was found to
have biallelic variants in SDHA, a known pathogenic vari-
ant and a variant of unknown significance. We consider the
implications that this clinical picture has for the phenotypic
spectrum of this disease and for the genetic counseling as it
relates to the health risks of family members who carry the
same variants.

2 | CASE HISTORY AND METHODS

2.1 | Ethical compliance

The proband was evaluated at the National Institutes of
Health (NIH) under protocols 15-HG-0130, The Undiagnosed
Diseases Network, and 13-HG-0053, The MINI Study
(Metabolism, Infection and Immunity in Inborn Errors
of Mitochondrial Metabolism), approved by the National

Human Genome Research Institute Institutional Review
Board.

The proband is the product of a full-term pregnancy, with
decreased fetal activity, to a non-consanguineous 28-year-old
G3P2ABI1 mother and 40-year-old father. The proband was
born at 40 weeks’ gestation and was noted to have a weak cry.
His birth weight was 4.1 kg and length was 57.2 cm, resulting
in weight for length ratio that was below the fifth percentile.

Neurological concerns began at 2 years of age when he
presented with global developmental delays. He had impair-
ments in both receptive and expressive language (develop-
mental quotient of 70) and delayed walking at 19 months
with a wide-based, ataxic gait. There were no episodes of
developmental regression. Despite physical therapy, he con-
tinued to have ataxia and frequent falls with foot drop noted
at 3 years of age. At that time, he was also noted to have
hypotonia, a coarse tremor, tongue fasciculations, end gaze
nystagmus, and cogwheel visual pursuits. At 5 years of age,
he had worsening ataxia and speech apraxia despite normal
strength on neurological exam and a normal audiologic exam.
A neuropsychological evaluation diagnosed intellectual dis-
ability with prominent deficits in processing speed and audi-
tory processing.

Neuroimaging, including magnetic resonance imaging
(MRI) at 2 years of age and magnetic resonance angiogram
(MRA) at 4 years of age, was normal. At 6 and 9 years of
age, he had brain MRIs performed at the NIH, which sug-
gested progressive cerebellar atrophy (Figure 1). MR spec-
troscopy at 6 years of age showed a deficit of N-acetylaspartate
in the superior cerebellar vermis and the pons, indicating
the possibility that these regions are less neuron dense
(Verma et al., 2016). Electromyography at 6 years of age
was normal.

On examination at the NIH at 9 years of age, interpupil-
lary distance, intercanthal distance, outer canthal distance,
and palpebral fissure length were all >97th percentile; how-
ever, these were in proportion to his macrocephaly (head
circumference >97th percentile). Growth parameters, at this
time, include height and weight (>97% centile) with a result-
ing BMI of 26 kg/m?.

Family history was significant for multiple relatives with
diabetes mellitus type II, high blood pressure, and heart dis-
ease. Except one paternal aunt with breast cancer, there was
no known family history of cancer.

2.2 | Genetic evaluation

Genetic testing was non-diagnostic including Fragile X
PCR, Prader-Willi/Angelman syndrome DNA methyla-
tion, PTEN gene sequencing, and chromosomal microar-
ray analysis. Lysosomal enzyme screening of whole blood
showed mildly reduced activities of beta-galactosidase and
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FIGURE 1 Serial brain MRISs illustrating progressive cerebellar atrophy at (a) age 2 years, (b) age 6 years, and (c) age 9 years

beta-glucuronidase. He had normal cerebral spinal fluid (CSF)
glucose, lactate, amino acids, neurotransmitter metabolites,
tetrahydrobiopterin, neopterin, and 5-methyltetrahydrofolate
levels. Mitochondrial genome sequencing was normal.

Whole-exome sequencing of the proband and both unaf-
fected parents, performed as part of the NIH UDP evaluation,
identified compound heterozygous variants in SDHA with a
maternally inherited, c.91C>T (p.R31%*), known pathogenic
variant and a paternally inherited, c.454G>A (p.E152K),
variant of unknown significance (VUS). The variant
c.91C>T (p.R31%) is present in gnomAD at a frequency of
0.0002088 and is assessed as pathogenic using ACMG crite-
ria. The variant c.454G>A (p.E152K) is present in gnomAD
at a frequency of 0.000007998 and is predicted to be damag-
ing/probably damaging by SIFT/PolyPhen-2, respectively. A
maternally inherited hemizygous VUS in SLC6AS8 was also
identified and ruled out as causative given normal blood and
CSF creatine studies.

2.3 | Respiratory chain functional studies

An analysis of the proband's mitochondrial respiratory chain
enzyme function using skin fibroblasts showed modestly re-
duced citrate synthase activity and a deficiency in complexes
II and IIT activity (<40%), fulfilling a minor criterion for the
diagnosis of a respiratory chain disorder.

3 | DISCUSSION

We describe a child with compound heterozygous delete-
rious variants in SDHA causing reduced complexes II and
IIT activity resulting in moderate intellectual disability and
progressive cerebellar ataxia. Our case is important in high-
lighting the novel variant, ¢.454G>A (p.E152K), previously
classified as a variant of unknown significance, as likely
pathogenic.

The spectrum of clinical phenotypes associated with
SDHA mutations is broad (Table 1). Cases with dominant
inheritance include one family with bilateral optic atrophy,
ocular movement disorder, neuropathy, mental health condi-
tions, and cardiomyopathy (Courage et al., 2017), and another
family with neurodegeneration and bilateral optic atrophy
(Birch-Machin et al., 2000; Taylor et al., 1996). Homozygous
or compound heterozygous SDHA variants have been found
in patients with Leigh syndrome (Bourgeron et al., 1995;
Horvath et al., 2006; Pagnamenta et al., 2006; Parfait et al.,
2000; Renkema et al., 2015), leukodystrophy (Alston et al.,
2012; Renkema et al., 2015), cardiomyopathy (Levitas et al.,
2010), and progressive neuromuscular decline (Ma et al.,
2014). While cerebellar signs have been reported in monoal-
lelic SDHA variant cases (Birch-Machin et al., 2000; Courage
et al., 2017; Taylor et al., 1996), the childhood-onset cerebel-
lar atrophy described here is newly reported. Prior cases de-
scribe ataxia onset in adulthood (Birch-Machin et al., 2000;
Taylor et al., 1996).

Counseling this family appropriately, with respect to each
family member's risk of disease, was complicated as patho-
genicity of the variants was inferred based on the proband's
findings. Consideration had to be given to both the poten-
tial risk for tumorigenesis and of adult-onset mitochondrial
disease, such as ataxia. Individuals with known pathogenic
variants in SDHA are recommended to receive annual bio-
chemical and clinical surveillance for signs and symptoms
of paraganglioma and pheochromocytoma syndrome (Else
et al., 2008). This screening includes full-body MRI, and
blood and urine testing. There is no similar screening or test-
ing recommended for individuals potentially at risk for adult-
onset mitochondrial disease. Additionally, the absolute risk
for both conditions is unknown.

The proband's maternally inherited allele (c.91C>T
(p-R31%)) has been reported in Leigh syndrome and tum-
origenesis (Renkema et al., 2015), specifically PGL/PCC
(Casey et al., 2017; Korpershoek et al., 2011) and gastroin-
testinal stromal tumor (Casey et al., 2017; Oudijk et al., 2013;
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TABLE 1

Publication details

Courage et al. (2017)

Taylor et al. (1996)
Birch-Machin et al.
(2000)

Bourgeois et al. (1992)
Bourgeron et al. (1995)

Renkema et al. (2015)

Parfait et al. (2000)

Horvath et al. (2006)

Pagnamenta et al. (2006)
Alston et al. (2012)

Levitas et al. (2010)

Ma et al. (2014)

Van Coster et al.
(2003)

Current Proband

Age at
presentation

15 years

8 months

7 months

46 years

62 years

10 months
10 months
Birth

Birth

4 weeks

16 months

9 months

5 months

22 months

3 months

Various; 15 patients
aged between
32 weeks
gestation to
10 years

4 years

5.5 months

2 years

reported cases associated with deleterious variants in SDHA

SDHA variant(s)
Heterozygous c.1351C>T (p.Arg451Cys)

Heterozygous c.1351C>T (p.Arg451Cys)

Heterozygous ¢.1351C>T (p.Arg451Cys)

Heterozygous ¢.1375C>T (p.Arg408Cys)

Heterozygous ¢.1375C>T (p.Arg408Cys)

Homozygous ¢.1684C>T (p.Arg544Trp)
Homozygous ¢.1684C>T (p.Arg544Trp)

Compound heterozygous ¢.356G>A
(p-Try119%) and ¢.248C>T
(p-Ala83GIn104del)

Compound heterozygous ¢.91C>T
(p-Arg31%) and ¢.565 T>G (p.Cys189Gly)

Homozygous ¢.1065-3C>A
Homozygous ¢.64-2A>G

Compound heterozygous ¢.1595C>T
(p-Ala24Val) and c.25A>C (Met
initiation codon to Leu)

Compound heterozygous nonsense mutation
(p-Trp119%), missense mutation
(p-Arg83Val)

Homozygous ¢.1664G>A (p.Gly555Glu)

Compound heterozygous ¢.1523C>T
(p.Thr508lle) and ¢.1526C>T
(p-Ser509Leu)

All 15 patients: homozygous c.1664G>A
(p.Gly555Glu)

Compound, heterozygous: ¢.G117G/del
(stop codon at residue position 56) and
¢.T220 T/insT stop codon at residue
position 81)

Homozygous c1664G>A (p.Gly555Glu)

Compound heterozygous ¢.91C>T
(p-Arg31*) and c.454G>A
(p-Glul52Lys)

Phenotype

Ocular paresis, nystagmus, pyramidal signs, ataxia,
cardiomyopathy with cardiomegaly, recurrent
depression

Dilated cardiomyopathy, bilateral optic atrophy,
elevated urinary 3-methylglutaconic and 30H-
methylglutaric excretion

Deceased due to cardiac insufficiency with dilated
cardiomyopathy, marginally elevated blood
lactate, elevated urinary 3-methylglutaconic and
30H-methylglutaconic excretion

Ataxia, diplopia, limb weakness, episodic
unresponsiveness without convulsions, bilateral
optic atrophy

Ataxia, diplopia, blackouts, dysesthesia, bilateral optic
atrophy, nystagmus on lateral and upward gaze

Leigh syndrome

Leigh syndrome

Developmental regression, epilepsy, Leigh
syndrome

Developmental regression, epilepsy, apneas, Leigh
syndrome, hepatomegaly, leukodystrophy,
psychomotor retardation

Psychomotor retardation, epilepsy, leukodystrophy

Developmental regression, myopathy, chorea,
tremor, Leigh syndrome

Psychomotor delay, Leigh syndrome

Leigh syndrome

Leigh syndrome

Cardiomegaly, developmental delay, hypotonia,
leukodystrophy

Dilated cardiomyopathy

Leigh-like syndrome- progressive neuromuscular
decline and gross motor developmental
regression,

Unknown syndrome with hypotonia,
hepatosplenomegaly, cardiomegaly, and
inspiratory wheezing resulting in the death from
respiratory infection

Moderate intellectual disability, ataxia, nystagmus,
hypotonia, cerebellar atrophy
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Pantaleo, Astolfi, et al., 2011; Pantaleo et al., 2011; Wagner
et al., 2013). Renkema et al. described this variant in a com-
pound heterozygous state with ¢.565T>G in an individual
with reduced complex II activity who was diagnosed with
Leigh syndrome and died at 14 months of age; prior to this,
the variant had only been reported in cancer syndromes
(Renkema et al., 2015). Korpershoek et al. identified this
variant in 0.3% of healthy control patients and 3% of sporadic
tumor patients. Finally, this variant has been described in
GIST when in trans with other SDHA variants (Korpershoek
etal.,2011). Therefore, both the proband and his mother were
considered at risk for developing these cancers and routine
screening following the criteria specified for SDHA positive
individuals was initiated (Lenders et al., 2014). Although the
paternal allele was reported as a VUS, given the proband's
positive ETC results and predictions of damaging and prob-
ably damaging by SIFT (Vaser et al., 2016) and PolyPhen-2
(Adzhubei et al., 2010), respectively, we counseled the fam-
ily as though it were a pathogenic variant and recommended
the father also receive routine screening. Additional family
member testing was recommended to elucidate other at-risk
individuals.

Further, given numerous reports of adult-onset mitochon-
drial disease in heterozygous individuals, it is difficult to
know our proband's parents’ future risk of developing neu-
rologic symptoms. Unfortunately, while we could make them
aware of this possibility, there are no actions they can take to
mitigate this potential risk. Understandably, this additional
information about new disease risk was overwhelming and
somewhat unwelcome.

This case may represent an expansion to the phenotype
associated with SDHA-related disease and highlights a chal-
lenging counseling issue; seemingly healthy parents can be
found to be at risk for conditions not previously considered
and for which there are no current symptoms. The proband
exhibited a disease phenotype, and had reduced ETC, and
complexes II and III activity, in keeping with mitochondrial
disease. The lack of symptoms in the parents suggests that the
phenotype in the proband is due to biallelic loss of function
of SDHA. This is, therefore, highly suggestive of the reported
VUS, c.454G>A (p.E152K), being pathogenic and suggests
that the paternal family may too be at risk of SDHA related
conditions. The possibility of mitochondrial disease should,
therefore, be considered in a child presenting with ataxia,
intellectual disability, and/or developmental delay and we
encourage physicians to consider SDHA mutations in their
differential diagnosis.
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