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Abstract

Context: Cytochrome C oxidase (COX) is the fourth component of the respiratory chain and is located within the
internal membrane of mitochondria. COX deficiency causes an inherited mitochondrial disease with significant
genetic and phenotypic heterogeneity. Four clinical subtypes have been identified, each with distinct phenotypes and
genetic variants. Mitochondrial complex IV deficiency nuclear type 4 (MC4DN4) is a form of COX deficiency associated
with pathogenic variants in the SCO7 gene.

Case description: We describe three patients with MC4DN4 with developmental and epileptic encephalopathy (DEE),
hypopituitarism, and SCO7 pathogenic variants. These patients’ phenotypes considerably differ from previously
reported MC4DN4 phenotypes as they associate DEE with progressive hypopituitarism and survival beyond the first
months after birth. Pituitary deficiency in these patients progressively worsened and mainly involved growth hormone
secretion and thyroid function.

Conclusions: Our findings expand knowledge of phenotypic variability in MC4DN4 and suggest that SCO1 is a
candidate gene for genetic hypopituitarism and DEE.

Significance statement

Our paper describes three patients affected by MC4DN4 with hypopituitarism and developmental and epileptic
encephalopathy (DEE), two features that have never been associated with this condition. In addition, we reviewed the
clinical features of all previous cases of MC4DN4 to give the other clinicians a wide picture of the clinical phenotype
of this genetic disease. We hope that the publication of our data may help others to identify this disease and consider
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the chance to analyze the SCOT gene in cases of DEE associated with pituitary dysfunction. Our article contributes
to expanding the spectrum of genetic hypopituitarism and proposes a model to explain an association between this
condition, mitochondrial anomalies, and neurodevelopmental defects.

Keywords: COX deficiency; developmental epileptic encephalopathy phenotypes; epilepsy; growth; hypopituitarism;

pathogenic variant; SCO1 gene; short stature

Introduction

The term cytochrome C oxidase (COX) deficiency
refers to a spectrum of diseases rather than a specific
clinical or genetic variant. It includes all clinical
conditions associated with a disruption of biogenesis
or function of the fourth complex of the mitochondrial
respiratory chain. The most used classification of
COX deficiencies is based on phenotypic features and
includes four subtypes: Leigh syndrome, French-
Canadian type, benign infantile mitochondrial variant,
and severe infantile mitochondrial type. In addition,
a wide spectrum of additional clinical variants not
belonging to the former subtypes has been described
(1, 2). Mitochondrial complex IV deficiency nuclear
type 4 (MC4DN4, OMIM #619048) is an autosomal
recessive disorder caused by homozygous or compound
heterozygous pathogenic variants in the SCO1 gene
(chromosome 17p13.1), which encodes for an assembly
factor of COX (3) Associated phenotypes include
severe encephalopathy, hepatopathy, lactate acidosis,
and hypertrophic cardiomyopathy. All six previously
reported individuals had an early age of onset with
demise within the first months of life, except for one
patient (4, 5, 6, 7, 8).

This type of COX deficiency was first described by
Valnot et al. (4) in two patients with metabolic acidosis,
hepatomegaly, and neurologic impairment, of whom
the first died 5 days after birth and the second at 2
months. Panlobular steatosis and lipidic microvesicular
vacuolization were found in liver biopsy; muscle biopsy
showed lipid droplets. SCO1 sequencing identified a
compound heterozygosity for a frameshift mutation
(c.364_364+1delAG)-which altersthe splicingmechanism
—and a missense mutation (c.520C>T;p.Pro147Leu) in the
copper-binding region CX3C of SCO1 (4).

A further patient with MC4DN4, a girl described by
Stiburek et al. (5) had left ventricular hypertrophy
and a histological finding of an increased number of
mitochondria, intrauterine growth restriction (IUGR),
liver enlargement, hypotonia, brain atrophy, and
metabolic acidosis. The girl died at 6 months of age due
to cardiac failure; genetic analysis showed a homozygous
SCO 1 mutation (c.394G>A;p.Gly132Ser) (5).

Leary et al. (6) identified a patient with COX deficiency
in whom a fatal encephalopathy and lactic acidosis were
caused by compound heterozygous mutations in SCO1
(c.880A>G; p-Met294Val);(c.277_279delGTTinsTAA;p.
Val93*). The patient died at 5 months of age.

Brix et al. (7) described a girl born preterm due to severe
IUGR, who developed severe lactic acidosis and died
at age 1 month. An early genetic diagnosis identified
a homozygous in-frame deletion (c.317_319delGAG;p.
Gly106del) in SCO. Kose et al. (8) described a 6-year-old
child with increased lactate, basal ganglia involvement,
cardiomyopathy, and hearing loss carrying the
homozygous variant (c.715A>G;p.Arg239Gly), which was
classified as of unknown significance (VUS).

Kurian et al (9) described neonatal onset refractory
developmental epileptic encephalopathy (DEE) in one
patient, with the absence of terminal phalanges and
liver enlargement without steatosis. SCO1 sequencing
was negative, but liver biopsy identified complex
IV deficiency. We describe two siblings and a third
unrelated patient with progressive panhypopituitarism
and DEE in whom we identified homozygous missense
SCO1 mutations. To our knowledge, DEE and pituitary
involvement have not yet been associated with MC4DN4.

Subjects and methods

We conducted a retrospective review of patients with
MC4DN4 diagnosed and followed up at Meyer Children’s
Hospital IRCCS to characterize their phenotypes. In
all patients, whole exome sequencing (WES) was
performed. All three patients were born to non-
consanguineous healthy parents and had no previous
family history of genetic diseases. Clinical and imaging
features of our patients are summarized in Table 1; the
main clinical and genetic features of our and previously
reported patients are summarized in Table 2. This study
was performed in accordance with the principles of the
Declaration of Helsinki. Informed consent for genetic
testing and clinical description was collected from the
parents. The study was approved by the local Pediatric
Ethical Committee of Tuscany.

Patient 1, male, 15 years old

Prenatal history was unremarkable. Early neurologic
development was normal until 7 months. Subsequent
milestones were delayed, and signs of loss of acquired
skills ensued. Brain magnetic resonance imaging (MRI)
at 18 months showed mild white matter loss, thin corpus
callosum, ventriculomegaly, and dilated fronto-parietal
subarachnoid spaces (Fig. 1).
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dlsasvasvsavaosvasasasase Patient 2 was the younger sister of patient 1. Her pre-

perinatal history was unremarkable. After an early
normal development, axial hypotonia and language
delay were noticed from the seventh month of
life. At the age of 2, clonic seizures and a transient
increase of lactates became apparent. Complete
metabolic assessments were unrevealing. Brain MRI
showed mildly reduced white matter volume, a thin
corpus callosum, and signal abnormalities on both
dentate nuclei (Fig. 1). Electroneurography was
consistent with peripheral motor neuropathy, which
was clinically associated with spastic diplegia and
a DEE. Her EEG showed irregular background
activity at 5-6 Hz with bursts of large angular slow
waves, predominantly over the anterior regions.
Anti-seizure medications were introduced, including
phenobarbital, clobazam, and lacosamide.

A first endocrinological evaluation was performed
at 5 years of age as the girl had low FT, levels and
in-range TSH, disclosing a central hypothyroidism.
The girl was prepubescent. Replacement therapy

Lactate acidosis, encephalopathy, cardiomiopathy,

hypotonia, hearing loss
Psychomotor delay, DEE, hypopituitarism, hepatic

cardiomyopathy, encephalopathy, lactate acidosis
steatosis, mild aortic insufficiency

5 months (death) Encephalopathy, lactate acidosis
Psychomotor delay, DEE, hypopituitarism
Psychomotor delay, hypotonia, epilepsy,

IUGR, hypoglicemia, severe lactate acidosis
hypopituitarism, hepatic steatosis

Metabolic acidosis, encephalopathy

2 months (death) Hypotonia, metabolic acidosis, hepatic disfunction,
hypoglicemia, bradicardia

6 months (death) IUGR, hypotonia, hepatopathy, hypertrophic

DEE, developmental and epileptic encephalopathy; IUGR, intra-uterine growth restriction; LP, likely pathogenetic variant; P, pathogenetic variant; VUS, variant of unknown significance.

Table 2 Clinical features and genetic variants of SCO1 gene in all previously described cases of MC4DN4.
Clinical features

= -g -~ § 5 F with L-T, was started, and she underwent periodic
= 2 8 2 2 2 follow-up. According to Cacciari et al. growth charts for
5 z S 5 5 7 Italian girls, the girl showed a height at -3.16 s.p. After
2 g g T T 0T genetic testing was performed on her brother and he
g 3 E L 2 2 2 developed panhypopituitarism, arginine, and combined
< 0 - v = < m arginine+sermorelin stimulation tests were performed,
o showing a deficient response to stimulation. Therefore,
o o 8 v g 9 a synthetic GH analog was introduced at 9 years. The
§ § NS e § ¢ S8 § tetracosactide stimulation test was normal.
= N
T % 3 < 8 %~ 8 3 8 The homozygous variant in SCO1 (c.685C>A;p.Gly229Ser)
§ E E x 3 E S T oo was found. Cardiological assessment with ECG and
$/le ¢ 3 =2 ¢ v 6 & & echocardiogram was unrevealing. The patient is in
Sl 3 2 © £ & ® & = follow-up to monitor her response to growth hormone
> > wn — [an] N4 [a [a [a . . . .
e therapy and identify any potential involvement of other
Sle & o & v © ~ ®© o components of the pituitary axis.
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Figure 1

Brain MRI images: A, B, C patient n1, D, E, F patient n2. (A, D) sagittal T1-weighted image; (B, E) coronal T2-weighted image; (C, F) axial FLAIR
T2-weighted image. The study shows cerebellar atrophy (white arrow), cerebral atrophy with widening of the Sylvian fissures, bilateral superior olivary
nuclei increased signal on FLAIR and T2-weighted images (arrowhead), and posterior parietal and cerebellar white matter hyperintensity on FLAIR and

T2-weighted images (empty arrow).

Patient 3, male, 35 years old

Born at term from a first pregnancy, the patient
developed difficulties in feeding after birth. Neuromotor
delay was noticed at 4 months of life. During the
first years of life, quadriparesis with more severe
involvement of lower limbs was noticed. Language
skills did not emerge. A skin biopsy supported a clinical
diagnosis of cutis laxa. Repeated brain MRIs revealed
progressive cerebellar atrophy, bulging of bulbar
olives, periventricular white matter hyperintensity,
and a shrunken adenohypophysis with empty sella
(Fig. 1). These findings remained stable, except for the
progression of cerebellar atrophy, on repeat MRIs up
to age 30 years.

At 12 months, growth delay was observed, but GH
stimulation tests were only performed at the age of 14
years due to irregular follow-up. A deficient response was
observed to stimulation tests with clonidine and arginine,
and GH substitution therapy was started. In addition,
laboratory tests showed low TSH, FT,, ACTH, and serum
cortisol. Gonadotropin levels were persistently reduced,

without any sign of puberty. Substitution therapy with
L-T,, testosterone, hydrocortisone, and then cortisone
acetate was started.

Generalized tonic-clonic seizures triggered by
intermittent light stimulation appeared at 22 years,
after which valproate treatment was started. Metabolic
assessments performed over the years indicated
impaired energy metabolism, with high levels of
alanine and lysinemia in the post-prandial plasmatic
amino acid profile. Organic acid urinary excretion was
normal, as was the oxidoreductive cellular balance
with a normal lactate/pyruvate ratio; however, mild
paradoxical ketosis was present. Karyotype and
SNP+CGH array were normal. Exome sequencing
showed a homozygous variant (c.424C>G;p.Leul42Val)
in the SCO1 gene; both parents were carriers of the
same variant. The variant, not reported in literature,
was reported once, at a heterozygous state, in the
gnomAD v4 database (1 out of 628,782 alleles; 0
homozygous). Cardiologic assessment showed normal
cardiac function; abdominal ultrasound detected
hepatic steatosis with normal liver enzymes.

Downloaded from Bioscientifica.cc

ia Open Access. This work 1s licensed under a Creative

1.0 International License.
by/4.0,

“om at 10/28/2024 09:5

Commons At

http://creativecommons.org/licenses



http://creativecommons.org/licenses/by/4.0/

A Barbato et al.

Genetics and molecular biology

COX is a multimeric complex located in the internal
mitochondrial membrane and includes 13 subunits
encoded by both mitochondrial and nuclear genes. It
acts as a catalyzer for the transfer of electrons from C
cytochrome to molecular oxygen (1). SCO1 is a copper-
binding chaperone encoded by the SCO1 nuclear gene,
located in position 17p13.1, which includes six exons
(14). The protein is involved in the delivery of copper
to the binuclear copper site of the MT-CO2 subunit,
along with protein SCO2 (3, 15). MT-CO2 is one of the
core components involved in COX biogenesis and part
of the highly preserved catalytic core of COX (1, 3). The
role of SCO1 in COX biogenesis was shown to be related
to the stability of this multimeric complex rather than
its expression (15). Indeed, in an experimental cellular
model of SCO1 deficiency, Leary et al observed a
reduction of fully assembled COX without a reduction
of assembly intermediates of MT-CO2 (15). The c.685
G>A variant of the SCO1 gene leads to the amino acid
substitution Gly229Ser. This molecular alteration
involves a peptidic sequence between the B-strand 225-
228 and the a-helix 231-239 (Fig. 2) and interferes with
folding processes. Folding stability analysis computed
using the PoPMuSiC-2.0 (16) and Site Directed Mutator
(SDM) (17) tools, suggests the variant has a destabilizing
impact (AAG in kcal/mol: -1.91 for PopMusSiC and -1.04
for SDM). According to ACMG (American College of
Medical Genetics and Genomics) guidelines (18) and
the SVI ClinGen recommendations (19), the variant
€.685G>A is a pathogenic variant as it meets the PM2
supporting, PP3 strong, PP1 supporting, and PP4 strong
criteria. The ¢.424C>G (p.Leul42Val) variant is situated
in the B-strand 141-144 (Fig. 2) and could be involved
in maintaining the tridimensional conformation of the
protein. Folding stability analysis computed using the
PoPMusSiC-2.0 (16) and Site Directed Mutator (SDM)
(17) tools, suggests the variant has a destabilizing
impact (AAG in kcal/mol: -1.45 for PopMuSiC and -1.41
for SDM). According to ACMG guidelines, the variant
€.424C>G is a likely pathogenic variant as it meets the
PM2 supporting, PP3 strong, PP1 supporting, and PP4
moderate criteria (18, 20).

SCO1 gene structure and the molecular structure
of the SCO1 protein with mutation sites are shown
in Fig. 2.

Discussion

Panhypopituitarism associated with COX deficiency
and SCO1 mutations has not been previously described.
Animal models of SCO1 mutations have been subjected
to organ-specific gene ablation for the liver or heart (20,
21) and show a growth restriction associated with failure
to thrive. The clinical features of the three patients
described herein were considerably different from both
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animal models and previously reported individuals with
MC4DN4. Cardiac involvement was absent or mild in
our patients, and liver steatosis was not yet associated
with hepatic dysfunction. Our patients reached ages that
go beyond those reported in the literature, suggesting
that survival beyond childhood is possible in MC4DN4.
We hypothesize a correlation between variant type
and phenotype severity, as missense variants might
result in a milder phenotype than truncating variants,
thus explaining why our patients, and possibly the one
described by Kose et al. (8) survived beyond infancy.
Almost all previously described affected individuals
were compound heterozygous for a truncating and a
missense variant or homozygous for two truncating
variants and manifested a more severe phenotype
leading to premature death. Further functional studies
are needed to prove our hypothesis. Pituitary dysfunction
in two of the three affected individuals was not
associated with significant alterations of hypothalamic
and pituitary districts on imaging.

Short stature is commonly associated with disorders of
mitochondria, and disorders of the endocrine system
are frequently reported in patients with mitochondrial
diseases and defects of mitochondrial oxidative
phosphorylation (OXPHOS) (23, 24). Therefore, several
scenarios should prompt endocrinologists to consider a
mitochondrial etiology for endocrine problems that are
‘atypical’ or associated with neurological involvement.

The trend of growth of all our patients highlights a
precocious deficit of GH secretion, with a progressive
reduction in TSH. Both patient 1 and patient 3 developed
secondary adrenal insufficiency. A potential confounding
factor in identifying the role of GH deficiency in patients
with poor linear growth may be concurrent neuromotor
impairment, which may lead clinicians to regard
poor mobility as the main cause of reduced growth.
Gonadotropin secretion was present in patient 1 and
patient 3, with a rapid response to topical testosterone
being observed in patient 1. We suggest periodically
assessing pituitary function in MC4DN4-affected
individuals. The choice of sermorelin combined with
arginine to assess GH secretion in the female patient
was driven by the need to rule out the involvement of
hypothalamic neurons alone, due to the SCO1 mutation’s
effects on neural tissue metabolism (25).

Absence of respiratory chain function abnormalities
in muscle biopsy in patients 1 and 2 was in line with
observations in other forms of COX deficiency (2). In
patient 1, mild reduction of SDH was also detected at
histochemical analysis, a finding not explained by SCO1
genetic variants alone. Nonetheless, the absence of
pathogenic variants in genes encoding for components
of SDH and the normal activity of this component in the
respiratory chain activity assessment led to the exclusion
that the reduced levels of SDH could be causative of
patient 1’s clinical features.

We propose a biphasic model to understand the
different timings of neurologic symptoms and pituitary
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(A) Location on SCO1 gene of the two identified mutations modified from Valnot et al.; (B) 3D model of SCO1 protein with mutation site c.685 G>A
(p.Gly229Ser); (C) 3D model of SCO1 protein with mutation site c.424C>G (p.Leu142Val). 3D models were realized with AlphaFold on www.uniprot.org.

dysfunction in our patients. Brosel et al. (26) highlighted
a preferential expression of SCO1 compared to SCO2 in
the liver and blood vessels in mammals, but this finding
does not completely explain the clinical features of
MC4DN4. Early neurological features could be related
to developmental brain abnormalities due to defective
metabolic programming of neural progenitor cells (27).
Defective SCO1 functioning would cause developmental
delay and deterioration, seizures, cerebellar atrophy,
and an increased susceptibility of hypothalamic and
pituitary cells to energetic metabolism defects, leading to
progressive deterioration of the hypothalamic-vascular—
pituitary axis (27). This model might explain the slow
occurrence of pituitary dysfunction. In addition, the
alteration of the hypothalamic-pituitary axis might be
associated with abnormal interaction between vessels
transporting hypothalamic peptides and pituitary cells,
as SCO1 is highly expressed in the endothelium (26, 28).

Conclusions

MC4DN4 is an ultra-rare genetic disorder with
heterogeneous clinical features. Here, we have shown
that the involvement of the hypothalamic-pituitary

axis and DEE may be novel manifestations of the
disease. Therefore, we suggest including pituitary
function assessment in evaluations following diagnosis
of MC4DN4 and considering SCO1 as a candidate gene
in the diagnostic assessment of hypopituitarism and
DEE. Further research is needed to better understand
the underlying mechanisms and potential therapeutic
strategies for individuals with MC4DN4.
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