Differential Features of Patients with

Mutations in Two COX Assembly Genes,
SURF-1 and SCO2

C. M. Sue, MD, PhD,* C. Karadimas, PhD,* N. Checcarelli, MD,* K. Tanji, MD, PhD,*
L. C. Papadopoulou, PhD,T F. Pallotti, MD, PhD,* F. L. Guo, MD,* S. Shanske, PhD,* M. Hirano, MD,*
D. C. De Vivo, MD,*} R. Van Coster, MD,§ P. Kaplan, MD,! E. Bonilla, MD,* and S. DiMauro, MD*

We screened 41 patients with undiagnosed encephalomyopathies and cytochrome ¢ oxidase (COX) deficiency for muta-
tions in two COX assembly genes, SURF-1 and SCO2; 6 patients had mutations in SURF-1 and 3 had mutations in
SCO2. All of the mutations in SURF-1 were small-scale rearrangements (deletions/insertions); 3 patients were homozy-
gotes and the other 3 were compound heterozygotes. All patients with SCO2 mutations were compound heterozygotes for
nonsense or missense mutations. All of the patients with mutations in SURF-1 had Leigh syndrome, whereas the 3
patients with SCO2 mutations had a combination of encephalopathy and hypertrophic cardiomyopathy, and the neu-
ropathology did not show the typical features of Leigh syndrome. In patients with SCO2 mutations, onset was earlier
and the clinical course and progression to death more rapid than in patients with SURF-1 mutations. In addition,
biochemical and morphological studies showed that the COX deficiency was more severe in patients with SCO2 muta-
tions. Immunohistochemical studies suggested that SURF-1 mutations result in similarly reduced levels of mitochondrial-
encoded and nuclear-encoded COX subunits, whereas SCO2 mutations affected mitochondrial-encoded subunits to a
greater degree. We conclude that patients with mutations in SURF-1 and SCO2 genes have distinct phenotypes despite

the common biochemical defect of COX activity.
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Cytochrome ¢ oxidase (COX; complex IV of the mi-
tochondrial respiratory chain) catalyzes the transfer of
reducing equivalents from cytochrome ¢ to molecular
oxygen and pumps protons across the inner mitochon-
drial membrane." The 3 largest subunits (I, II, and III)
of the 13-subunit enzyme are encoded by mitochon-
drial DNA (mtDNA) whereas the 10 smaller subunits
are encoded by nuclear DNA (nDNA). In addition,
several other nuclear genes are required for the correct
assembly and function of the holoenzyme. These ancil-
lary genes are referred to as the COX assembly genes.

COX deficiency has been associated with a variety of
human disorders. There are two main subgroups—
those due to genetic defects in mtDNA and those due
to nDNA gene defects. Mutations in each of the three
mtDNA-encoded COX subunits have been associated
with tissue specific disorders such as myopathy”> and
sideroblastic anemia,” or multisystemic disorders such
as MELAS syndrome,” an amyotrophic lateral sclero-

sis—like condition,® and encephalomyopathies.”* How-
ever, no mutations have yet been identified in any
of the nDNA-encoded COX subunits.” ™' Recently,
however, mutations in two different nuclear-encoded
COX assembly genes, SURF-1 and SCO2, have been
reported. The aim of this study was to analyze a large
series of patients with COX deficiency and encephalo-
myopathy for mutations in SURF-I and SCO2 in or-
der to glean the relative frequency and characterize the
clinical phenotypes associated with each mutation.

Patients and Methods

Patient Selection

Forty-one patients referred to Columbia-Presbyterian Medi-
cal Center with undiagnosed encephalomyopathies and COX
deficiency were entered into the study. Using the previously
described diagnostic criteria,'? patients were divided into two
groups—those with typical neuroradiological or neuropatho-
logical features of Leigh syndrome (LS), and those with
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Leigh-like clinical presentation but without typical brain le-
sions (LL). The clinical histories of some of the patients in
this study (SURF-1 Patients 2 to 4) have previously been
published as Patients 5, 11, and 12.14

Morphological Studies

Frozen muscle sections, 6 to 8 wm thick, were stained for
COX activity using standard laboratory methods."> When
samples were available, we performed additional immunohis-
tochemical studies on 4-pm-thick sections using antibodies
to both mtDNA-encoded and nDNA-encoded subunits.
Paraffin sections from autopsy studies were reviewed when
possible.

Biochemistry

Respiratory chain enzyme assays were performed at 30°C us-
ing previously described methods'® in the following tissues:
muscle from 19 patients (8 from the LS group, 10 from the
LL group, and 1 from the SCO2 group); cultured fibroblast
cell lines from 15 patients (6 from the LS group, 5 from the
LL group, and 4 from the SURF-I group); and both muscle
and fibroblasts in 9 patients (4 from the LS group, 1 from
the LL group, 2 from the SURF-I group, and 2 from the
SCO2 group). Samples of brain, heart and liver obtained at
autopsy (3 patients) were also tested. Tissues were stored in
liquid nitrogen or at —70°C until analysis. Mitochondrial
enzyme assays were normalized to citrate synthase and com-
pared with normal controls. When clinically indicated, mea-

Table 1. Summary of Clinical Features of the Patients

surements of pyruvate dehydrogenase complex and pyruvate
carboxylase activities in skin fibroblast cell cultures (n = 15)
were performed using standard laboratory techniques.'”

DNA Analysis

Total DNA was extracted from muscle in 19 patients and
from cultured fibroblast cell lines in 22 patients. The DNA
fragments for SURF-1 and SCO2 gene were amplified by
polymerase chain reaction (PCR) using intronic primers.'®'?
Direct sequencing of purified PCR products was performed
in an ABI Prism 310 Genetic analyzer using the Big Dye
Terminator Cycle sequencing reaction kit (Perkin-Elmer Ap-
plied Biosystems, Foster City, CA). To determine the exact
breakpoint of heterozygous rearrangements in the SURF-I
gene, purified PCR products were subcloned (Topo TA
Cloning, Invitrogen) before they were sequenced. To con-
firm point mutations within the SCO2 gene, restriction
fragment-length polymorphism analysis was performed as
previously described.?° When possible, the parents of af-
fected children were tested. To exclude other known causes
of LS, we screened all patients for the T8993G mutation in
mtDNA using previously described methods.”'

Results

Clinical Features

The clinical features of our patients are summarized in
Table 1. Six patients had mutations in SURF-1, and 3

Patients with Leigh

Patients with Leigh-

Patients with SURF- Patients with

Syndrome Like Disease 1 Mutations® SCO2 Mutations®

Total number 17 15 6 3
Age onset (mo) 13.3 (23.2) 7.3(7.2) 13.4 (18.0) 1.7 (0.8)
Age death (mo) 42.8 (37.9) (n = 6) 44.3 (49.7) (n = 6) 42.2(16.7) (n = 5) 6.7 (5.0) (n = 3)
Sex (M:F) 8:9 8:7 4:2 1:2
Failure to thrive (early stage) 9 4 5 0
Regression of motor devel- 13 8 6 0

opment
Cognitive delay 7 9 4 0
Poor feeding (early stage) 5 2 5 0
Respiratory difficulties 6 1 6 2
Vomiting 6 3 2 0
Seizures 5 5 1 1
Hypotonia 10 6 5 0
Spasticity 4 0 0 0
Hyporeflexia 10 5 4 1
Hyperreflexia 9 2 3 0
Ataxia 6 1 5 0
Involuntary movements 8 1 2 1
Optic atrophy 5 1 2 0
Abnormal extraocular move- 4 1 1 1

ments
Cardiomyopathy 4 4 0 3
Basal ganglia lesions on neu- 17 0 6 0

roimaging
Lactic acidosis 17 8 6 3

*All patients with SURF-1 mutations had Leigh syndrome.

PAll patients with SCO2 mutations had Leigh-like features (see text for details).

Standard deviations are in parentheses.
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patients had mutations in SCO2. The mean age at
presentation was 13.4 months (SD 18.0) for patients
with SURF-1 mutations and the mean age at presenta-
tion was 1.7 months (SD 0.8) for patients with SCO2
mutations.

Patients with mutations in SURF-1 were usually
normal at birth and showed the first symptoms be-
tween 6 and 12 months of age. All patients failed to
thrive and had delayed early motor development with
further regression of motor milestones in early child-
hood. Hypotonia with hyporeflexia was present in the
carlier stages of disease, but this later evolved to gen-
eralized hyperreflexia, with muscle weakness and ataxia
in most patients. All patients had metabolic acidosis.
On neuroimaging, there were extensive basal ganglia
lesions, but occasionally, the midbrain, dentate nucleus
and cerebral peduncles were also involved. Two of the
6 patients with SURF-1 mutations had involuntary
movements (tremor or dystonic posturing), but this
was not a distinguishing feature when compared with
other patients with LS. Seizures, while occasionally
present in patients with SURF-1 mutations, were more
common in patients with unidentified causes of LS.

In contrast, patients with SCO2 mutations presented
in the neonatal period, and none of them had typical
clinical or radiological features of LS. These infants
presented with severe respiratory difficulties accompa-
nied by metabolic acidosis, and all required ventilatory
support in the first 10 weeks of life. All had marked
hypotonia, one had nystagmus and limb dystonia, and
another had dysmorphic facial features and electromyo-
graphic evidence of myopathy and peripheral neuropa-
thy. However, the most distinctive feature was a rap-
idly progressive, severe hypertrophic cardiomyopathy,
which resulted in the terminal event of cardiac failure
and subsequent cardiorespiratory arrest. No patients
with SURF-1 mutations had similar cardiac involve-
ment. Although 4 other patients with LS and unknown
gene mutations also had cardiomyopathy, this was less
severe and usually later in onset.

Muscle Pathology

Muscle biopsy specimens from 25 patients were stud-
ied; 3 of these patients had SURF-1 mutations and 2
patients had SCO2 mutations. The morphological fea-
tures of 4 of the 5 five patients with identified muta-
tions have been described in detail elsewhere.”*°
Briefly, patients with SURF-1 mutations showed a par-
tial reduction in COX activity, affecting both type I
and type I fibers. Immunohistochemistry showed sim-
ilarly decreased staining for both mitochondrial (COX
II) and nuclear-encoded (COX IV and VIla) subunits.
In contrast, the 2 patients with SCO2 mutations
showed a profound reduction of COX activity in all
fibers, and immunohistochemical studies showed that
the reduction in mitochondrial-encoded subunits

(COX I and II) was more severe than the reduction in
nuclear-encoded subunits (COX IV and Va). Succinate
dehydrogenase stains in patients with both SURF-I
and SCO2 mutations showed slightly increased subsar-
colemmal staining suggestive of incipient mitochon-
drial proliferation, but there were no typical ragged red

fibers (Fig).

Neuropathology

One patient with SURF-1 mutations and all patients
with the SCO2 mutations had autopsy studies. The pa-
tient with SURF-I mutations had changes consistent
with subacute necrotizing encephalomyelopathy (LS),
including bilateral symmetrical involvement of the
basal ganglia, midbrain, pons, medulla, and cerebel-
lum. None of the patients with SCO2 mutations had
lesions typical of LS,*® although 1 had early capillary
proliferation that was suggestive of LS. The second pa-
tient had necrosis of the globus pallidus and atrophy of
the hippocampus, deep gray nuclei, white matter, and
cerebellum, and the third had changes suggestive of a
migrational disorder, with patches of cortical dysplasia
in the left temporal lobe and focal heterotopia in the
cerebellum.

DNA Analysis

All SURF-1 mutations predicted a truncated protein
(Table 2). The most common mutation in our patients
was the 312Dell10, insAT in exon 4, which has been
also observed by others.'® All patients with mutations
in SCO2 were compound heterozygotes for nonsense
or missense mutations. All parents of affected children
were heterozygous for one of the mutations. No pa-
tient had the T8993G mutation in mtDNA, com-

monly associated with maternally inherited LS.*?

Biochemistry
Respiratory enzymes were analyzed in 28 muscle sam-
ples, 24 fibroblast cell lines, and in autopsy samples
from 3 patients. COX deficiency in muscle was less
severe in patients with SURF-I mutations than in pa-
tients with SCO2 mutations, whereas COX deficiency
in skin fibroblasts was more severe in patients with
SURF-1 mutations (Table 3). Additional differences in
the severity of COX deficiency in patients with differ-
ent COX assembly gene mutations emerged from the
postmortem studies. In 1 patient with SURF-I muta-
tions (SURF-1 Patient 4), COX activity was reduced in
all tissues tested, most severely in liver (6%), and less
so in heart (27%) and kidney (36%). In comparison,
COX deficiency in autopsy samples from 2 patients
with SCO2 mutations (SCOZ2 Patients 1 and 3) was
more marked in heart (8 and 8%) and less in liver (16
and 52%).

All other respiratory chain enzyme activities were
generally normal, although occasional low values of
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Fig. Morphology of muscle sections of SURF-1 Patient 4, SCO2 Patient 2, and control (N). Succinate dehydrogenase (SDH) and
cytochrome ¢ oxidase (COX) enzyme studies are shown. COX staining was reduced in both patients, but the muscle sample from

SCO2 Patient 2 was more severely affected. Bar = 100 mm.

single enzymes in individual patients were recorded.
Pyruvate dehydrogenase complex and pyruvate carbox-
ylase activities were normal in all patients tested.

Discussion
We found that 9 of 41 patients with encephalomyopa-
thy and COX deficiency had mutations in one of the
two COX assembly genes that we screened for,
SURF-1 and SCO2. Six patients with typical LS had
mutations in SURF-1, and 3 patients with an infantile
encephalopathy associated with fatal hypertrophic car-
diomyopathy had mutations in SCO2. In contrast to
other causes of LS, such as pyruvate dehydrogenase
complex deficiency,?” there was no male predominance
in either subgroup of patients.

Clinical presentations were different in patients with
SURF-1 and SCO2 mutations. Similar to others, we
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found that patients with SURF-1 mutations presented
with a progressive loss of developmental milestones in
early infancy but usually following a well period of sev-
eral months to a year."®'>** After their motor regres-
sion, these children would usually experience respira-
tory and feeding difficulties, with failure to thrive and
death in the first decade of life. All children had the
neuroradiological features of LS, and 1 child studied
postmortem also had the signature neuropathological
features of this disease. In contrast to patients with
SURF-1 mutations, all 3 patients with SCO2 muta-
tions presented at a much earlier age, within the first 3
months of life. These infants had respiratory difficulties
and required ventilatory support. However, the most
striking clinical feature in all these patients was the se-
vere and rapidly progressive hypertrophic cardiomyop-
athy that led to cardiac failure and death during early



Table 2. List of Mutations Identified in Patients

Patient ID* Clinical Features Mutation

SURF-1
Patient 1 Leigh syndrome 312Del10, insAT Ex 4/4
Patient 2 Leigh syndrome 312Del10, insAT Ex 4/4
Patient 3 Leigh syndrome 312Del10, insAT Ex4/587insCAGG Ex 6
Patient 4 Leigh syndrome 312Del10, insAT Ex4/587insCAGG Ex 6
Patient 5 Leigh syndrome 828DelCT Ex9/855 Del CT Ex 9
Patient 6 Leigh syndrome 855DelCT Ex9/Ex9

SCo2
Patient 1 Infantile encephalopathy, hypertrophic cardiomyopathy Q53X/E140K
Patient 2 Infantile encephalopathy, hypertrophic cardiomyopathy Q53X/E140K
Patient 3 Infantile encephalopathy, hypertrophic cardiomyopathy E140K/S222F

infancy. Although 4 of our LS patients also had car-
diomyopathy, this was usually of later onset and of
lesser severity. None of the 6 patients with SURF-I
mutations in this study had cardiomyopathy. There-
fore, we suggest that hypertrophic cardiomyopathy
should be considered as the clinical hallmark of pa-
tients with SCO2 mutations, rather than the neurora-
diological picture associated with patients with LS and
SURF-1 mutations.

COX deficiency in muscle was more severe in pa-
tients with SCO2 mutations than in patients with
SURF-1 mutations. Although the number of patients
with SCO2 mutations was small, this finding was evi-
dent in both biochemical and histochemical studies. In
contrast, COX deficiency in fibroblasts was more se-
vere in patients with SURF-1 mutations than in those
with SCO2 mutations. This is important because bio-
chemical assays in cultured skin fibroblasts are com-
monly used for the diagnosis of LS or LS-like syn-
dromes. Other differences in the tissue distribution of
COX deficiency were noted in liver and heart and are
probably due to differences in the tissue expression of
each gene.20

The immunohistochemical studies suggested a qual-
itative difference in the reduction of COX activity be-
tween patients with SURF-1 mutations and patients
with SCO2 mutations. In patients with SURF-1 muta-
tions, both nDNA- and mtDNA-encoded subunits
were similarly affected, whereas in patients with SCO2

Table 3. Mean Percentage of COX Activity in Patient Tissues

mutations, the mtDNA-encoded subunits were more
severely involved. This difference may be due to the
fact that mtDNA-encoded subunits COX I and COX
II contain copper and all known SCO-like proteins
seem to bind copper25 and also suggests that the
pathogenetic mechanisms differ in the two conditions.

Although the clinical presentations of our patients
with SURF-1 mutations were similar to those reported
by others, the incidence of mutations in our study
group was lower than observed in one other large co-
hort of patients.”” Tiranti and colleagues'” found
SURF-1 mutations in 75% of their population of pa-
tients with LS and COX deficiency, whereas we found
SURF-1 mutations in only 6 of the 23 (26%) patients
with LS. Two main reasons may explain this discrep-
ancy. First, in Tiranti’s study, patients belonged to a
single complementation group™® and were probably
more homogeneous than ours. Second, this may reflect
regional differences between the two populations. One
rearrangement in exon 4 (312del10, insAT) was found
in both studies. This may indicate a founder effect, or,
more likely, it may mean that this locus is a “hotspot”
for mutations in the SURF-1 gene.

All the mutations identified in the SURF-I gene in
this study were small-scale rearrangements, predicting a
truncated protein. This is similar to what was found in
two other studies,'®** which also reported a few non-
sense and splice-junction mutations. In contrast, thus
far we have encountered only nonsense and missense

Leigh Syndrome Group Leigh-Like Group

Patients with SURF-1

Muscle? 23.4% (17.7)¢
(range, 2.9-53.9) (n = 11)
21.1% (18.9)¢

(range, 1-57.2) (n = 9)

22.5% (22.1)
(range, 2.3-65.1) (n

Fibroblasts® 37.0% (15.8)

(range, 13.9-52.8) (n = 6)

Mutations Patients with SCO2 Mutations
25.8% (29.7) 8.7% (8.1)

=11) (range, 4.8-46.8) (n = 2) (range, 4.0-18.0) (n = 3)
11.3% (6.7) 21.0% (12.7)
(range, 3.3-19.6) (n = 6) (range, 12.0-30.0) (n = 2)

Values of COX activity are in *umol/min/g protein or "wmol/min/ml homogenate, referred to citrate synthase activity and expressed as a percentage of

control values.
€+ SD are in parentheses.

n = number of patients.
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mutations in SCO2. Even though the number of pa-
tients with SCO2 mutations is very small, these differ-
ences suggest that mutations in the two COX assembly
genes may arise by different mechanisms and have dif-
ferent degrees of pathogenicity.

Mutations in COX assembly genes are an important
cause of LS and other neurological disorders associated
with COX deficiency. Patients with SURF-1 mutations
present with typical LS associated with partial COX
deficiency. Children usually are normal at birth, expe-
rience the first symptoms in infancy or early child-
hood, and die within the first decade of life. In con-
trast, patients with SCO2 mutations present in the
neonatal period with encephalopathy and respiratory
difficulties. They experience a severe, fulminant hyper-
trophic cardiomyopathy and usually die in early in-
fancy. The cardiomyopathy distinguishes patients with
SCO2 mutations from those with SURF-I mutations.
COX deficiency in patients with SCO2 was more se-
vere in the clinically affected tissues such as muscle,
brain, and heart than that observed in patients with
SURF-1 mutations. While mutations in SURF-1 ex-
tend the genetic heterogeneity LS, mutations in SCO2
broaden the clinical spectrum of disorders associated
with COX assembly genes, since the clinical phenotype
is not that of typical LS. Future studies identifying
other mutations in COX assembly genes are required
to further classify the COX deficiency disorders.
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