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ABSTRACT

We report a novel pathogenic variant (c.223G > C; p.Gly75Arg) in the gene encoding the small mitoribosomal subunit protein mS34 in a long-surviving patient with

Leigh Syndrome who was genetically diagnosed at age 34 years.

The patient presented with delayed motor milestones and a stepwise motor deterioration during life, along with brain MRI alterations involving the subcortical
white matter, deep grey nuclei and in particular the internal globi pallidi, that appeared calcified on CT scan. The novel variant is associated with a reduction of mS34
protein levels and of the OXPHOS complex I and IV subunits in peripheral blood mononuclear cells of the case.

This study expands the number of variants that, by affecting the stability of the mitoribosome, may cause an OXPHOS deficiency in Leigh Syndrome and reports,
for the first time, an unusual long survival in a patient with a homozygous MRPS34 pathogenic variant.

1. Introduction

Leigh syndrome (LS) is a life-threatening neurodegenerative disease
characterized by a heterogeneous neurological presentation, ranging
from mild to severe neurological deficits and characteristic bilateral
brain lesions involving the basal ganglia, thalami, and brainstem.

The syndrome is caused by mutations of more than 75 proteins
encoded by either nuclear or mitochondrial genes resulting in mito-
chondrial dysfunction that, most often, is due to impaired assembly or
function of one or more component of the oxidative phosphorylation
(OXPHOS) proteins [1-3].

Mitochondria contain their own protein synthesis machinery that
includes mitochondria-specific ribosomes (mitoribosome) required for
the translation of mitochondrial genes. The mammalian mitoribosome
(55S) contains a small subunit (28S) that decodes mRNA and mediates
tRNA delivery of amino acids and a large (39S) subunit that catalyzes the
formation of peptide bonds between the amino acids. Mitoribosomal
components are encoded by four mitochondrial genes and 80 nuclear
genes. In humans, 12S rRNA assembles with 30 mitochondrial ribosomal
small subunit proteins (MRPSs) to form the small 28S subunit, while the
16S rRNA forgathers with 50 mitochondrial ribosomal large subunit
proteins (MRPLs) to make the large 39S subunit.

Defects in the stability or assembly of mitoribosome impair mito-
chondrial protein translation, causing combined OXPHOS enzyme
deficiency [4]. As the OXPHOS system generates the majority of cellular
energy required by the body, disorders caused by mutations in mitor-
ibosomal proteins are usually heterogeneous and multi-systemic, often
leading to death before adulthood.

We here report on a long-surviving patient affected by LS caused by a
novel biallelic mutation in the MRPS34 gene associated with combined
OXPHOS deficiency.

2. Methods
2.1. Patient description

The patient, a 34-year-old Caucasian man, was born full term after an
uncomplicated pregnancy from healthy unrelated parents. He showed
generalized hypotonia, poor sucking and failure to thrive soon after
birth, requiring parenteral feeding via nasogastric tube. Early psycho-
motor delay was evident during the first year of life, including delayed
motor milestones and language. Blood tests during infancy demon-
strated metabolic acidosis with increased serum lactate (3.4 mmol/L;
normal range: 0.1-2.2 mmol/L) and normal CPK plasma levels. During
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Fig. 1. Patient's brain imaging at age 33 years. A-B: coronal and axial CT scan showing bilateral internal pallidal calcification and extensive subcortical white matter
hypodensity; C-F: brain MRI (T2-weighted sequences). C: abnormally dilated fourth ventricle with hyperintense dorsal brainstem nuclei; D: extensive bilateral
alteration of the subcortical white matter; E: basal ganglia and thalamic nuclei signal alteration; F: coronal cut showing subcortical bilateral white matter hyper-
intensity and basal ganglia lesions (note the hyperintense internal pallidal signal that corresponds to calcification on CT scan).

childhood and adolescence, he underwent brain MRI showing abnor-
mally dilated fourth ventricle, extensive subcortical white matter al-
terations and a bilateral, non-enhancing hyperintense signal in globi
pallidi. Mild cortical atrophy was also evident. A diagnosis of LS was
made at age 10 on clinical and radiological grounds. Muscular biopsy
performed at age 4 showed no ragged-red fibers; combined COX/NADH-
TR staining and COX/SDH staining were normal;, Muscular fibers
diameter varied in size between 8 and 40 pm, with rare central nuclei.
No increase in endomysial or perimysial connective tissue was observed
with trichromic staining, and cytoplasmatic inclusions were not detec-
ted. With basic and acid ATPase staining no tyle grouping was observed,
but only mild hypotrophy of type 2 fibers. PAS (Periodic Acid Schiff),
ORO (0Oil Red O) and AP (Acid Phosphatase) colorations were normal.
Biochemical analysis was not performed. These features suggested a
hypotonia of central, rather than peripheral origin.

The patient was able to walk with support by late childhood and
showed a step wise progression of neurological conditions, with major
episodes of deterioration at age 5, 16 and 32 years, triggered in the last
occasion by a urinary tract infection that evolved to sepsis. He was
partially fed by gastrostomy by age 5 years due to severe dysphagia.
When he came to our attention at age 32, the patient could take some
steps with support; neurological examination showed marked spasticity
in the lower limbs with spontaneous ankle clonus, inability to commu-
nicate verbally and to perform fine purposeful movements with the
upper limbs. Brain MRI showed cerebral and cerebellar atrophy and an
extensive signal alteration (DWI hyperintensity and T1 hypointensity)
involving the subcortical white matter, globi pallidi, lateral portion of

the thalami, subthalamic nuclei, midbrain and the middle cerebellar
peduncles (Fig. 1). CT scan disclosed calcification involving only the GPi
bilaterally, with sparing of other basal ganglia, thalami, cerebellar
dentate nuclei and subcortical white matter. Despite not being specific,
this radiological feature suggested a possible underlying mitochondrial
disorder rather than other neurological diseases such as Primary Fa-
milial Brain Calcification (formerly known as Fahr disease).

2.2. Genetic analysis

At age 32, the patient's DNA extracted from peripheral blood
mononuclear cells (PBMCs) by standard procedures (QIAquick DNA
purification kit; Qiagen, Milan, Italy) was analyzed after a dedicated
informed consent for genetic analyses was signed.

NGS analysis was performed through a custom-made targeted
mitochondrial panel of 299 genes (Supplementary Table 1), using 50 ng
of DNA as template for the construction of a paired-end library, ac-
cording to the SureSelect®®” Target Enrichment preparation guide
(Agilent). Libraries were than sequenced on the I[llumina MiSeq plat-
form, reads produced were aligned to the NCBI human reference
genome (GRCh37/hgl9) using the Burrows-Wheeler Aligner (BWA)
[5]. Single nucleotidevariants (SNVs) and small insertions/deletions
(INDELs) calling were performed using GATK4 [6], Variant Studio
software (Illumina) was used for variants annotation and filtering,
focusing on rare predicted missense, frame-shift, stop-gain or stop-loss,
and splicesite variants, as described in Legati A. et al. 2016 [7]. Vali-
dation of the identified candidate variant and segregation analysis in the



L. Lengzini et al.

A

73 74 75 76 77
Leu Phe Gly/Arg Leu Gly
CTCTTCGCGCT CTGG GG C

Molecular Genetics and Metabolism Reports 30 (2022) 100830

73 74 75 76 7
Leu Phe Gly/Arg Leu Gly
C TCTTT CGCGT CTCTG GG GGTC

A{/\Nﬁvﬂ\ /\/\ /\/\ /\f/\[i /\/\

\
‘a\ r»-'\/\,f\/\A M

|
|
|
i

73 74
Leu Phe

—~

N
|

cC TCTTT CC CGT CCTG GGG GTC

\ /\f‘/\/ \\\ A/\ /\/\ /\/"(\“N\

76 7
Leu Gly

W

75
H. sapiens (NP_076425.1) 50 LPVRAWADVRRESRLLQLLGRLPLFGLGRLVTRKSWLWQHDEPCYWRLTRV 100
P. troglodytes (XP_001160122.1) 50 LPVRAWADVRRESRLLQLLGRLPLFGLGRLVTRKSWLWQHDEPCYWRLTRV 100
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Fig. 2. A): Pedigree of the patient's family: close to each subject is reported the own Sanger sequencing of MRPS34 exon 1 containing the ¢.223G > C variant, in a
heterozygous state in the parents and in a homozygous state in the proband. Both nucleic and aminoacidic changes are indicated in bold. B): alignment of portion of
human mS34 protein sequence with its homologs in nine other vertebrate species showing the high conservation of the p.Gly75 residue.

proband's parents were performed by Sanger sequencing.

2.3. Preparation of the lymphomonocyte fraction

PBMCs were isolated from whole blood by a density gradient me-
dium using a solution of Histopaque 1077 (Sigma-Aldrich Co. Ltd.,
Irvine, UK). Total proteins were extracted from PBMCs and resuspended
in RIPA buffer with 10% protease inhibitor cocktail (Sigma Life Science,
MI, Italy). The protein content was determined using Lowry's method.

2.4. Assessment of MRPS34 and OXPHOS expression by Western blot
analysis

Proteins were separated by polyacrylamide gel electrophoresis
(12%) under denaturing conditions (SDS-PAGE). Predetermined
amounts of each lysate (40 pg of protein) were diluted in a loading buffer
(20 mM Tris-HCl pH 6.8, glycerol 10% vol/vol, -mercaptoethanol 1%
vol/vol, SDS 1% w/vol, 0.2% bromophenol blue, deionized H30).
Samples were loaded into gel dipped in running buffer (glycine 18.8 g/L,
Tris 3 g/L, SDS 1 g/L, and deionized Hy0, pH 8.3), using the Hoefer
MiniVE electrophoretic unit (Amersham Pharmacia Biotech, CA, USA)
and then electro-blotted onto nitrocellulose membrane (Hybond,
Amersham Pharmacia Biotech) overnight at 4 °C.

The membrane was incubated with the primary antibodies: an anti-
OXPHOS cocktail which includes I-'NDUFB8-18 kDa; II-SDHB-29 kDa;

[II-UQCRC2-48 kDa; IV-COXII-22 kDa; V-ATP5A-54 kDa (mouse, 1:500,
ab110411 Abcam-Prodotti Gianni, MI, Italy), anti-mS34 (rabbit 1:500 #
GTX87642 Genetex, Prodotti Gianni, MI, Italy) and anti-GAPDH (rabbit,
1: 5000, # 5174 Cell Signaling) overnight at 4 °C. The detection of
protein expression was carried out by chemiluminescence reaction
(Trident pico Western HPR substrate # GTX17435, Gene Tex, Prodotti
Gianni) and the optical intensity of the protein bands was determined
using an acquisition system chemiluminescence images (Alliance Q9
ATOM, Uvitec Cambridge). Densitometric analysis of the GAPDH
expression was used as normalizer and the results were expressed as the
change from the control, which was set as equal to 1.

2.5. Statistical analysis
The values obtained are reported as the mean + SD of at least 3
technical replicates. Statistical differences of protein levels (mS34 and

OXPHOS) between the case and the controls were tested by the pairwise
comparison t-test.

3. Results
3.1. Identification of a novel mutation in MRPS34 gene

Targeted NGS analysis (mean coverage >20x in 99.6% of genes)
revealed a homozygous missense variant in MRPS34 gene: ¢.223G > C
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Fig. 3. Levels of mS34 and OXPHOS in the patient (P) and controls (C). A) SDS-PAGE Western blot analysis of mS34 and GAPDH protein expressions in PBMCs from
two healthy subjects (C1 and C2) and in the patient (P); GAPDH protein expression is used as an internal control. B) mS34/GAPDH densitometric evaluation of blots
given as mean =+ SD of three different experiments. Data are expressed as fold change versus controls (set at 1). C: SDS-PAGE Western blot analysis of five subunits of
mitochondrial OXPHOS complexes (I-NDUFBS, II-SDHB, III-UQCRC2, IV-COXII, V-ATP5A) and GAPDH protein expressions in PBMCs from two healthy subjects (C1
and C2) and the patient (P). GAPDH protein expression is used as a loading control. D) OXPHOS/GAPDH densitometric evaluation of blots given as mean + SD of at
least three different immunoblots. Data are expressed as fold change versus controls (set at 1).

on exon 1 (NM_001300900.2) causing the aminoacid change p.
Gly75Arg in the protein. The Gly75Arg variant was never reported in
public databases (GnomAD, ExAC, EVS, dbSNP) and classified as a
variant of uncertain significance in accordance with the 2015 ACMG
guidelines [8]. In addition, bioinformatics tools available online (SIFT,
Polyphen2, MutationTaster, PROVEAN, VEST3, MutPred, Muta-
tionAssessor) [9-15] predicted a deleterious or probably deleterious
effect on the functionality of the protein for this amino acid substitution.

Segregation analysis showed that the ¢.223G > C variant was present
in a heterozygous state in both parents (Fig. 2, panel A), confirming an
autosomal recessive mode of inheritance.

The alignment of human mS34 protein with its homologs in seven
other vertebrate species indicated that the mutated amino acid (Gly75)
is highly conserved among species (Fig. 2, B).

3.2. Reduction of mS34 protein levels

To investigate the effect of the p.Gly75Arg variant on mS34 protein
levels, immunoblotting was performed on available cells from the sub-
ject and two healthy, age- and sex- matched individuals. Western blot
analysis of PBMCs proteins showed the decrease of mS34 in the patient
as compared to the controls (0.29 + 0.07, p = 0.0012; Fig. 3, A-B).

3.3. The p.Gly75Arg MRPS34 mutation is associated with a reduction of
complexes I and IV protein levels

As mS34 is a component of the mitoribosome, we sought to deter-
mine whether its low level in the affected subject is associated with a
reduced expression of components of OXPHOS complex that may be due
to an impairment of translation of the encoding mitochondrial DNA as
already demonstrated by Lake N et al. [16]. Inmunoblotting of PBMCs
lysates from the case and two control individuals revealed decreased
protein levels of complex I (0.65 + 0.08, p < 0.0001) and IV (0.75 +
0.18, p = 0.012) as shown in Fig. 3, panels C and D.

4. Discussion

We here report an adult patient who received a diagnosis of LS in
childhood based on clinical and radiological features.

Genetic investigations performed during infancy assessed only the
few genes known at the time causing LS, with negative results. By means
of NGS techniques, we were able to identify a novel homozygous variant
of the MRPS34 gene (c.223G > C; p.Gly75Arg) during adulthood.

This nuclear gene codes for the component mS34 of the small subunit
28S of the mitoribosome and is required for the physiological functions
of mitochondria [17,18]. Four pathogenic recessive mutations have
been previously identified in MRPS34 in six individuals with combined
OXPHOS defects and LS or Leigh-like disease [16]. In these subjects, a
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destabilization of the small mitoribosomal subunit was demonstrated
along with decreased mitochondrial protein translation and OXPHOS
deficiency.

Our data expands the number of variants in mitoribosomal subunits
associated with LS. Moreover, this is the first patient carrying MRPS34
mutations reported so far who reached adulthood [19-22]. In fact,
among patients reported by Lake et al. [16], only one survived into late
adolescence, the disorder being fatal before one year of age in two
subjects; three other subjects were reported as still alive but younger.
Clinical picture of our adult patient was dominated by generalized hy-
potonia and delayed psychomotor development during infancy and
childhood and evolved to spastic quadriparesis in adulthood with a step-
wise deterioration over disease course. Unlike other patients previously
reported, hyperkinetic movement disorders were never observed in this
subject, whereas some of his brain MRI features were strikingly similar
to previously reported ones. In particular, hyperintensity of the dorsal
brainstem nuclei and periaqueductal grey matter were observed at age
34 years. The bilateral and symmetric alterations of the subcortical
white matter and (of) the deep grey nuclei, including the internal pal-
lidus that showed calcification on CT scan were consistent with a
mitochondrial disorder.

As the mutated Glycine in position 75 appears to be conserved in
different species (Fig. 2, B) and the expression of mS34 protein is very
low in patient's PBMCs (Fig. 3, A-B), we hypothesize that this variant
may affect the mS34 protein structure and/or activity, but, unfortu-
nately, due to the lack of functional experiments we were not able to
demonstrate it by this study.

The hypothesis that the p.Gly75Arg variant, by destabilizing the
mitoribosome assembly, could affect the mitochondrial protein synthe-
sis was suggested by the decreased levels of subunits belonging to
complex I and IV detected in patient vs controls which is concordant
with what already showed for other MRPS34 mutations [16]. Moreover,
examples of how mutations in its protein component destabilize the
mitoribosome assembly were already reported not only for the mS34
[16], but also for the mS28 subunit [23]. However, by this study, we
cannot exclude that the observed decrease of complex I and IV levels
could be due to other causes inhibiting mitochondrial translation, such
as impaired transcription, mitochondrial RNA maturation or mitor-
ibosomal function.

The partial reduction that we observed on OXPHOS complexes may
be justified by the residual level of mS34 subunit. In fact, the ¢.223G > C
variant could act as hypomorphic mutation allowing the partial
expression of mS34 subunit that we detected in the PBMCs and, by
consequence, a residual synthesis of mitochondrial proteins. Unfortu-
nately, due to lack of additional biological samples, we could not
determine the protein levels in other tissues, e.g. muscle or fibroblasts
and, for the same reason, we could not directly compare them to the
mS34 levels reported in the cases carrying other MRPS34 mutations
already described; PBMCs were the only available cells from the patient
as he refused to undergo muscle and/or skin biopsies.

Finally, we demonstrated that the sufficient expression of both mS34
and OXPHOS proteins in PBMCs of healthy controls further supports the
use of these cells as a possible model to test the involvement of mS34 in
the mitoribosome activity when the skin biopsy is not available.

However, this study has the major limitation that lacks functional
data linking the observed decrease in the two OXPHOS proteins to the
specific defect in MRPS34. In fact, the availability only of PBMCs as cell
model limits the types of functional experiments that can be performed
with these cells.

In conclusion, we report a novel MPRS34 missense mutation causing
LS, expanding the current knowledge on the natural disease history of
patients with MPRS34 mutations to include possible long-term survival
and a step wise deterioration as frequently observed in mitochondrial
diseases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgmr.2021.100830.
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