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13 Abstract
14 Pentatricopeptide repeat domain proteins are a large family of RNA-binding proteins involved in mitochondrial RNA editing,
15 stability, and translation. Mitochondrial translation machinery defects are an expanding group of genetic diseases in humans. We
16 describe a patient who presented with low birth weight, mental retardation, and optic atrophy. Brain MRI showed abnormal
17 bilateral signals at the basal ganglia and brainstem, and the patient was diagnosed as Leigh syndrome. Exome sequencing
18 revealed two potentially loss-of-function variants [c.415-2A>G, and c.1747_1748insCT (p.Phe583Serfs*3)] in PTCD3 (also
19 known as MRPS39). PTCD3, a member of the pentatricopeptide repeat domain protein family, is a component of the small
20 mitoribosomal subunit. The patient had marked decreases in mitochondrial complex I and IV levels and activities, oxygen
21 consumption and ATP biosynthesis, and generalized mitochondrial translation defects in fibroblasts. Quantitative proteomic
22 analysis revealed decreased levels of the small mitoribosomal subunits. Complementation experiments rescued oxidative phos-
23 phorylation complex I and IV levels and activities, ATP biosynthesis, andMT-RNR1 rRNA transcript level, providing functional
24 validation of the pathogenicity of identified variants. This is the first report of an association of PTCD3 mutations with Leigh
25 syndrome along with combined oxidative phosphorylation deficiencies caused by defects in the mitochondrial translation
26 machinery.

27 Keywords Leigh syndrome . Oxidative phosphorylation . PTCD3 . Small mitoribosomal subunit . Mitochondrial translation
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29Introduction

30The biogenesis of the mitochondrial oxidative phosphoryla-
31tion (OXPHOS) system is complex owing to its dual control
32by the nuclear and mitochondrial genomes, and the proper
33function of mitochondria relies on the coordinated expression
34of both genomes [1]. Mitochondrial translation defects gener-
35ally result in combined deficiency of multiple OXPHOS com-
36plexes, and decreased ATP production and cellular energy
37metabolism [2]. Mitochondrial gene expression is predomi-
38nantly regulated by nuclear-encoded mitochondrial RNA-
39binding proteins (RBPs) that regulate RNA from transcription
40to degradation [3, 4].
41The pentatricopeptide repeat (PPR) domain protein family
42is a helical repeat motif family of RBPs that are required for
43the regulation of mitochondrial gene expression at the post-
44transcriptional level [5, 6]. To date, seven PPR proteins have
45been identified in mammals, all of which are localized within
46the mitochondrial matrix [7]. These PPR proteins carry out
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47 essential roles in the regulation of transcription, mitochondrial
48 RNA processing, stability, editing, protein synthesis, and cel-
49 lular respiration [3].
50 Pentatricopeptide repeat domain-containing protein-3
51 (PTCD3), also known as MRPS39, is one of the mammalian-
52 specific mitochondrial ribosomal supernumerary proteins [8].
53 The PTCD3 protein belongs to the PPR family, it has 15 PPR
54 domains with an N-terminal mitochondrial targeting sequence
55 and localizes in the mitochondria [9]. Cryo-electron microsco-
56 py studies of the bovine and human mitoribosome structures
57 confirmed that PTCD3 is the largest protein component of the
58 small mitoribosomal subunit (mt-SSU) [10–12]. PTCD3 re-
59 sides at the head of mt-SSU and is adjacent to the entrance of
60 the mRNA channel, which may enable it to guide mitochondri-
61 al mRNAs into the ribosomal mRNA channel at the entry site,
62 playing a role in regulating translation initiation [10, 11, 13]. A
63 PTCD3 knockdown study showed no effect on RNA metabo-
64 lism, but protein synthesis was severely disrupted and caused
65 an overall OXPHOS deficiency [9].
66 Leigh syndrome (OMIM 256000) is a well-recognized
67 neurodegenerative metabolic disorder that usually has an
68 infantile-onset [14]. Patients with Leigh syndrome present
69 highly variable clinical features, involving the central nervous
70 system, heart, muscle, liver, gastrointestinal, and renal tubular
71 functions [15]. This disease was shown to be caused by mu-
72 tations in genes encoding the structural components, assembly
73 and regulatory factors of OXPHOS complexes, or electron
74 carrier, protein transporters, and proteins involving cellular
75 energy metabolism [16]. To date, mutations in more than 75
76 genes have been associated with this disease [17].
77 To date, PTCD3 has not been identified as a causative gene
78 of mitochondrial disease. However, in this study, we demon-
79 strate biallelic PTCD3 mutations in a Japanese patient with
80 Leigh syndrome resulted in frameshift changes that generated
81 premature stop codons causing loss-of-function of the PTCD3
82 protein, translational defects in mitochondrial DNA-encoded
83 (mtDNA) protein, combined OXPHOS deficiency, and desta-
84 bilization of the mt-SSU. Our findings show that PTCD3 mu-
85 tations are associated with mitochondrial ribosomal protein de-
86 fects, causing neurodegenerative disease and premature death.

87 Materials and methods

88 Whole-exome sequencing and Sanger sequence
89 validation

90 Whole-exome library preparation and sequencing were per-
91 formed using methods and a bioinformatic filtering pipeline
92 ensuring the analysis of mtDNA as previously published [18].
93 Briefly, sequencing was performed using 100-bp paired-end
94 reads on a HiSeq2500 (Illumina). The NCBI human genome
95 reference (GRCh37/hg19) was used to align the sequencing

96reads. For validation of prioritized variants and haplotype
97phasing, Sanger sequencing was performed on genomic
98DNA (gDNA) prepared from the fibroblasts of patient and
99blood of family members using ABI3130XL and BigDye
100v3.1 Terminators (Applied Biosystems) system as per the
101manufacturer’s protocols. Sequencing primers are listed in
102Supplementary Table S1.

103Cell culture

104All cells were cultured at 37 °C and 5% CO2 in Dulbecco’s
105modified Eagle’s medium (DMEM; Nacalai Tesque Inc.) sup-
106plemented with 10% fetal bovine serum (Sigma-Aldrich) and
1071% penicillin-streptomycin (Nacalai Tesque Inc.). Fetal hu-
108man dermal fibroblasts (C1; Toyobo) and neonatal human
109dermal fibroblasts (C2; Toyobo) from healthy individuals
110and HEK293FT (C3; Invitrogen) were used as controls.

111RNA extraction and cDNA synthesis

112Total RNA was isolated from fibroblasts using TRIzol™ re-
113agent (Invitrogen) as per manufacturer’s instructions. DNA
114was removed from RNA samples by RNase-free DNase I
115(Thermo Fisher Scientific). cDNAwas synthesized from total
116RNA using ReverTra Ace reverse transcriptase (Toyobo).
117PCR was performed to amplify PTCD3 exons 1–10 from
118control and patient cDNA to investigate the pathogenicity of
119c.415-2A>G on mRNA splicing. Gel-purification of PCR
120products was done using Wizard SV gel and PCR clean-up
121system (Promega). The purified PCR products were se-
122quenced using ABI3130XL and BigDye v3.1 Terminators
123(Applied Biosystems) system.

124Quantitative reverse transcription PCR

125qRT-PCR was performed to quantify the levels of PTCD3,
126MT-RNR1 (12S rRNA), andMT-RNR2 (16S rRNA) transcripts
127using Power SYBR Green PCR Master Mix (Life
128Technologies) and Mx3000P (Agilent Technologies). The
129mRNA expression levels were calculated relative to the mean
130expression levels of ACTB or GAPDH. Primers for qRT-PCR
131are listed in Supplementary Table S1.

132Complementation assay

133Patient and control fibroblasts were transduced with a
134lentiviral mammalian expression vector system expressing
135mitochondria-targeted red fluorescent protein TurboRFP
136(RFP; Evrogen) or wild-type PTCD3 (PTCD3wt) cDNA
137(NM_017952.5). The lentiviral vector CS-CA-MCS and In-
138Fusion HD Cloning Kit (Clontech Laboratories) were used to
139construct plasmids with gene of interest. The constructed plas-
140mids [pCS-CA-MCS (candidate gene)-blast] contained a
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141 CAG promoter for mammalian cell expression, with or with-
142 out a C-terminal V5 tag sequence, and blasticidin resistance
143 gene as a selective marker. 2 × 106 HEK293FT cells were
144 seeded in each 6-cm plates and co-transfected with
145 ViraPower Packaging vectors (pLP1, pLP2, pLP/VSVG;
146 Invitrogen) and a pCS-CA-ORF (candidate gene)-blast vector.
147 Transfection was performed using Lipofectamine 2000
148 (Invitrogen). Primer sequences used to clone PTCD3 are listed
149 in Supplementary Table S1.

150 OXPHOS enzyme activity assays

151 Spectrophotometric enzyme activity assays using mitochon-
152 dria of fibroblasts and lentiviral-mediated transduced samples
153 were performed as previously described [19]. OXPHOS en-
154 zyme activities were measured using Cary300 (Agilent
155 Technologies) as per manufacturer’s instructions and were
156 expressed as percentages of citrate synthase activity. Protein
157 concentration was determined by the bicinchoninic acid assay
158 (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific).

159 SDS-PAGE, BN-PAGE, and immunoblotting

160 Mitochondrial extracts were prepared from fibroblasts as de-
161 scribed previously [18]. Total cell lysates (TCL) were pre-
162 pared using M-PER™ Mammalian Protein Extraction
163 Reagent (Thermo Fisher Scientific). Ten to twenty micro-
164 grams mitochondria or TCL proteins were separated by elec-
165 trophoresis on 7 or 10% SDS-PAGE gels, depending on the
166 size of the protein of interest.
167 BN-PAGEwas performed to separate individual OXPHOS
168 complexes, supercomplexes, and mitoribosomal complexes.
169 Mitochondrial fractions were solubilized in 1% Triton X-100
170 or 1% digitonin and separated on 4–16% NativePAGE Novex
171 Bis-Tris Gel System (Life Technologies). Proteins were trans-
172 ferred onto PVDF membrane (GE Healthcare) using a semi-
173 dry method. Following membrane blocking and antibody in-
174 cubations, proteins of interest were detected using ECL re-
175 agents (GE Healthcare). Details of antibodies are provided in
176 the Supplementary Methods section.

177 Microscale oxygraphy analysis

178 The oxygen consumption rates were analyzed by microscale
179 oxygraphy with the Seahorse XF96 extracellular flux analyzer
180 (Agilent technologies). Fibroblasts from patient or control
181 were seeded in a 96-well plate at 2 × 104 cells/well with
182 80 μl of growth medium containing 25 mM glucose (Glu),
183 and incubated for 24 h (37 °C, 5%CO2). After replacing the
184 medium with 160 μL of unbuffered DMEM containing 1 mM
185 sodium pyruvate, 2 mM glutamine, and 25 mM glucose or
186 10 mM galactose (Gal), the assay plates were incubated at
187 37 °C without CO2 for 1 h. Following the calibration of the

188sensor cartridge loaded with compounds including
189oligomycin (2 μM final concentration), carbonyl cyanide
190phenylhydrazone (FCCP, 0.4 μM final concentration), and
191rotenone (1 μM final concentration), experiments were
192started. The data obtainedwere normalized to the cell numbers
193determined using CyQUANT Cell Proliferation kit
194(Invitrogen).

195In vitro metabolic labeling for mitochondrial
196translation products

197Pulse labeling of mitochondrial translation products in control
198and patient fibroblasts was performed as previously described
199[20] with some modifications. When the cells were 90% con-
200fluent they were incubated in methionine-free DMEM with
201100 μg/ml emetine (Enzo life science) to inhibit cytoplasmic
202protein translation for 15 min at 37 °C. Radiolabeling was
203performed with [35S]-methionine/[35S]-cysteine (11 mCi/ml;
204EXPRE35S35S[35S]-Protein Labeling Mix; PerkinElmer) at a
205concentration of 1 μl per ml methionine-free DMEM for 1 h at
20637 °C. Then, 0.1 mM unlabeled methionine (Sigma-Aldrich)
207was added to the cells for 15 min incubation at 37 °C. Cells
208were then harvested and TCL were prepared using M-PER
209reagent. Seventy micrograms of protein was separated using
210a 12–18% polyacrylamide Tris-tricine gradient gel [20]. After
211separation, the protein-containing gel was dried using a gel
212dryer (Bio-Rad Laboratories) and exposed to a phosphor stor-
213age screen. Radiolabeled proteins were detected using a
214Typhoon Laser Scanner (GE Healthcare).

215Proteomic analysis

216Preparation of peptide samples for mass spectrometry
217analysis

218Peptide samples for mass spectrometry were prepared similar-
219ly to that described previously [21]. Cells and mitochondrial
220extracts were suspended in modified RIPA buffer and
221disrupted using sonication. Extracted proteins (50 μg) in
222100 μL of RIPA buffer were precipitated with 6 volumes of
223acetone at − 20 °C overnight. The precipitated proteins were
224pelleted by centrifugation at 17,400×g for 20 min and the
225proteins were suspended in 100 μL of 8 M urea, and 0.1 M
226NH4HCO3 buffer. Proteins were reduced with 10 mM DTT
227for 30 min at 37 °C and then alkylated with 40 mM
228iodoacetamide at 25 °C for 45 min, in the dark. Mass
229spectrometry-grade lysyl endopeptidase (Wako) was added
230at a 1:40 (w/w) enzyme/substrate concentration and the pro-
231teins were digested at 37 °C for 4 h. Subsequently, the samples
232were diluted with 0.1 M NH4HCO3 buffer to a final concen-
233tration of 1.5 M urea. Sequencing-grade trypsin (Promega)
234was added at a 1:50 (w/w) enzyme/substrate concentration
235and the samples were digested at 37 °C for 16 h. The digested
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236 protein samples were acidified to pH 2–3 with 10% (v/v)
237 trifluoroacetic acid. The samples were desalted using
238 MonoSpin C18 columns (GL Sciences) and the peptides were
239 eluted fromC18 in 0.1% (v/v) trifluoroacetic acid, and 50% (v/
240 v) acetonitrile. The peptides were dried using a Genevac
241 miVac DUO concentrator (SP Scientific). The dried peptides
242 were suspended in 50μL of 0.1% (v/v) formic acid, and 3% (v/
243 v) acetonitrile for mass spectrometry analysis.

244 Mass spectrometry acquisition and data analysis

245 Every sample was measured in both data-dependent and
246 data-independent modes performed on the Q-Exactive
247 Plus mass spectrometer (Thermo Fisher Scientific), simi-
248 larly to the approach previously described [22].
249 Alternatively, the peptides were separated by a 2-h linear
250 gradient from 2 to 34% buffer B (0.1% formic acid, 80%
251 acetonitrile) at 300 nl/min, followed by a linear increase
252 to 95% buffer B in 2 min and then maintenance at 95%
253 for 10 min. For data-dependent mass spectrometry (DDA-
254 MS), profile mode raw files from the DIA-MS were

255searched against the canonical Uniprot complete database
256for mouse using Proteome Discoverer 2.2. Cysteine car-
257bamidomethylation was set as a static modification.
258Methionine oxidation and protein N-terminal acetylation
259were set as variable modifications. A peptide spectral li-
260brary was generated using the results from DDA-MS with
261the spectral library generation function in Spectronaut,
262similar to SpectraST [23]. For data-independent mass
263spectrometry (DIA-MS), the DIA method consisted of a
264survey scan from 400 to 1200 m/z at 70,000 resolution
265(AGC target 5e6, maximum injection time 120 ms) and 32
266DIA windows at 35,000 resolution (AGC target 3e6 and
267auto for injection time). Stepped collision energy was
26827%. The DIA-MS targeted data extraction was per-
269formed using Spectronaut, which applies a target-decoy
270model to estimate the false discovery rate (FDR) using
271the mProphet algorithm [24]. Peptide features were
272retained to reach the 1% FDR threshold. Protein abun-
273dances were estimated using the transitions from the first
274to third most intensive peptides and normalized with the
275total protein abundance in each sample. The mass

Fig. 1 Brain MRI of the patient.
a, b Axial T2-weighted images of
the brainstem showing
symmetrical punctate lesions
involving the ventral side of the
medulla (arrows in a) and cerebral
peduncle (arrows in b). c, d Axial
T2-weighted images of the
basal ganglia showing
symmetrical hyperintense
lesions involving the thalamus
(arrows in c), caudate nucleus,
and putamen (arrows in d)
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276 spectrometry proteomics data have been deposited to the
277 ProteomeXchange Consortium via the PRIDE [25] partner
278 repository (https://www.ebi.ac.uk/pride/) with the dataset
279 identifier PXD010903.

280 Statistics

281 Results are presented as mean ± SEM for the number of ex-
282 periments indicated in the figure legends. Statistical analysis
283 was performed using two-tailed Student’s t test or one sample t
284 test, as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001, and
285 ****p < 0.0001 were considered statistically significant.

286Results

287Clinical course and neuroimaging features

288The patient was the second child of nonconsanguineous
289Japanese parents. Her growth retardation was identified at
29024 weeks of the intrauterine stage. She was unable to gain
291weight and was delivered by an emergency caesarian section
292at 30 weeks of the gestational period. Her weight at birth was
293632 g (− 4.26SD), height 28 cm (− 4.7SD), head circumfer-
294ence 23.2 cm (− 2.3SD), and Apgar score 5–7 (1′−5′). Soon
295after birth, she was under ventilatory support, and gradually
296developed limb rigidity, myoclonus, nystagmus, and

Fig. 2 Identification of PTCD3 variants and gene structure. a Pedigree of
the patient’s family with variants in the PTCD3 gene. b Sanger
sequencing of gDNA from the affected individual and unaffected
family members confirming the PTCD3 variants. The NCBI human
genome reference (GRCh38/hg38) was used to align the sequencing
data. c A graphical representation of the PTCD3 gene structure

illustrating the mutations in gDNA, mRNA, and PTCD3 protein (not to
scale). The illustration also shows the truncated protein (predicted using
SmartBLAST) due to the c.1747_1748insCT variant. The following
abbreviations are used: WT, wild-type; MLS, mitochondrial localization
signal; UTR, untranslated region

Neurogenetics

JrnlID 10048_ArtID 561_Proof# 1 - 12/12/2018

https://www.ebi.ac.uk/pride/


AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

297 psychomotor regression. She was hospitalized due to respira-
298 tory syncytial virus infection at 7 months of age and devel-
299 oped bronchitis at 13 months, for which she needed assisted
300 ventilation, nasogastric tube feeding, and was treated with per
301 oral clonazepam. At 14 months of age, she developed aspira-
302 tion pneumonia; at that time, her height was 58.0 cm (−
303 7.1SD) and weight 5.05 kg (− 4.4SD). Analysis of
304 OXPHOS complexes in cultured fibroblasts showed severe
305 reduction in complex I (CI) activity, and decrease in CI, com-
306 plex III (CIII), and complex IV (CIV) protein levels. Brain
307 MRI showed bilateral symmetrical punctate lesions involving
308 ventral side of the medulla, cerebral peduncle (Fig. 1a, b), and
309 symmetrical hyperintense lesions involving the thalamus, cau-
310 date nucleus, and putamen of the basal ganglia (Fig. 1c, d),
311 along with mild cerebral atrophy. The patient also developed
312 bilateral optic atrophy and severe bilateral hearing loss. She
313 had a progressive clinical course with typical brain MRI find-
314 ings that were diagnostic of Leigh syndrome; she died of
315 respiratory failure at 1 year 4 months old. No autopsy was
316 performed.

317 Identification of PTCD3 frameshift variants in Leigh
318 syndrome patient

319 Whole-exome sequencing analysis was performed using patient
320 DNA to identify the disease-causing gene. To narrow down the
321 list of candidate genes from the exome sequencing data, variant
322 filtering and prioritization were performed based on the strategy
323 published previously where variants common in public DNA
324 databases were removed and genes listed in MitoCarta2.0 were
325 prioritized [18, 26]. We identified a single candidate gene
326 PTCD3 (NM_017952.5), with heterozygous variants c.415-
327 2A>G and c.1747_1748insCT. Sanger sequencing confirmed
328 the autosomal-recessive PTCD3 variants in the patient’s parents
329 (Fig. 2a), and the wild-type alleles in two siblings (Fig. 2b).
330 The PTCD3 variant c.415-2A>G is reported in the Genome
331 Aggregation Database (gnomAD) (in 1 of 243,016 alleles ex-
332 amined) with a very low minor allele frequency (< 0.0001)
333 among the East Asian population [27]. This variant is not
334 reported in the Exome Aggregation Consortium (ExAC)
335 [27] and the Japanese population reference panel (3.5KJPN)
336 [28]. PCR and sequencing of PTCD3 cDNA from exons 1–10
337 confirmed the presence of an alternative splice variant lacking
338 exon 7 (Fig. 3a). This exon 7-skipped transcript was predicted
339 to be caused by the abolishment of the consensus 3′ acceptor
340 splice site in intron 6 and the use of acceptor site in intron 7,
341 resulting in a shorter protein (Fig. 3b). This splice variant is
342 r e p o r t e d i n t h e E n s e m b l g e n o m e b r o w s e r
343 (ENST00000409277.3, GRCh37/hg19) [29] but expression
344 level is low in all tissues analyzed in the Genotype-Tissue
345 Expression (GTEx Analysis Release V7) database [30].
346 The pa t i e n t wa s a l s o h e t e r o zygou s f o r t h e
347 c.1747_1748insCT variant in exon 21, predicted to cause a

348premature stop codon (p.Phe583Serfs*3), resulting in a
349shorter mutant protein (Fig. 2c). There are no reports of this
350variant in the ExAC, 3.5KJPN, or gnomAD databases.

351The PTCD3 variants are associated with reduced
352expression of PTCD3 protein, and PTCD3
353and MT-RNR1 transcripts

354SDS-PAGE and immunoblotting showed a reduced level of
355PTCD3 protein in patient’s fibroblasts (Fig. 3c). qRT-PCR re-
356vealed a reduced steady-state level of PTCD3mRNA (Fig. 3d).
357Reduced expression of MT-RNR1 and increased expression of
358MT-RNR2 which is a component of the large mitoribosomal
359subunit (mt-LSU) (Fig. 3e) were also observed, suggesting
360PTCD3 is necessary for MT-RNR1 transcript stability and its
361loss leads to upregulation of the MT-RNR2 transcript.

362PTCD3 is required for the normal levels of OXPHOS CI
363and CIV, and CI/CIII2/CIV supercomplexes

364We performed SDS-PAGE immunoblotting of patient’s mito-
365chondria with antibodies specific for OXPHOS subunits
366which revealed a loss of mtDNA-encoded CIV subunit
367COXII and nDNA-encoded CI subunit NDUFB8 in the pa-
368tient, while the levels of other OXPHOS complex subunits
369were comparable with those of the controls (Fig. 4a).
370We also observed a reduced abundance of fully assembled
371CI and CIV, whereas the levels of CIII and the nuclear-
372encoded complex II (CII) remain unchanged in patient (Fig.
3734b). Increased efficiency of the OXPHOS complexes is de-
374pendent on supercomplex formation [31]; therefore, we fur-
375ther analyzed the stability of OXPHOS supercomplexes using
376milder detergent digitonin in BN-PAGE. The supercomplexes

�Fig. 3 Characterization of PTCD3 variants in patient’s fibroblasts. a PCR
products from the cDNA of C1 and patient’s (Pt) fibroblasts were
generated by amplifying PTCD3 exons 1–10 to analyze splice site
(c.415-2A>G) variant. Gel electrophoresis of amplified products
showed two bands of different molecular weights in the patient. Sanger
sequencing of gel-purified PCR products showed the top band
corresponds to the amplicon observed in C1 and lower band
corresponds to a splice variant lacking exon 7. M-5 represents
molecular marker 5. b Schematic illustration showing the abnormally
spliced transcript generated from the c.415-2A>G allele. The red letter
indicates the mutated nucleotide and solid ash bars represent exons. c
SDS-PAGE immunoblot analysis of PTCD3 in TCL and mitochondrial
(MT) extracts from of C1, C2, and Pt fibroblasts showed the lower
abundance of PTCD3 protein in the patient. ACTB (β-actin) and
HSP60 antibodies were used as loading controls. d qRT-PCR revealed
lower expression of the PTCD3 transcript in the patient. ACTB was used
as an endogenous control. All values are reported as mean ± SEM (n = 3).
***p < 0.001, calculated by Student’s t test. e The expression of mature
mitochondrial rRNAs was measured by qRT-PCR and expressed
relatively to GAPDH. MT-RNR1 expression was reduced in the patient
compared with that in the controls. All values are reported as mean ±
SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 are considered as
statistically significant
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377 are formed by the association of one CI, a CIII dimer (CIII2),
378 and one to four copies of CIV (CIV1–4). This analysis revealed
379 that the stability of the CI/CIII2, and CI/CIII2/CIV1–4

380 supercomplexes was compromised in the patient (Fig. 4c).
381 However, there was an increased level of CIII2/CIV
382 supercomplex and CIII2 in the patient (Fig. 4c).
383 The enzyme activities of CI and CIV were also significantly
384 reduced in the patient’s fibroblasts (Fig. 4e), consistent with the
385 reduced levels of CI and CIV proteins relative to that in controls
386 (Fig. 4b, c). From these findings, we can conclude that OXPHOS
387 complexes were impaired in the patient due to the loss of PTCD3.

388 PTCD3 is required for mt-SSU stability
389 and mitochondrial translation

390 To evaluate whether the decreased level of PTCD3 protein
391 affects the mitoribosome, we performed BN-PAGE analysis
392 to detect mt-SSU and mt-LSU complexes in the controls’ and
393 patient’s fibroblasts. A recent study showed the apparent mo-
394 lecular masses of mt-SSU and mt-LSU are ~ 3 MDa [32]. We
395 found a decreased abundance of the mt-SSU in the patient,
396 whereas the levels of mt-LSU were unaffected (Fig. 4d). The
397 mt-SSU and mt-LSU were detected by using antibodies
398 against PTCD3, MRPS29 and MRPS23, and MRPL11 and
399 MRPL37, respectively (Fig. 4d).
400 To test whether the reduced level of mt-SSU complex im-
401 pairs de novo mitochondrial protein synthesis, we performed
402 in vitro pulse labeling of mitochondrial translation products
403 with [35S]-methionine/cysteine in the presence of emetine, an
404 inhibitor of cytosolic protein translation. We observed a gen-
405 eralized defect in the translation of mtDNA-encoded polypep-
406 tides in the patient’s fibroblasts compared to controls (Fig. 4f),
407 suggesting a vital role of PTCD3 in mitochondrial translation.
408 Overall, these results validate that loss of PTCD3 decreases
409 the level of mt-SSU, and impairs mitochondrial protein syn-
410 thesis, leading to combined OXPHOS defects.

411 The PTCD3 variants lead to reduced mitochondrial
412 respiration

413 In Gal-based medium, cells depend mostly on OXPHOS to
414 produce their ATP for survival and are more susceptible to
415 mitochondrial toxins [33, 34]. Patient-derived fibroblasts with
416 mitochondrial dysfunction cannot survive when cultured in
417 Gal medium [35]. Thus, to study mitochondrial dysfunction,
418 culturing of cells in Gal appears to be a good alternative to Glu
419 medium. A microrespirometry assay on intact cells using flux
420 analyzer was performed to evaluate the functional bioenerget-
421 ic capacity of the patient’s fibroblasts under Glu or Gal medi-
422 um, and reduced mitochondrial respiration was observed in
423 the patient fibroblasts under both conditions (Fig. 5a).
424 Oligomycin is an inhibitor of ATP synthase, and ATP-
425 linked oxygen consumption rate (OCR) can be calculated

426by OCRbasal-OCRoligomycin. The ATP-linked OCR was
427significantly reduced in the patient’s cells compared with
428that in the C1 in Glu and Gal medium (Fig. 5b), and the
429ratio of ATP-linked OCR in Gal versus Glu medium was
430also reduced significantly in patient’s cells (Fig. 5b). We
431carried out additional measurements of ATP concentration
432in patient fibroblasts cultured in Glu and Gal medium,
433using a luciferase/luminscence assay with luciferin as the
434substrate. This assay confirmed the significant reductions
435in ATP production in patient’s fibroblasts (Supplementary
436Fig. S1a).
437The addition of FCCP, an ionophore that directly transports
438protons across the inner mitochondrial membrane, enabled an
439estimation of the maximal OCR (OCRFCCP-OCRrotenone),
440which is indicative of the functional capacity of OXPHOS.
441The patient-derived cells exhibited a marked reduction in
442maximal respiration or OCR compared with that of C1 in both
443conditions (Fig. 5c).
444The extracellular acidification rate (ECAR) was mea-
445sured to determine glycolytic stress level during the con-
446version of glucose into lactic acid. The patient’s fibro-
447blasts showed a significant increase in ECAR activity
448(Fig. 5d). An increase in ECAR is indicative of increased
449glycolysis to compensate for the loss of ATP generation
450from OXPHOS. The coupling efficiency of respiration
451(percentage of ATP-linked OCR relative to basal OCR)
452was significantly reduced in the patient fibroblasts relative
453to that in C1 (Fig. 5e). This indicated an increased proton
454leakage across the mitochondrial membrane, impairing
455ATP production efficiency in patient’s fibroblasts. These
456findings strongly suggest that PTCD3 mutations interfere
457with mitochondrial metabolism.

�Fig. 4 Loss of PTCD3 impairs the abundance of OXPHOS complexes,
mt-SSU stability, and mitochondrial translation. a SDS-PAGE analysis of
the OXPHOS complex subunits in controls’ and patient’s mitochondria
showed significant loss of CIV, as well as CI subunits. A positive control
(PC) of mitochondria from an MRPS23 patient [18] was also shown. b
BN-PAGE analysis revealed reduced amounts of fully assembled CI and
IV in patient fibroblasts. Antibodies specific for mitochondrial complexes
CI, CII, CIII, and CIVwere used. CII was used as a loading control. cBN-
PAGE immunoblotting revealed the destabilization of supercomplexes
CI/CIII2/CIV1–4 and CI/CIII2, and a reduced level of CIV in
mitochondrial proteins. Antibodies were used as mentioned above (Fig.
4b). TOM40 was used as a loading control. d BN-PAGE immunoblot
analysis of mt-SSU and mt-LSU complexes showed reduced abundance
of the mt-SSU proteins, but the abundance of mt-LSU was unaffected in
the patient. Proteins were solubilized in 1% digitonin and probed by
antibodies specific for the mt-SSU (PTCD3, MRPS29, and MRPS23)
and the mt-LSU (MRPL11 and MRPL37). e Spectrophotometric
analysis of OXPHOS enzyme activities showed significantly reduced
CI and CIV activities in the patient. All values are reported as mean ±
SEM (n = 3), ***p < 0.001. f De novo synthesis of mtDNA-encoded
proteins analyzed by [35S] methionine/cysteine labeling demonstrated
significant translational inhibition of proteins in the patient compared to
the control individuals. Coomassie Brilliant Blue (CBB) staining was
used to confirm equal loading of the samples

Neurogenetics

JrnlID 10048_ArtID 561_Proof# 1 - 12/12/2018



AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

Neurogenetics

JrnlID 10048_ArtID 561_Proof# 1 - 12/12/2018



AUTHOR'S PROOF!

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

458 Proteomic analysis showed the PTCD3 variants cause
459 reduction of small mitoribosomal and OXPHOS
460 subunit proteins

461 We performed quantitative mass spectrometry proteomic anal-
462 ysis of fibroblasts to detect changes in cellular proteins due to
463 the presence of PTCD3 variants. In this analysis, 3991 pro-
464 teins were quantified; among them, 807 are mitochondrial
465 proteins within the MitoCarta2.0 database. Among those mi-
466 tochondrial proteins, 30 are from the mt-SSU and 48 are from
467 the mt-LSU. The protein-protein interaction networks were
468 generated using the STRING 10.5 database [36] for all
469 MitoCarta2.0-reported proteins with a threshold of > 2-fold
470 downregulation in the patient (Fig. 6a, Supplementary
471 Table S2a). The interaction networks contained 98 nodes in
472 clusters established according to Gene Ontology (GO) molec-
473 ular function. Proteins contributing to oxidoreductase activity
474 (GO:0016491), structural constituent of ribosome
475 (GO:0003735), RNA-binding (GO:0044822), and cofactor
476 binding (GO:0048037) pathways are highly enriched in the
477 interaction networks (Fig. 6a). The abundance of mt-SSU, CI,
478 CIII, and CIV proteins was significantly reduced in the patient
479 compared with those in C1, while the proteins from the mt-
480 LSU, CII, and CV were mostly unchanged (Fig. 6b,
481 Supplementary Table S2b). The profound decreases in the
482 mt-SSU proteins without a reduction in the mt-LSU protein
483 levels in the patient support the findings from BN-PAGE anal-
484 ysis that PTCD3 variants cause destabilization of the mt-SSU
485 complex but not mt-LSU (Fig. 4d). Heatmap clustering of
486 OXPHOS CI-V and mitoribosomal proteins highlighted that
487 most of the CI, CIV, and mt-SSU proteins were downregulat-
488 ed in the patient than in C1. Furthermore, we observed a
489 pronounced upregulation of the mt-LSU protein MRPL57 in
490 the patient (Fig. 6c, Supplementary Table S2c). Taken togeth-
491 er, the quantitative proteomic data revealed a severe and gen-
492 eralized reduction of CI, CIV, and mt-SSU proteins which was
493 caused by the loss of PTCD3 protein.

494 Lentiviral-mediated expression of wild-type PTCD3
495 rescues mitochondrial dysfunction

496 We performed a cellular complementation experiment to de-
497 termine whether PTCD3wt can rescue the mitochondrial de-
498 fects in the patient. We generated control and patient cell lines
499 stably expressing either RFP as a negative control or
500 PTCD3wt. SDS-PAGE immunoblotting confirmed that the ex-
501 pression of the PTCD3 protein, and OXPHOS complex CI
502 and CIV subunits were rescued in the patient fibroblast fol-
503 lowing PTCD3wt transduction (Fig. 7a). BN-PAGE analysis
504 revealed that levels of assembled CI and CIV were rescued in
505 patient’s fibroblasts (Fig. 7b). The levels of OXPHOS CI/
506 CIII2/CIV1–4 supercomplexes were higher in the patient’s fi-
507 broblasts complemented with PTCD3wt than in the patient’s

508RFP cells (Fig. 7c), indicating the restoration of OXPHOS
509supercomplexes by PTCD3wt. The mt-SSU was restored in
510PTCD3wt-expressing patient’s fibroblasts, whereas the mt-
511LSU was unaltered (Fig. 7d). qRT-PCR revealed complete
512restoration of MT-RNR1 transcript level, while PTCD3 ex-
513pression had no effect in the MT-RNR1 transcript level in the
514controls (Fig. 7e).
515OXPHOS enzymatic activities revealed that PTCD3 ex-
516pression significantly increased the CI and CIV activities in
517the patient (Fig. 7f). The decreased ATP-linked OCR and ATP
518production level in patient were also significantly improved in
519both Glu and Gal by expression of PTCD3wt (Fig. 7g,
520Supplementary Fig. S1b). Maximal respiration in Glu was
521partially restored in PTCD3wt-transfected patient’s cells (Fig.
5227h), however, the production of lactic acid was significantly
523reduced (Fig. 7h). These data suggested that the overall cellu-
524lar respiration in patient’s fibroblasts was restored by expres-
525sion of PTCD3wt. Therefore, the complementation assay data
526confirmed the pathogenicity of PTCD3 variants in the patient.

527Discussion

528PTCD3 is an RBP of the PPR protein family, plays an impor-
529tant role in mitochondrial protein translation, whereas other
530PPR proteins such as POLRMT, LRPPRC, MRPP3, PTCD1,
531and PTCD2 play roles in mitochondrial RNA metabolism [3,
5329, 37, 38]. In this study, we identified a Japanese family with
533autosomal-recessive PTCD3 mutations and investigated the
534importance of PTCD3 for mitochondrial translation, mt-SSU
535stability, and OXPHOS functions.
536We showed that PTCD3 mutations cause impaired transla-
537tion of mtDNA-encoded proteins, and resulting in combined
538deficiency of OXPHOS CI, and CIV, as well as reduced ATP
539production and cellular respiration in the patient. Marked

�Fig. 5 PTCD3 variants cause dysfunctional mitochondrial respiration
and ATP production in patient’s fibroblasts. a Microscale oxygraphy
analysis of fibroblasts cultured in Glu and Gal medium was performed
with sequential injections of oligomycin, FCCP, and rotenone;
measurement was performed for ≥ 14 technical replicates in each
conditions. b Mitochondrial ATP-linked OCR in control and patient
fibroblasts is expressed as per 2 × 104 cells. Data are presented as mean
± SEM; **p < 0.01, ***p < 0.001, compared with C1, calculated by two-
tailed Student’s t test. Galactose/glucose ratio represents the ratio of ATP-
linked OCR in Gal and Glu medium. c Maximal respiration was
significantly reduced (p < 0.001) in the patient’s fibroblasts in both Glu
and Gal culture conditions. Data are presented as mean ± SEM;
***p < 0.001, compared with C1, calculated by two-tailed Student’s t
test. d ECAR in fibroblasts from the patient was significantly increased
compared with that in the controls. ***p < 0.001 compared with C1,
calculated by Student’s t test. e The coupling efficiency of respiration
was considerably reduced in patient’s fibroblasts compared to controls.
***p < 0.001, compared with C1, calculation was done by two-tailed
Student’s t test
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540 reduction in PTCD3 mRNA and protein levels in the patient
541 highlighted the deleterious effect of those mutations.

542Moreover, the complementation assay restored OXPHOS CI
543and CIV assembly, and enzymatic activity, MT-RNR1

Fig. 6 Proteomic analysis and physical interaction of proteins in patient’s
fibroblasts. a Protein association networks for the proteins quantified by
mass spectrometry were analyzed using the STRING10.5 platformwith a
confidence level of 0.4. Individual nodes represent individual proteins.
Colored lines connecting the nodes indicate different evidence types for
protein interaction. Red nodes indicate oxidoreductase proteins, blue
nodes are proteins involved in the formation of ribosomal structures,
green nodes represent RNA-binding proteins, while white nodes
indicate proteins involved in other pathways. b Boxplots of the log2
fold change of the OXPHOS and mitoribosomal proteins in the Pt
represented as the expression ratio relative to that of C1. One sample t-

test was performed to determine the level of significance, ***p < 0.001,
and ****p < 0.0001. The thick middle lines represent the median values,
while the lower and upper limits of the boxes represent the 25th and the
75th percentiles of relative expression values. Each dot represents a single
protein. c Heatmap and hierarchical clustering of quantified proteins in
the Pt compared to C1 (> 2-fold change) identified from the proteomic
analysis. Data analysis was based on spectral count data after exporting
them into R computing environment. Data were converted to log2 scale.
Columns represent samples; rows represent proteins. Blue represents
downregulation and red represents upregulation
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544 transcript level, as well as ATP production in the patient cells,
545 establishing PTCD3 as a novel causative gene of OXPHOS
546 disease and Leigh syndrome.
547 The transcription of human mitochondrial RNAs is driven
548 by promoters in the mtDNA noncoding region to form poly-
549 cistronic transcription units [1]. The subsequent RNAs are
550 translated by the mitoribosome through several steps, such
551 as initiation, elongation, termination, and recycling [39, 40].
552 Mitochondrial translation is initiated by the recruitment of the
553 mitochondrial mRNA to the mt-SSU. The recruitment is aided
554 by PTCD3, which is located in proximity of the entrance of
555 mRNA channel [10, 12, 13]. Therefore, translation of mito-
556 chondrial mRNA is affected by the loss of PTCD3 protein
557 (Fig. 4f). BN-PAGE data showed the level of assembled mt-
558 SSU complex was decreased in the patient. The proteomic
559 data showed the significantly decreased steady-state levels
560 of most protein components of mt-SSU in the patient.
561 Together with qRT-PCR data where the level of MT-RNR1,
562 the RNA component of mt-SSU was significantly depleted in
563 the patient, demonstrated a crucial role of PTCD3 in the as-
564 sembly and stability of mt-SSU. Proteomic analysis demon-
565 strated the importance of proteomic analysis for obtaining a
566 more comprehensive understanding of the molecular mecha-
567 nisms involved in human diseases. Nevertheless, PTCD3
568 knockdown in 143 osteosarcoma cells showed reduced
569 PTCD3 did not destabilize the mt-SSU [9]. Previous studies
570 showedmutations in the mt-SSU proteinsMRPS16,MRPS22
571 [41] and MRPS34 [42] did not affect mt-LSU; however, in
572 Tfb1m knockout mice, the loss of TFB1Mwhich is associated
573 with mt-SSU resulted in an increase of mt-LSU [43].
574 Furthermore, the loss of mt-LSU in the Ptcd1 knockout mice
575 resulted in an accumulation of mt-SSU [7]. Mt-LSUwas pres-
576 ent at normal levels in the PTCD3 patient, indicating that mt-
577 LSU was still fully assembled despite the significant loss of
578 the mt-SSU. TheMT-RNR2 level was increased in the patient
579 fibroblasts, suggesting a compensatory mechanism for the im-
580 paired coordination of mitoribosomal assembly due to the
581 compromised mt-SSU level.
582 Proteins localized in the same organelle or function in com-
583 mon biological processes tend to be coregulated [44].
584 Furthermore, it is crucial to know about the specific interac-
585 tion partners of a protein to understand its function, and
586 protein-protein interaction networks from coexpression data
587 is a powerful approach to achieve this. The protein networks
588 revealed that the severely downregulated proteins were mostly
589 associated with OXPHOS, ribosomal structural integrity, and
590 RNA-binding pathway. Downregulation of several mitochon-
591 drial ribosomal structural proteins (MRPS5, MRPS11,
592 MRPS14, MRPS23, MRPS24, MRPS31, MRPS33,
593 MRPS35 and NDUFA7) indicates that the structural integrity
594 of mt-SSU was disrupted owing to the PTCD3 variants. Since
595 PTCD3 is an RBP, downregulation of other RBPs (CHCHD1,
596 MRPS29, LRPPRC, ACO1, FDPS, PTRH1, and MRPS28)

597suggests functionally related proteins are coregulated at the
598protein level. Mitochondria are a major source of reactive
599oxygen species (ROS) and generate free radicals as a
600byproduct of metabolism. An imbalance between the genera-
601tion of ROS and free radical scavenger systems results in
602oxidative damage to cells, and are associated with neurode-
603generation [45]. Mutations in mitochondrial OXPHOS CI-
604CIV induce ROS production and neuronal cell damage [46].
605Within the protein networks, downregulated proteins with ox-
606idoreductases activity are mostly mitochondrial CI and CIV
607subunits (Supplementary Table S2a), which can contribute to
608an increased generation of free radicals. In mammalian mito-
609chondria, there is a multi-leveled ROS defense network of
610antioxidants such as glutathione peroxidase, glutathione re-
611ductase, superoxide dismutase, Cytochrome c, and catalases
612[45]. Oxidoreductases such as SOD2, and GSTZ1were down-
613regulated in the patient and they are antioxidants that scavenge
614ROS from mitochondria. Mutations of oxidoreductases
615MAOA, ALDH3A2, and GLDC are associated with mental
616retardation and severe neurological symptoms [47–49]. In the
617patient, downregulation of proteins involving multiple biolog-
618ical processes such as cellular respiration, mitochondrial ATP
619synthesis and translation, OXPHOS complex and mitochon-
620drial metabolism shows the extensive impact and severity of
621the disease caused by PTCD3 mutations.
622OXPHOS CI, CIII, CIV, and CV contain mtDNA-encoded
623subunits, and CII only contains nDNA-encoded subunits. A
624disrupted mitochondrial protein translation is likely to impact
625on all OXPHOS complexes that contain mtDNA-encoded sub-
626units. BN-PAGE showed protein levels of CI and CIV, and CI/
627III2/IV supercomplexes had significant reductions in the patient
628as a consequence of PTCD3 mutations; however, there was no
629significant decrease in CIII level but an increased CIII2 dimer.
630Furthermore, we found no deficiency in CIII activity in the
631patient’s fibroblasts. Proteomic data showed CI, CIII and CIV
632proteins were decreased in the patient. This small but statisti-
633cally significant decrease in CIII level in the patient was not
634detectable by immunoblotting. The relatively stable CIII2 dimer
635contributed to the normal CIII activity. A similar increase in
636CIII2 dimer with decreased CI/III/IV supercomplexes was de-
637scribed in human 143B cells with no ND1 protein [50].
638Proteomic analysis could not identify any changes in CV pro-
639tein levels suggesting that this complex is relatively stable. A
640similar finding of no significant changes in CV proteins was
641observed in the patient with MRPS34 mutations [42].
642Mutations in the mitochondrial translation machinery are
643associated with diverse range of clinical presentations and
644prognoses. The current patient presented with limb rigidity
645and myoclonus, nystagmus, psychomotor regression, optic
646atrophy, hearing loss, and combined OXPHOS complex defi-
647ciency. The most characteristic neuroradiological findings in
648Leigh syndrome are b i la te ra l , symmet r ic foca l
649hyperintensities in the basal ganglia, thalamus, substantia
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650 nigra, and brainstem nuclei [51]. The involvement of the
651 brainstem and cerebral white matter is an indication of disease
652 progression and involvement of lower brainstem causes respi-
653 ratory failure and sudden death [52, 53]. Therefore, the
654 brainstem lesions and early death of the PTCD3 patient are
655 correlated with the progressive nature of Leigh syndrome.
656 To our best knowledge, this is the first report of PTCD3
657 variants as a novel cause of mitochondrial disease. Our find-
658 ings emphasize that mutations in genes encoding members of
659 the PPR protein family contribute to defects in mitochondrial
660 translation associated with Leigh syndrome. These findings
661 may enable carrier testing and provide improved options for
662 prenatal diagnosis, thereby reducing the disease-related bur-
663 den on society.
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