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Abstract 

Mitochondria contain their own protein synthesis machinery that is responsible for translating the 11 

mitochondrial messenger RNAs into the 13 polypeptides of the oxidative phosphorylation system. 

This system generates the majority of energy required to sustain life and relies on the coordinated 

expression of the mitochondrial genome to control its capacity. Many processes, which are poorly 

understood, such as RNA maturation and stability, ribosome biogenesis, and coordination of 

translation are essential in regulating mitochondrial gene expression. Mouse models provide valuable 

tools to elucidate the molecular mechanisms of the essential proteins involved mitochondrial protein 

synthesis and how genetic defects and environmental stressors lead to abnormalities in mitochondrial 

translation to cause multi-systemic mitochondrial disorders with tissue-specific pathologies.  

 

PTCD1 has previously been identified as an essential RNA-binding protein that regulates the 

expression of the mitochondrial genome. In this study heterozygous Ptcd1 mice lacking one of the 

allele of this gene, was used to investigate its role in mammals. PTCD1 is shown to be implicated in 

mitochondrial translation as heterozygous knockout mice present with a defect in protein synthesis 

that leads to mitochondrial dysfunction resulting in an aged-onset multi-systemic disease. In a second 

study a conditional knockout of Ptcd1 was used to unravel the molecular mechanisms of the protein 

synthesis defect. PTCD1 acts to stabilise and modify the 16S rRNA which is required for the 

biogenesis of the large ribosome subunit and mitochondrial translation. Heart-specific loss of PTCD1 

results in severe molecular defects and mitochondrial dysfunction leading to cardiomyopathy and 

premature death. In these studies, PTCD1 is identified as an essential protein involved in RNA 

stability and maturation, and ribosomal biogenesis where reduction or loss of this protein causes 

tissue-specific molecular defects and pathologies. 

 

MRPS12 is a mitoribosomal protein of the small subunit and its bacterial homologue has been found 

to be important for translational fidelity. This study aimed to understand the effects of altered fidelity 



xv 

 

on mitochondrial translation in mammals by creating an error-prone and hyper-accurate model of 

protein synthesis in mice. Error-prone translation causes a severe reduction in the synthesis and 

stability of mitochondrial-encoded proteins at an early age. With age a mitochondrial stress response 

triggers transcriptional activation to stimulate the recovery of the synthesis and stability of 

mitochondrial-encoded proteins. In comparison hyper-accurate translation results in reduced 

synthesis and stability of specific mitochondrial-encoded proteins with age. This leads to 

mitochondrial dysfunction causing a mild cardiomyopathy. Overall these mouse models establish 

MRPS12 as being essential in regulating the fidelity of mammalian mitochondrial translation and 

alterations in its function result in tissue-specific molecular defects and pathologies.  

 

TACO1 is the only mammalian translational activator known to date and mutations in this gene have 

been identified as the genetic cause of a late onset Leigh syndrome in patients with a cytochrome c 

oxidase deficiency. A mouse model with a mutation in Taco1 has recently been created and mimics 

the molecular defects and symptoms observed in patients. This model of human mitochondrial disease 

was used to determine if disease can be triggered by a common viral infection. It was shown that 

infection with murine cytomegalovirus in a model of cytochrome c oxidase deficiency exacerbates 

the cytochrome c oxidase deficiency, severely affecting the heart. This provides evidence that a 

moderate environmental insult can modify the tissue-specific molecular defects of a genetic mutation 

and may provide avenues for treatment and management of mitochondrial disease. 
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1. Introduction 

1.1. General function and structure of mitochondria 

Mitochondria are ubiquitous, semi-autonomous double membrane-bound organelles that exist as 

dynamic tubular networks within eukaryotic cells. Each mitochondrion is composed of multiple 

compartments, the outer mitochondrial membrane that separates the mitochondrion from the 

cytoplasm and surrounds the inner mitochondrial membrane. This membrane is porous and is freely 

transversed by ions and can transport small molecules through pore-forming membrane proteins such 

as porin and large molecules through multimeric translocases such as translocase of the outer 

mitochondria membrane (TOM) [1, 2]. The second compartment is the intermembrane space that is 

important in the generation of the proton gradient during the production of energy. This is also the 

site for the mitochondrial import and assembly (MIA) machinery which facilitates the import and 

oxidative folding of intermembrane proteins [1].  The third compartment is the inner mitochondrial 

membrane which forms invaginations called cristae that contain the electron transport chain (ETC) 

and the ATP synthase which is the main site of cellular energy production. It further contains 

membrane attached mitochondrial ribosomes, the multimeric translocase of the inner mitochondrial 

membrane (TIM), and a large number of metabolite carrier proteins. The mitochondria contact site 

and cristae organizing system (MICOS) interacts with the mitochondrial intermembrane space 

bridging (MIB) complex which spans through the outer and inner membrane to maintain cristae 

structure and the biogenesis of the respiratory chain complexes [1, 2].  Lastly, the mitochondrial 

matrix contains the mitochondrial DNA (mtDNA) which is found packaged as nucleoids in copies of 

a hundred to a thousand per cell. Here, the process of transcription, RNA processing, RNA maturation 

and degradation, ribosome assembly, and translation are coupled in distinct foci within the 

mitochondrial matrix known as mitochondrial RNA granules (MRG) [3, 4]. The mitochondrial matrix 

is also the site for biosynthesis reactions such as the tricarboxylic acid (TCA) cycle [5, 6]. In addition 

to energy production, mitochondria play essential roles in β-oxidation of fatty acids, signal 
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transduction, production of reactive oxygen species, phospholipid biosynthesis, metabolite 

exchange/buffering, iron-sulfur cluster biogenesis, pyrimidine biosynthesis, autophagy, and apoptosis 

[7]. 

Mitochondria have a fundamental role in the production of adenosine triphosphate (ATP), where they 

produce more that 95% of the required cellular energy via oxidative phosphorylation (OXPHOS) [8]. 

The OXPHOS system is composed of the ETC that consists of five multiprotein complexes (I-V) 

embedded in the lipid bilayer of the mitochondrial inner membrane. The production of ATP by the 

OXPHOS system begins with the metabolism of glucose and fatty acids. Glucose is metabolised 

anaerobically by glycolysis in the cytoplasm to yield pyruvate which enters mitochondria for further 

breakdown by the TCA cycle. Fatty acids from the cytoplasm enter mitochondria through carnitine-

palmitolyltranferase 1 (CTP1) and undergo β-oxidation to yield acetylcoenzyme A which enters the 

TCA cycle. Together the TCA cycle and β-oxidation produce the reducing equivalents, nicotinamide 

adenine dinucleotide hydride (NADH) and flavinadenine dinucleotide dihydride (FADH2), that enter 

the electron transport chain through complex I and complex II, respectively. These reducing 

equivalents oxidize and reduce the redox centers within these complexes and pump protons out of 

complex I. Electrons are then transported sequentially to complex III through coenzyme Q and then 

to complex IV through cytochrome c which produces water from oxygen. The sequential transport of 

electrons through the complexes generates energy that is used to pump protons out of the matrix via 

complexes I, III and IV into the intermembrane space. This creates an electrochemical gradient across 

the mitochondrial inner membrane that acts as the driving force for transfer of electrons back into the 

matrix via complex V that ultimately causes the phosphorylation of ADP to ATP within complex V 

(ATP synthase) [9, 10].  

 



3 

 

1.2. Structure and expression of the mitochondrial genome 

Mitochondria contain their own circular and double stranded mitochondrial DNA that is reminiscent 

of a prokaryotic genome [11]. Due to the endosymbiotic origin from its α-proteobacterial ancestor 

[12], the size and organisation of the human mitochondrial genome has been reduced and compacted 

to a size of 16,569 base pairs (bp) during evolution with the transfer of ancestral bacterial genes to 

the nuclear genome. The mitochondrial genome encodes 37 genes for 2 ribosomal RNAs (rRNAs), 

22 transfer RNAs (tRNAs), and 11 messenger RNAs (mRNAs) (Figure 1.1) [11]. These 

mitochondrial RNAs (mt-RNAs) code for 13 polypeptides subunits of the respiratory complexes 

(complex I, II, and IV) and the ATP synthase (complex V), which together with complex II, form the 

OXPHOS system that is responsible for generating the majority of ATP to sustain life. The remaining 

subunits are nuclear-encoded polypeptide subunits that are translated on cytoplasmic ribosomes and 

imported into mitochondria co- or post-translationally where they are assembled with the assistance 

of assembly factors into the complexes in the inner mitochondrial membrane (reviewed in [9, 13, 

14]). The nuclear genome further encodes proteins required for the replication, repair, transcription, 

and translation of the mitochondrial genome [15]. The expression of the mtDNA is essential for the 

biogenesis of the OXPHOS system and relies on the coordinated expression between the 

mitochondrial and nuclear genome [8, 9, 16]. Regulation of mtDNA expression is therefore complex 

and occurs predominantly at a post-transcriptional level by nuclear-encoded RNA-binding proteins, 

including the members of the pentatricopeptide repeat domain family. These proteins have roles in 

RNA processing, stability, maturation, translation, and degradation [17, 18, 19, 20, 21]. 

 

The individual strands of the mtDNA are denoted as the heavy (H) and light (L) strand for historical 

reasons [22]. Each contain a single promotor region for transcription initiation referred to as the light 

strand promotor (LSP) and the heavy strand promoter (HSP), which has two putative specific sites, 

H1 and H2  [23] . In comparison to the light strand, the heavy strand encodes for the large majority 

of mitochondrial transcripts (Figure 1.1). The mtDNA is transcribed from the promotors as two 
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polycistronic transcripts that span almost the entire length of the heavy and light strands by the 

transcription machinery. This machinery is composed of mitochondrial RNA polymerase (POLRMT) 

in the presence of mitochondrial transcription factor A (TFAM), mitochondrial transcription factor 

B2 (TFB2M), and other transcription regulatory factors [24, 25, 26, 27, 28, 29, 30]. As mammalian 

mtDNA lacks intergenic non-coding sequences or introns, the polycistronic strands are then processed 

according to the tRNA punctuation model. This model describes that genes encoding mRNAs or 

rRNAs are interspersed by one or more tRNAs which act as “punctuation” marks for cleavage by the 

mitochondrial RNA-processing machinery to yield the individual mt-RNAs [31]. The mitochondrial 

ribonuclease (RNase) P complex, which consists of three proteins, MRPP1, MRPP2, and MRPP3 

[32, 33, 34, 35, 36], cleaves the 5′ end of mt-tRNAs. Mitochondrial ribonuclease (RNase) Z, which 

is identified to be ELAC2, cleaves the 3′ end of mt-tRNAs [35, 37, 38]. However, there are four 

exceptions to the tRNA punctuation model where the mRNAs are not flanked by tRNAs and include 

the 3′ end of mt-Nd6, 5′ end of mt-CO1, 5′ end of mt-Cytb and between mt-ATP5 and mt-CO3 coding 

regions [31]. Pentatricopeptide repeat domain protein 2 (PTCD2) is suggested to be involved in the 

processing of 5′ end of mt-Cytb [39]. Fas-activated serine/threonine kinase (FASTKD), FASTKD4, 

FASTKD5, and G-rich sequence factor 1 (GRSF1) have also been implicated in the processing of 

non-canonical junctions [4, 40, 41, 42]. Despite the common polycistronic origin of transcripts, there 

exists a wide variation in the levels of mt-RNAs underpinning the significance of post-transcriptional 

regulation mechanisms [16].  In addition, the mtDNA encodes for short RNAs and short open reading 

frames that are transcribed into mitochondrial derived peptides, such as humanin and MOTS-c, which 

have distinct biological activities in metabolism [16, 173-175]. These novel transcripts identify a 

larger mitochondria genetic repertoire however identification of further small RNAs and 

mitochondrial derived peptides and their cellular functions is still emerging.  
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Figure 1.1: Schematic representation of the mammalian mitochondrial genome. The mtDNA is present in 100-1000 

copies per a cell. The mtDNA encodes 2 rRNAs (orange boxes), 22 tRNAs (red boxes), and 11 mRNAs (blue boxes) with 

13 open reading frames. The mtDNA also contains one large noncoding region known as the displacement (D) loop which 

contains the necessary regulatory sequences for mtDNA replication and transcription.  Image adapted from [17]. 

 

Following processing, the individual mt-mRNA, mt-tRNA, and mt-rRNA transcripts undergo post-

transcriptional modifications to translate the mt-mRNAs using mt-tRNAs on mitochondrial 

ribosomes (mitoribosome). The mt-mRNA transcripts have the addition of poly (A) tails to their 3′ 

ends by mitochondrial poly (A) polymerase (mtPAP). An exception to this is the mt-Nd6 transcript 

which does not require polyadenylation and is immediately ready for translation [16]. The remaining 

ten mt-mRNAs all undergo maturation by polyadenylation with the addition of ~45-50 adenosines at 

their 3′ end (Figure 1.2) [43, 44]. Polyadenylation is essential for the completion of termination 

codons, stability of mt-mRNA transcripts, and translation [45, 46] and is mediated via the leucine 

rich pentatricopeptide repeat cassette protein/ SRA stem-loop interacting RNA-binding protein 

(LRPPRC/SLIRP) complex in close association with mtPAP [47, 47, 48, 49, 50]. Phosphodiesterase 

12 (PDE12) also plays a role in altering the length of poly (A) tails through its deadenylase activity 

that removes mt-RNA poly(A) tails [51]. The mt-tRNA transcripts undergo maturation with the 

addition of a CCA nucleotide sequence to their 3′ ends by the mitochondrial tRNA nucleotidyl 

transferase 1 (TRNT1). The mtPAP also plays a role in addition poly(A) tails on mt-tRNAs after the 
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addition of the CCA sequence [52]. This is followed with further modifications by a range of enzymes 

that are required for the structure and decoding of mt-tRNAs (reviewed [53]). Lastly, mt-rRNAs 

undergo modification via methylation, 2′-O-ribose methylation, and pseudouridinylation of specific 

residues via a variety of enzymes (reviewed in [20]).   

 

1.3. Mitochondrial ribosome 

Mitochondria contain their own translation machinery in the form of the mammalian mitoribosome 

which is responsible for the synthesis of the 13 mitochondrial-encoded polypeptides of the OXPHOS 

system. It is located within the mitochondrial matrix in close association with the inner mitochondrial 

membrane which allows for co-translational insertion of the hydrophobic polypeptides to form the 

OXPHOS complexes in the inner membrane [54, 55, 56]. The mitoribosome (55S) is composed of a 

large (39S) and a small (28S) subunit [57, 58, 59]. The small subunit contains the 12S rRNA and 30 

MRPs and the large subunit contains 16S rRNA and 50 MRPs [60].  The nucleus encodes all 80 

mitochondrial ribosomal proteins (MRP) which undergo post-transcriptional modifications before 

being imported into the mitochondria for assembly with the mt-rRNAs into the subunits [61]. 

Assembly of the mitoribosome occurs in three stages termed the early, intermediate, and late stage 

[61]. Assembly begins at the mitochondrial nucleoid, which are compact mtDNA structures within 

the mitochondrial matrix where mtDNA replication and transcription occur. Here, early MRPs bind 

to newly synthesized mt-rRNA followed by the binding of intermediate and late MRPs that are rapidly 

incorporated into the mitoribosome with the remaining unassembled MRPs degraded [61, 62].  The 

early stages of mitoribosome assembly are important as assembly occurs co-transcriptionally and is 

dependent on the proper RNA processing of the 5′ and 3′ end of mt-tRNAs by RNase P and RNase Z 

[36, 38, 62]. 

 

Multiple proteins are involved in the maturation of the mt-rRNAs and in the assembly of the small 

subunit (mt-SSU) and the large subunit (mt-LSU) into the mitoribosome. These proteins are essential 
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for mitochondrial biogenesis as defects in the genes encoding for these proteins are known to lead to 

mitochondrial disease. NSUN4 is responsible for methylating the 12S rRNA and associates with 

MTERF4 in a complex to assemble the mature mt-SSU and mt-LSU into the mitoribosome [63, 64]. 

Additionally, FASTKD5 and MPV17L2 have been shown to affect the assembly of both the mt-SSU 

and mt-LSU [4, 65]. ERAL1 is a GTP-binding protein and NOA1 is a GTPase that are known to 

associate with the 12S rRNA and assist in the assembly of the mt-SSU [66, 67, 68]. TFB1M is a 

methyltransferase responsible for the adenine demethylation of 12S rRNA and consequently the 

stability and assembly of the mt-SSU [30, 69].  Many of the factors involved in the assembly of the 

mt-LSU are RNA binding proteins that are located within the MRG, a site for mitoribosome assembly. 

FASTDK2 and DDX28 interact with the 16S rRNA and with DHX30 are essential for the assembly 

of the mt-LSU [30, 70, 71]. GRSF1 interacts with MRPP3 in MRG and together these proteins affect 

the processing of the primary mt-RNA transcripts and consequently the assembly of the mt-LSU and 

biogenesis of the mitoribosome [36, 41].  PTCD1 and RPUSD4 are essential for the stability and 

pseudouridinylation of a single residue in the 16S rRNA [72, 73, 74]. Together PTCD1 and RPUSD4 

in association with FASTKD2 are essential for the assembly of the mt-LSU [72]. The 

methyltransferases MRM2 and MRM3 modify the 16S rRNA and affect the assembly of the mt-LSU 

[75]. MTG1 is a GTPase that binds the 16S rRNA and affects the incorporation of late-assembly 

MRPs into the mt-LSU [76]. MTERF3 binds the 16S rRNA and is involved in the assembly of the 

mt-LSU [30]. NGRN, WBSCR16, TRUB2, and RPUSD3, MALSU1 are additional factors identified 

to be involved in the mt-LSU assembly [77, 78, 79].  

 

The mitoribosome has a proteobacterial origin and during evolution many features diverged from its 

bacterial and cytoplasmic ribosome counterparts [58, 59]. The size of the 12S rRNA has shortened 

and the RNA content reduced while protein content has been increased to stabilise the structure and 

compensate for the loss of functional domains [20, 58, 59, 80]. Consequently, the mitochondrial 

ribosome contains more proteins and is physically larger than its cytoplasmic and bacterial 
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counterparts. Of the 80 MRP, 36 are unique to mitochondrial ribosomes as they have no bacterial 

homology and are thought to possess new functions and positions on the exterior of the mitoribosome 

[58, 60, 81]. The mammalian mitoribosome contains many protein-protein and protein-RNA 

interactions that bridge the subunits and have replaced many of the RNA-RNA interactions seen in 

the ribosomes of cytoplasmic and bacterial counterparts. It has further acquired a guanosine 

triphosphatase (GTPase) protein which is unique to the mammalian mitoribosome and is thought to 

coordinate mitochondrial specific bridges [58, 59]. The third RNA component, 5S rRNA, which is 

found in bacterial and cytoplasmic ribosomes has also been replaced in the mammalian mitoribosome 

with either a mt-tRNAVal or mt-tRNAPhe depending of the organism. In humans the mt-tRNAVal is 

found to be integrated into the mitoribosome [82]. There are also significant differences in the entry 

and exit sites of the mRNA channel, including the presence of pentatricopeptide repeat domain 

protein 3 (PTCD3). PTCD3 is located at the mRNA entry site to form part of the mRNA gate and 

binds to the mt-CO3 mRNA [54]. It is thought that all these adaptations of the mammalian 

mitoribosome occurred to enable the recognition and translation of the structurally unique mt-RNAs 

[58, 59, 83]. Mitochondrial mRNAs generally lack or have a very short 5′ and 3′ untranslated regions 

(UTR) and noncoding regions. They further lack Shine-Dalgarno sequences, introns, 5′ 7-

methylguanosine caps and base modifications [84]. Most mt-mRNAs begin at the first nucleotide at 

the 5′ end of the open reading frame (ORF) with either start codon AUG, AUA, or AUU and end with 

the stop codons UAA, UAG, AGA, and AGG. The mtATP8/ATP6 and mtND4L/ND4 transcripts are 

bicistronic, and each contain partially overlapping ORFs [21]. In addition, mt-mRNAs use a non-

universal genetic code with its use of AUA as a start codon instead of isoleucine, UGA for tryptophan 

instead of a stop codon, and AGA and AGG for a stop codon instead of arginine (Figure 1.2) [85]. In 

addition to the unique mt-mRNAs, the structure of mt-tRNAs differ significantly to nuclear tRNAs 

as they contain noncanonical secondary structures [53, 86, 87]. 
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Figure 1.2: Schematic representation of the structure and length of the 11 human mitochondrial mRNAs, identifying 

the 13 ORFs (blue box), start (green text) and stop codons (red text), polyadenylation (grey box), and non-coding 

regions (yellow box). Image from [88].  

 

1.4. Mitochondria translation 

Translation of the 11 mt-mRNAs into the 13 OXPHOS polypeptides is a process requiring 

translational initiation, elongation, termination and recycling of the ribosome and involves translation 

factors that possess mitochondria-specific adaptations (Figure 1.3) [83]. The first step of initiation 

involves mitochondrial initiation factor 2 (mtIF2) and mitochondrial initiation factor 3 (mtIF3) [89, 

90]. The mtIF3 protein binds the mt-SUU to dissociate the mitoribosome into the subunits and 

prevents the premature reassembly with the mt-LSU. An initiation complex then forms with mtIF2, 

a mt-mRNA, and a mt-tRNA carrying a formylated methionine (tRNAfMet). It is interesting to note 

that the mammalian mitochondria uses both tRNAMet in the initiation and elongation phase, however 

mtIF2 has been shown to specifically bind with the tRNAfMet allowing the distinction between 

initiation and elongation phase [54]. The mt-tRNAfMet assumes the correct position over the start 

codon in the ORF of the mt-mRNA. mtIF3 is then released allowing the reassembly of the 

mitoribosome and triggers the hydrolyses of GTP to GDP and release of mt-IF2. As mt-mRNAs lack 
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5′ UTRs which allow for recognition and binding of the mRNA to the ribosome, the mitochondrial 

ribosome must possess alternative mechanisms to recognize mt-mRNAs and initiate translation. 

There is little insight into these mechanisms, although mitochondrial initiation factor 2 (mtIF2) has 

been implicated in the binding of these leaderless mt-mRNAs [54]. In addition translational activator 

of cytochrome c oxidase subunit 1 (TACO1) is the only identified mammalian translational activator 

[91].  TACO1 specifically binds to the leaderless mt-CO1 mRNA and is required for the translation 

of mt-CO1 mRNA which encodes COX I of complex IV [92]. The structure of TACO1 shows that it 

binds to the mt-SSU of the mitoribosome and adopts a hook conformation with a positively charged 

region in its N-terminal domain that allows for binding with the mt-CO1 mRNA [92].  

 

The elongation step requires mitochondrial elongation factor G1 (mtEFG1), mitochondrial elongation 

factor Tu (mtEFTu), and mitochondrial elongation factor Ts (mtEF-Ts) which charges mtEFTu with 

GTP [93, 94, 95]. With the ribosome formed, mtEFTu bound to GTP delivers aminoacylated mt-

tRNAs to the ribosome and these charged mt-tRNA enter the A site. Correct base pairing between 

the mt-mRNA codon and mt-tRNA anticodon causes hydrolyses of GTP to GDP by the mitoribosome 

and the release of mtEFTu. After the release of mtEFTu the formation of the peptide bond is catalysed 

where the amino acid is transferred from the aminoacylated mt-tRNA in the A site to the growing 

peptide chain attached to the mt-tRNA at the P site leading to elongation of the peptide chain by one 

amino acid at a time. This is mediated by mitochondrial elongation factor G1 (mtEFG1) which 

catalyses the translocation step while simultaneously transferring the deacylated mt-tRNA to the E 

site [95]. The correct base pairing between codon and anticodon sequence is a crucial step that is 

maintained by mitochondrial ribosomal protein of the small subunit 12 (MRPS12). MRPS12 is an 

important accuracy protein involved in maintaining the fidelity of translation [96, 97]. Here, MRPS12 

is responsible for recognizing and selecting the cognate aminoacyl-tRNA from near- and non-cognate 

aminoacyl-tRNA via kinetic proofreading to ensure the incorporation of the correct amino acid into 

the growing peptide chain [98].   
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The elongation phase is repeated until a stop codon is positioned at the A site leading to termination 

of translation. This is mediated by mitochondrial release factor 1 (mtRF1), mtRF1a, and C12ORF65 

and occurs at the end of an ORF by a stop codon which terminates the ability of an aminoacylated-

tRNA to bind to the A site causing the release of the nascent peptide chain [99, 100]. The stop codons 

UAA and UAG terminate 11 of the 13 ORFs in mammalian mitochondria, while the remaining ORFs 

are terminated by AGA and AGG [101], which are non-standard stop codons that are recognised by 

immature colon carcinoma transcript 1 (ICT1) [102]. In addition to its role in translation initiation, 

mtIF3 has also been implicated in the termination of translation through the dissociation of the 

mitoribosome [90]. Following the release of the nascent chain the ribosome is disassembled into the 

subunits and recycled by mitochondrial ribosomal recycling factor 1 (mtRRF1) and mitochondria 

elongation factor G2 (mtEFG2) [95, 103].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Diagrammatical representation of the process of mitochondrial translation that occurs in the 

mitochondrial matrix. The steps involve translation initiation, elongation, and termination and recycling which are 

regulated by mitochondrial translation factors. Image adapted from [83]. 
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1.5. Mitochondrial disease 

Human mitochondrial disease is  a common inherited disease with a minimum prevalence rate of 1 

in 5000 [104]. Human mitochondrial disease usually refers to a heterogenous group of defects that 

are caused by mitochondrial dysfunction which is characterised by changes in the assembly and 

activity of the OPXHOS system leading to diminished ATP production. Mitochondrial dysfunction 

leads to disease and causes significant morbidity and mortality.  Disease can arise from mutations in 

either the mitochondrial or nuclear DNA with over 250 pathogenic genes identified to date [105]. 

Mutations in mtDNA occur sporadically or can follow a maternal inheritance [106]. Pathogenic 

mutations in mtDNA can be referred to as homoplasmic, where all the mtDNA in a cell have the same 

genotype, or heteroplasmic where cells contain a variable ratio of mutated and wild-type mtDNA. 

Heteroplasmic mutations often have critical number of mutant mtDNA that is required to overcome 

a threshold to cause mitochondrial disease [107]. Mutations in nDNA frequently follow a Mendelian 

inheritance with sporadic, X-linked, dominant or recessive inheritance patterns  [106].   

 

Defects in the protein synthesis machinery and associated factors are a common cause of 

mitochondrial disease [108]. As previously described the mitochondrial genome encodes the mt-

rRNAs and mt-tRNAs while the nuclear genome encodes all proteins involved in mitochondrial 

translation. Pathogenic point mutations, arrangements, insertions, duplications, and deletions of the 

mtDNA are known to affect each of the 22 mt-tRNAs, accounting for three-quarters of mtDNA 

related diseases [9], as well as mt-rRNAs to cause a spectrum of human mitochondrial diseases 

through alterations in protein synthesis (http://www.mitomap.org).   Pathological mutations of the 

nDNA can affect the mitoribosome proteins, mitoribsome assembly factors, RNA maturation 

enzymes, and translation factors which play a significant role in causing mitochondrial protein 

synthesis defects, contributing to the pathogenesis of mitochondrial disease (summarised in table 1.1).  
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Table 1.1: Human pathogenic nDNA mutations in mitoribosomal proteins, mitoribosome assembly factors, 

translation factors, and RNA maturation enzymes that are confirmed to decrease mitochondrial protein 

synthesis in affected patients. 

* Mitoribosome proteins (green), mitoribosome assembly factors (purple), RNA maturation enzymes (blue), and 

translation factors (yellow) 

Gene: Mutation: Protein: Phenotype: Onset: 

MRPS34  

[109] 

Splice homozygous 

mutations (c.321+1G>T) 

and (c.322-10G>A) 

Compound heterozygous 

missence mutation 

(c.37G>A [p.Glu13Lys]) 

and (c.94C>T 

[p.Gln32*])  

Mitoribosomal 

protein of the small 

subunit 34 

(MRPS34) 

Leigh or Leigh-like 

syndrome 

 

 

Child 

MRPS16 

[110] 

Homozygous nonsense 

mutation (c.331C>T 

[p.Arg111Ter]) 

Mitochondrial 

ribosomal protein 

of the small subunit 

16 (MRPS16) 

Agenesis of corpus 

callosum, 

dysmorphism, and 

fatal neonatal lactic 

acidosis  

Neonate 

MRPS22 

[111, 112, 

113]  

Homozygous (c.644T>C) 

[p.Leu215Pro]), 

(c.509G>A 

[p.Arg170His]), and 

(c.1032-1035dup, 

[p.Leu346Asnfs*21]) 

Mitochondrial 

ribosomal protein 

of the small subunit 

22 (MRPS22) 

Cornelia de Lange-

like dysmorphic 

features, brain 

abnormalities, fatal 

lactic acidosis, 

cardiomyopathy, 

Neonate 
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antenatal skin oedema, 

hypotonia, and 

tubulopathy 

MRPL3 

[114] 

Compound heterozygous 

(c.950C>G 

[p.Pro317Arg]) and other 

SNPs 

Mitochondrial 

ribosomal protein 

of the large subunit 

3 (MRPL3) 

Hypertrophic 

cardiomyopathy and 

psychomotor 

retardation 

Child 

MRPL12 

[115] 

Homozygous (c.542C>T 

[p.Ala181Val]) 

Mitochondrial 

ribosomal protein 

of the large subunit 

44 (MRPL12) 

Growth retardation 

and neurological 

deterioration  

Infant 

MRPS7 

[116] 

Homozygous (c.550A>G 

[p.Met184Val])  

Mitochondrial 

ribosomal protein 

of the small subunit 

7 (MRPS7) 

Congenital 

sensorineural 

deafness, lactic 

acidemia, and hepatic 

and renal failure  

Infant 

MRPS2 

[117] 

Homozygous and 

heterozygous (c.328C>T 

[p.Arg110Cys]), 

(c.340G>A 

[p.Asp114Asn]) and 

(c.413G>A 

[p.Arg138His])  

 

Mitochondrial 

ribosomal protein 

of the small subunit 

2 (MRPS2) 

Lactic acidemia, 

hypoglycemia, and 

sensorineural hearing 

loss 

Infant 
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MRPS25 

[118] 

Homozygous (c.215C>T 

[p.Pro72Leu])  

 

Mitochondrial 

ribosomal protein 

of the small subunit 

25 (MRPS25) 

Partial agenesis of 

corpus callosum, 

mitochondrial 

myopathy and 

dystonia 

Infant 

MRM2 

[119] 

Homozygous (c.567G>A 

[p.Gly189Arg])  

Mitochondrial 

rRNA 

methyltransferase 

(MRM2) 

Mitochondrial 

encephalomyopathy, 

lactic acidosis, and 

stroke-like episodes 

(MELAS} like 

syndrome 

Child 

LRPPRC 

[120, 121, 

122, 123, 

124]  

Multiple homozygous 

deletions and compound 

heterozygous mutations 

Leucine-rich 

pentatricopeptide 

repeat-containing 

protein (LRPPRC) 

French-Canadian 

Leigh syndrome  

Neonate 

and 

infant 

MTPAP 

[44, 125]  

Homozygous 

(c.1432A>G 

[p.Asn478Asp]) 

Mitochondrial 

poly(A) 

polymerase 

(mtPAP) 

Spastic axtaxia and 

optic atrophy 

Child 

and adult 

PUS1 

[126, 127]  

Homozygous (c.656C>T 

[p.Arg116Trp]) and 

(c.658G>T [E220X]) 

Pseudouridylate 

synthase 1 (PUS1) 

Myopathy, lactic 

acidosis and 

sideroblastic anaemia 

(MLASA) 

Child 

PNPT1 

[128, 129, 

130, 131]  

Homozygous 

(c.1160A>G 

[.pGlu475Gly]), (c.407G 

Polynucleotide 

phosphorylase 

(PNPase) 

Encephalomyopathy, 

Leigh syndrome, and 

hereditary hearing loss 

Infant 

and child 
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> A: [p.Arg136His]), 

(c.419C>T: 

[p.Pro140Leu]), 

(C.1424A>G 

[p.Glu475Gly])), and 

compound heterozygous 

mutations (c.227G > A; 

[p.Gly76Asp] and 

c.574C > T; 

[p.Arg192*])  

 

 

TRNT1 

[132, 133, 

134]  

Biallelic missence, 

frameshift and splicing 

mutations 

 

Homozygous (c.443C>T 

[p.Ala148Val]), and 

(c.295C>T 

[p.Arg99Trp]) 

 

Compound heterozygous 

(c.383A>G 

[p.Asp128Gly]) and 

(c.518A>T 

[p.Tyr173Phe]) 

 

tRNA nucleotidly 

transferease 

(TRNT1) 

Extensive symptoms 

including sideroblastic 

anemia, fevers, 

immunodeficiency, 

and developmental 

delay (SIFD), 

hypotonia, 

microcephaly, 

seizures, progressive 

cortical atrophy, 

neurosensorial 

deafness, renal 

Fanconi syndrome, 

ataxia, dysarthria, 

gross motor 

regression, hypotonia, 

Infant 

and child 



17 

 

ptosis and 

ophthalmoplegia 

MTFMT 

[135, 136, 

137]  

Multiple heterozygous 

and compound 

heterozygous mutations 

Mitochondrial 

methionyl-tRNA 

formyltransferase 

(mtMFT) 

Leigh syndrome Infant, 

child and 

adult 

TRMU 

[138, 139]  

Multiple homozygous, 

heterozygous, and 

compound heterozygous 

mutations 

tRNA 5-

methylaminomethy

l-2- thiouridylate 

methyltransferase 1 

(MTU1) 

Liver failure, cirrhosis Infant 

GFM1 

[140, 141, 

142]  

Homozygous 

(c.521A>G), 

(c.1478T>G), (c.748C>T 

[p.Arg250Trp]) and 

heterozygous 

(c.139C>T) 

Mitochondrial 

translation 

elongation factor 

G1 (mtEFG1) 

Hepato-

encephalopathy, 

encephalopathy 

Neonate 

TUFM 

[141, 143]  

Homozygous mutation 

(c.964G>A 

[p.Gly322Arg]), and 

(c.1026G>A 

[p.Arg339Gln]) 

Mitochondrial 

translation 

elongation factor 

Tu (mtEFTu) 

Macrocystiic 

leukodystrophy and 

micropolygyria, 

encephalopathy 

Neonate 

CCDC44 

[91] 

Homozygous (c.472insC) Translational 

activator of 

cytochrome x 

oxidase I (TACO1) 

Late-onset Leigh 

syndrome 

Adult 
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TSFM 

[144, 145]  

Homozygous (c.997C>T 

[p.Arg 333Trp]) and 

(c.934C>T 

[p.Arg312Trp]) 

Mitochondrial 

translation 

elongation factor 

Ts (mtEFTs) 

Encephalomyopathy, 

hypertrophic 

cardiomyopathy, and 

liver failure 

Neonate 

and 

infant 

GFM2 

[146] 

Compound heterozygous 

(c.569G>A, 

[p.Arg190Gln]) and 

(c.636delA, 

[p.Glu213Argfs*3]) , and 

homozygous (c.275A>C, 

[p.Tyr92Ser])  

Mitochondrial 

translation 

elongation factor 2 

(mtEFG2) 

Developmental delay Child 

C12orf65 

[100] 

Homozygous (c.248delT) 

and (c.210delA) 

Chromosome 12 

open reading frame 

65 (C12ORF65) 

Encephalomyopathy Infant 

and child 

 

Due to the dual genetic control of mitochondrial function, clinical phenotypes of mitochondrial 

disease are highly complex and variable [9]. The disease course is dependent on the primary defect 

and is generally progressive with patients developing debilitating symptoms. However environmental 

factors such as alcohol,  tobacco, antibiotics and antivirals  can influence the onset and progression 

of disease [147, 148, 149]. Mitochondrial disease can present at childhood or adulthood and can affect 

any organ in a multi-systemic or highly tissue specific manner [150]. Clinical symptoms usually 

severely affect tissues that have a high energy demand such as the central nervous system, kidney, 

eye, liver, skeletal muscle or heart (Figure 1.5) [10, 150]. No one particular clinical symptom can 

describe mitochondrial disease and many clinical features are grouped into discrete syndromes that 

represent classical mitochondrial diseases. Examples of mitochondrial syndromes include 

mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS), 
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myoclonus epilepsy and ragged-red fibres (MERRF), and leber hereditary optic neuropathy (LHON). 

However, many patients do not fit into a particular category and exhibit other clinical symptoms in 

addition to the classical symptoms. Furthermore different mutations can be associated with the same 

clinical phenotype [9, 10, 150]. Diagnosis of mitochondrial disease is made using the clinical signs 

and symptoms in combination with family history, genetic, biochemical, histochemical and molecular 

diagnosis. There are currently no cures available for mitochondrial disease with only supportive 

therapies and few treatments available [106, 150].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Range of common clinical features that exemplify the wide variety of symptoms experienced by 

patients. A common symptom is mitochondrial encephalomyopathy which affects the brain and skeletal muscle. 

Image taken from [151]. 
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1.6. Mouse models 

Mitochondria play a pivotal role in normal physiology and in pathological conditions. It is therefore 

important to understand how genetic defects cause mitochondrial dysfunction leading to a number of 

devastating human diseases. These diseases are commonly associated with extensive heterogenicity 

in symptoms and severity between tissues, despite the ubiquitous expression of genes, and to date has 

remained poorly understood. Human cells have been used for in vitro studies while Sacchaeromyces 

cervisiae (yeast), Drosophilia melanogaster (fly), Caenorhabditis elegans (worm), and Danio rerio 

(zebrafish) have been used for in vivo studies to provide an essential and basic understanding of 

mitochondrial biology. However, these models do not provide insight into the tissue-specific effects 

in mitochondrial disease due to genetic defects. Cells are not physiologically reflective of an organism 

and many studies performed use immortal and undifferentiated cell lines. These studies also do not 

use cells that are reflective of the tissue that is affected by the disease. Furthermore, lower organisms 

have considerable genetic and physiological evolutionary distance from humans. Mus musculus 

(mouse) is genetically and physiologically similar to humans and have been genetically manipulated 

to be used as valuable in vivo models of human mitochondrial disease. Mouse models have been 

created through genetic engineering approaches that can include chemically induced mutations such 

as ENU mutagenesis which induces point mutations, transgenes that incorporate foreign DNA by 

non-homologous recombination, or targeted mutations that either knockout (disrupt or delete) or 

knockin (introduce new or duplicate) a gene [152]. These approaches are used to alter nuclear genes 

to cause a reduction, loss, or functional alteration of their encoded mitochondrial protein.  A popular 

approach is to create constitutive knockout models, however many of the nuclear genes encoding 

proteins involved in maintaining protein synthesis are embryonic lethal and are therefore essential for 

life and has led to the generation of conditional knockout models [29, 36, 47, 63, 64, 69, 72, 153].  

To date there exists the Taco1 and Lrpprc mouse models, described below, that are associated with 

OXPHOS defects and disease related to specific human pathologies. These models are useful tools 

for investigating how genetic defects contribute to the onset and pathogenesis of human mitochondrial 



21 

 

disease and to elucidate the molecular mechanisms in which these proteins function in maintaining 

protein synthesis. However, the phenotypic expression of genetic defects can differ between humans 

and mice as exemplified by the Mrps34 model which is described below. Furthermore, there are many 

other mouse models with genetic defects displaying OXPHOS disorders that lead to mitochondrial 

diseases which have not currently been identified in the human population. These models still remain 

useful in identifying potential pathogenic mutations and clinical symptoms in humans (see table 1.2). 

 

Table 1.2: Genetically modified mouse models with nuclear defects encoding for mitoribosomal proteins, 

mitoribosome assembly factors, translation factors, and RNA maturation enzymes that are confirmed to 

decrease mitochondrial protein synthesis. 

* Mitoribosome proteins (green), mitoribosome assembly factors (purple), RNA maturation enzymes (blue), and 

translation factors (yellow) 

Gene: Genetic 

modification: 

Effect on 

protein level: 

Phenotype and onset: Disease 

identified in 

humans? 

Mrps34 

[154] 

Homozygous 

ENU mutagenesis 

Reduction of 

MRPS34 

Late-onset liver steatosis 

and hypertrophic 

cardiomyopathy 

Yes [109] 

Mterf3 

[29, 30]  

Heart and skeletal 

muscle specific 

knockout 

Loss of 

MTERF3 

Early-onset fatal 

cardiomyopathy 

No 

Ptcd1 

[155] 

Constitutive 

heterozygous 

knockout 

Reduction of 

PTCD1 

Late-onset metabolic 

syndrome and obesity, 

liver steatosis, and 

No 
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hypertrophic 

cardiomyopathy 

Ptcd1 [72] Heart and skeletal 

muscle specific 

knockout 

Loss of 

PTCD1 

Early-onset fatal dilated 

cardiomyopathy 

No 

Mrpp3 

[36] 

Heart and skeletal 

muscle specific 

knockout 

Loss of 

MRPP3 

Early-onset fatal 

cardiomyopathy 

No 

Lrpprc 

[153] 

Liver specific 

knockout 

Loss of 

LRPPRC 

Early-onset growth delay 

and hepatopathy 

Yes [120] 

[121] [122] 

[123] [124] 

Lrpprc 

[47]  

Heart and skeletal 

muscle specific 

knockout 

Loss of 

LRPPRC 

Early-onset fatal 

cardiomyopathy 

Yes [120] 

[121] [122] 

[123] [124] 

Nsun4 

[63] 

Heart and skeletal 

muscle specific 

knockout 

Loss of 

NSUN4 

Early-onset fatal 

cardiomyopathy 

No 

Mterf4 

[64] 

Heart and skeletal 

muscle specific 

knockout 

Loss of 

MTERF4 

Early-onset fatal 

cardiomyopathy 

No 

Tfb1m 

[69] 

Heart and skeletal 

muscle specific 

knockout 

Loss of 

TFB1M 

Early-onset fatal 

cardiomyopathy 

No 

Taco1 

[92] 

Homozygous 

ENU mutagenesis 

Loss of 

TACO1 

Late-onset visual 

impairment, motor 

Yes [91] 
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dysfunction, and cardiac 

hypertrophy 

 

 

A pathogenic mutation in TACO1 was first identified in human patients to cause late-onset Leigh 

syndrome, which is a severe and subacute necrotizing encephalomyelopathy.  Here, TACO1 was 

identified as the first mitochondrial mammalian translational activator and loss of TACO1 in patient 

cells caused an isolated complex IV deficiency due to impaired assembly and protein synthesis of 

COX I [91]. However, its molecular mechanism remained unknown until the generation of a mouse 

model with loss of TACO1. This model was used to identify that TACO1 specifically binds to the 

mt-Co1 mRNA and associates with the mt-SUU and mitoribosome which is required for the 

translation of the mt-Co1  transcript [92]. Furthermore, loss of TACO1 caused a late-onset visual 

impairment, retinal degeneration, motor dysfunction, and cardiac hypertrophy due to an isolated 

complex IV deficiency in mice. These symptoms observed in Taco1 mice are similar to the clinical 

features observed in patients and provide a useful model of late-onset Leigh syndrome [91, 92]. 

 

Pathogenic mutations in LRPPRC was first identified in a group of patients from Quebéc who 

presented with a complex IV deficiency leading to a distinct form of Leigh Syndrome known as 

French-Canadian Leigh Syndrome (LSFC) [123, 124]. Since then multiple mutations in LRPPRC 

have been identified inside and outside of the Québec population and deficiencies in other complexes 

have also been reported, all causing LSFC [120, 121, 122, 156]. LSFC is an early-onset, progressive 

multisystemic and neurodegenerative disorder with acute episodes of neurological deterioration and 

fatal lactic acidosis.  LSFC  has a complex phenotype and prognosis, causing tissue-specific 

biochemical complex defects with distinct patterns of tissue involvement with the liver and brain 

being more severely affected, and skeletal muscle, heart, fibroblasts, and kidney being lesser affected 

[123, 156].  Generation of a Lrpprc constitutive knockout mouse model identified Lrpprc to be 

essential for embryonic development and led to the generation of a heart and skeletal muscle specific 
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knockout [47]. This model has been used in multiple studies to identify LRPPRC as an essential 

regulator of mitochondrial gene expression. LRPPRC forms a complex with SLIRP and act as a global 

RNA chaperone which stabilizes and exposes specific sites on mt-RNAs to allow for protein 

synthesis, stabilization and polyadenylation of these RNAs [47, 49] . Loss of LRPPRC in the heart 

causes a complex IV and complex V deficiency leading to a fatal cardiomyopathy at a young age, 

which is consistent with LSFC patients [47, 121, 157]. In addition, a liver specific Lrpprc knockout 

mouse model has been generated which leads to a severe complex IV and complex V deficiency with 

growth retardation and hepatopathy, similar to that observed in LSFC patients [120, 153] . The 

symptoms observed in Lrpprc mice are similar to the clinical features observed in patients and provide 

a useful model of early-onset Leigh syndrome.  

 

MRPS34 is a mitochondrial- specific ribosomal protein of the small ribosomal subunit. It was first 

characterised in mice to understand its function in mitochondrial translation. Mice carrying a mutation 

in Mrps34 resulted in a reduction of the protein. Here MRPS34 was shown to be essential for protein 

synthesis as it was required for the stability of the 12S rRNA, mt-SUU, mitoribosome, and specific 

mt-mRNAs. Reduction of MRPS34 caused alterations in the assembly and activity of OXPHOS 

system in both the heart and liver. However, the molecular defects were tissue-specific with the liver 

being more severely affected. Furthermore, reduction of MRPS34 led to cardiac hypertrophy, liver 

steatosis and fibrosis with age [154].  Since then pathogenic mutations in MRPS34 have been 

identified in patients leading to reduced levels of MRPS34 and defects in the stability and assembly 

of the mitoribsome and in protein synthesis. The patients present with Leigh syndrome due to multiple 

OXPHOS deficiencies [109] and also replicate the features found in the mice including 

cardiomyopathy and microcephaly. This demonstrates that mice can be useful in expanding the 

repertoire of known clinical phenotypes associated with a particular genetic defect. 
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Overall mouse models closely resemble the pathologies observed in humans with similar genetic 

defects. They demonstrate a direct cause and effect between a genetic defect and disease and have 

therefore provided an understanding into the link between mitochondrial biology and disease.  

Furthermore, they are potentially valuable tools in the development of treatments and therapies for 

human mitochondrial diseases in the future and can be essential in investigating how environmental 

factors can influence the onset and progression of mitochondrial disease.  

 

1.7. Aim of study 

This research used mouse models to investigate two nuclear-encoded RNA-binding proteins and a 

nuclear-encoded mitoribosomal protein which are involved in regulating the expression of the 

mitochondrial genome through mitochondrial translation. The specific aims were: 

1) To elucidate the role of pentatricopeptide repeat domain protein 1 (PTCD1) in controlling 

mitochondrial gene expression and its link to metabolic disease using a constitutive 

heterozygous knockout in the Ptcd1 mouse gene. 

2) To elucidate the molecular mechanism of pentatricopeptide repeat domain protein 1 (PTCD1) 

in regulating mitochondrial protein synthesis and its role in cardiac disease using a conditional 

knockout in the Ptcd1 mouse gene. 

3) To study the effect of altered translation fidelity on mitochondrial function and physiology by 

knocking in two different mutations in the Mrps12 mouse gene encoding the mitochondrial 

ribosomal protein of the small subunit 12 (MRPS12) to generate an error-prone and hyper-

accurate ribosome model. 

4) To use the translational activator of cytochrome oxidase c subunit 1 (TACO1) mouse model 

to investigate the effect of a chronic viral infection on the onset and progression of 

mitochondrial disease. 
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2. Results  

2.1. Paper 1: Adult-onset obesity is triggered by impaired mitochondrial gene expression 

In addition to being responsible for generating the majority of cellular energy to sustain life, 

mitochondria are involved in many metabolic processes including lipid and carbohydrate metabolism. 

The expression of the mitochondrial genome is regulated at a post-transcriptional level by RNA 

binding proteins. A predominant family of RNA proteins includes the pentatricopeptide repeat (PPR) 

domain proteins [17] which regulate mitochondrial gene expression by affecting RNA processing 

stability, maturation, translation, or degradation [158].  PTCD1 is one of seven members of the PPR 

protein family that is known to affect the processing of mitochondrial RNAs and energy production 

in cells [35]. However, the exact molecular function of PTCD1 in both mitochondria and metabolism 

in vivo is unknown. This study used a knockout mouse model to investigate the role of the PTCD1 

protein in mitochondrial biogenesis and shows that homozygous knockout of the Ptcd1 mouse gene 

is embryonic lethal. This led to the generation of a heterozygous knockout of Ptcd1 in which mice 

are viable and haploinsufficient for the PTCD1 protein. Haploinsufficiency of PTCD1 causes tissue-

specific defects in protein synthesis with a compensatory increase in RNA metabolism with age. This 

results in mitochondrial dysfunction with tissue-specific alterations in mitochondrial morphology and 

reduction in the biogenesis of the respiratory chain and energy generation. These alterations in energy 

metabolism link to the tissue-specific regulation of the mammalian target of rapamycin (mTOR) 

signalling.  Ultimately mitochondrial dysfunction causes an adult-onset cardiac hypertrophy, liver 

steatosis, and obesity in haploinsufficient mice. Overall this study exemplifies that loss of just one 

allele of Ptcd1 can have profound effects on mitochondrial biogenesis, underlying the importance of 

this RNA-binding protein in translation. However, the exact molecular mechanism by which PTCD1 

controls protein synthesis still remains unknown. Nevertheless, this study implicates a PPR protein 

in metabolic disease and concludes that haploinsufficiency of PTCD1 is a predisposing factor for the 

onset and development of obesity. 
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2.2. Paper 2: Stress signalling and cellular proliferation reverse the effects of mitochondrial 

mistranslation 

The maintenance of translation efficiency is an important part of mitochondrial protein synthesis 

which is regulated by an accuracy centre composed of highly conserved proteins including MRPS12. 

This centre must ensure a balance between the correct selection of aminoacyl-tRNAs and the rate of 

peptide bond formation during translation [58,59,96]. MRPS12 was first characterised in E.coli where 

two mutations in S12, the E.coli homologue of MRPS12, resulted in either error-prone or hyper-

accurate ribosomes [96, 159, 160]. These mutations have since been characterized in the yeast [161], 

but to date the effect of altered fidelity on mammalian mitochondrial protein synthesis is unknown. 

This study used mice with either error-prone or hyper-accurate mitoribosomes which were created by 

constitutively knocking in two different point mutations in the Mrps12 mouse gene to alter the 

function of MRPS12. Here error-prone translation causes a profound reduction in mitochondrial 

protein synthesis which affects the abundance of OXPHOS subunits in the livers of young mice. 

Despite these effects the functioning of the mitochondria remains unaffected in these mice, suggesting 

that mitochondria have a high tolerance for proteins with misincorporated amino acids. Furthermore, 

with age these mice are able to correct for the defect in translation fidelity to restore mitochondrial 

protein synthesis and abundance of OXPHOS subunits in the liver. This is mediated by nuclear 

transcriptional activation of the stress response that causes cellular proliferation in the liver. In 

contrast this study also shows that hyper-accurate translation causes a slight increase in mitochondrial 

protein synthesis in the hearts of young mice which has little impact on the abundance of 

mitochondrial proteins or functioning of the mitochondria. However, with age a reduction in 

mitochondrial protein synthesis occurs which results in diminished energy production and the 

development of cardiomyopathy. Overall this study shows for the first time that mammalian 

mitochondria depend on the rate of translation but not its fidelity. It further demonstrates tissue-

specific effects and different fitness costs as a consequence of altered translation fidelity. 
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2.3. Murine cytomegalovirus infection exacerbates Complex IV deficiency in a model of 

mitochondrial disease 

To date there remains no evidence for a direct role of acquired infections in influencing mitochondrial 

disease. However, it has been observed in the clinic that infections cause mitochondrial stress leading 

to the triggering of debilitating symptoms in mitochondrial disease patients. In this study we used a 

mouse model with a mutation in Taco1 which leads to loss of translational regulator TACO1 and 

causes a biochemical defect and a mild disease phenotype. This model replicates observations 

previously found in human patients with the same genetic mutation. This study used the model of 

human mitochondrial disease and infected mice with murine cytomegalovirus to investigate the 

effects of a common viral infection on mitochondrial function. Here infection with murine 

cytomegalovirus is demonstrated to exacerbate the biochemical defects in Taco1 mutant mice.  In 

addition to altering mitochondrial function, viral infection causes a switch from OXPHOS to 

glycolysis utilisation and a perturbation in a nuclear signalling pathway. This provides evidence that 

a common viral infection can influence mitochondrial function in a genetic mitochondrial disorder. 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

3. General discussion and conclusion 

The synthesis of the mitochondrial OXPHOS complexes, which provide the cellular energy needed 

to sustain life, relies on the coordinated control of both the mitochondrial and cytoplasmic 

translational machinery. Within the mitochondria, expression of the mitochondrial genome is 

regulated post-transcriptionally at the level of transcription, RNA processing, maturation and 

translation in order to synthesis the 13 mitochondrial polypeptides. Mutations that cause defects in 

synthesis of mitochondrial proteins leads to mitochondrial dysfunction which is characterised by 

diminished energy production, which ultimately leads to multi-systemic diseases. The severity of the 

genetic defect is highly tissue-specific and can be influenced by environmental factors. The factors 

which influence this unexplained diversity are yet to be determined but are likely associated with the 

lack of understanding of the regulation of gene expression.  

 

PTCD1 is one of the seven PPR proteins which are essential in regulating mitochondrial gene 

expression [17].  PTCD1 was implicated in RNA processing although its role was largely unknown 

[35]. In this study functional analysis of a constitutive heterozygous knockout and conditional 

knockout mouse model have revealed that PTCD1 is a modifier of the 16S rRNA which is essential 

for mitoribosome biogenesis and translation. Its effect on RNA processing was shown to be a 

compensatory response in attempt to overcome the protein synthesis defect [72, 155]. PTCD1, along 

with the PPR members MRPP3, LRPPRC, and POLRMT have now all been characterised in vivo to 

establish their diverse molecular roles in mitochondrial gene expression [36, 47, 153, 162]. Their 

roles have also been established in the pathogenesis of mitochondrial disease and studies 

characterising PTCD1 demonstrate that different genetic modifications affecting Ptcd1 result in 

reduced mitochondrial protein synthesis to cause a varied phenotypical spectrum and severity with a 

tissue specific pattern. Specifically, loss of one allele can causes significant perturbations in 

mitochondrial function to result in a mild metabolic disorder, hepatopathy, and cardiomyopathy, 

while complete loss of both alleles causes a severe defect in mitochondrial dysfunction and premature 
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death due to a profound cardiomyopathy.  Heterozygous loss of function, although not as severe as a 

complete loss, is a significant contributor of mitochondria disease and should not be overlooked as 

potential genetic cause.   

This study identifies PTCD1 as the first RNA-binding protein implicated in metabolic disease, 

although a human variant in MRPP3, a PPR member, has  recently been suggested to affect energy 

metabolism [163]. With the exception of LRPPRC [120, 121, 122, 123, 124], pathogenic human 

mutations in PPRs have not been identified to date. The important role of the mitochondria and the 

effects of dysfunction in metabolic disorders, obesity, hepatopathy, and cardiomyopathy are vital in 

developing understanding of these disorders. These two Ptcd1 mouse models hold the potential to be 

used for the future development of treatments for metabolic disorders and cardiac disease. 

 

Mitochondria contain their own translational machinery in the form of the mitoribosome which 

synthesises the 13 mitochondrial polypeptides that form the OXPHOS complexes. The fidelity of 

translation has previously been characterised in E.coli and yeast where mutations in the gene encoding 

for the highly conserved ribosomal protein of the small subunit 12, resulted in either error-prone or 

hyper-accurate ribosomes to cause defects. Bacteria and yeast harbouring hyper-accurate ribosomes 

demonstrate severely reduced growth and rate of translation whereas bacteria and yeast harbouring 

error-prone ribosomes show a mild increase in growth and rate of translation [159, 160, 161]. The 

consequences of altered fidelity are shown to affect fitness of an organism. This occurs as error-prone 

ribosomes can introduce either favorable or unfavorable protein variants due to mistranslation while 

hyper-accurate ribosomes ensure accurate translation of proteins, all at the trade-off to the rate of 

translation. In yeast hyper-accurate ribosomes pose to increase fitness via the extension of lifespan, 

while error-prone ribosomes reduce fitness with a reduction in lifespan [161]. 

In this study I characterized for the first time the effects of error-prone and hyper-accurate ribosomes 

on mitochondrial protein synthesis in a mammalian model. Mice harboring error-prone ribosomes 

show a severe reduction in the rate of translation and stability of mitochondrial proteins, while mice 
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harboring hyper-accurate ribosomes show a negligible impact on the rate of translation and stability 

of proteins. In the mouse models, hyper-accurate ribosomes are detrimental to fitness with the 

development of a mild cardiomyopathy in comparison to error-prone ribosomes which are beneficial 

with the stimulation of cellular proliferation. These results establish that bacteria and yeast rely on 

the fidelity of translation to maintain mitochondrial function and fitness while mammals rely on the 

rate of translation. 

In both the yeast and mouse model error-prone ribosomes were found to trigger a stress signaling 

response. This response upregulates nuclear transcription and mediates communication between the 

mitochondria and nucleus to overcome the translation defects [161]. This may be a conserved 

response between species as a similar observation has also been made in C.elegans where a 

mitochondrial unfolded protein response is activated by an imbalance of mitochondrial protein 

expression [164]. 

 

Environmental stressors can influence the severity and tissue-specificity of a genetic defect. 

Medications, tobacco, alcohol, and other environmental toxins are known to impair mitochondrial 

function  through a variety of molecular mechanisms to influence to the onset and progression of 

mitochondrial disease (reviewed in [10,165,166]). In this study it is shown that viral infection is a 

significant environmental stress that can modify a genetic defect in a tissue-specific manner. Evidence 

for the role of acquired infections in mitochondrial disease is unreported in the literature and unlike 

other environmental modifiers the molecular mechanism of murine CMV impairment of 

mitochondrial function is unknown. This study reports that murine CMV infection has a major impact 

on energy metabolism with tissue-specific alterations in the mTOR signalling pathway and utilisation 

of anaerobic energy metabolism in an attempt to compensate for the impairment in mitochondrial 

function, however, these may actually contribute to modifying the molecular defects and impairing 

mitochondrial function further. Human CMV may lead to debilitating symptoms in mitochondrial 

disease patients and should be considered in the management of the disease. Future studies using 



32 

 

mouse models of human mitochondrial disease should focus on identifying and understanding the 

role of infections in contributing to the pathogenesis of known human diseases. This has the potential 

to lead to avoidance of exposure and treatment of the infection which could be pivotal in the 

prevention of the onset or in delaying the progression of mitochondrial disease.  

 

Mitochondrial function relies on the dual genetic control for the biogenesis of the OXPHOS 

complexes and if unregulated can result in highly tissue specific disease. In these studies, it has been 

shown that reduction in PTCD1 protein causes tissue-specific retrograde changes in the mTOR 

pathway at the post-translational level. Here mTOR signalling is downregulated in the liver and 

upregulated in the heart where these tissue specific effects of mTOR signalling reflect the energy 

status of these organs [155]. It has been also shown that complete loss of PTCD1 causes tissue-

specific retrograde transcriptional and post-translational changes in the mTOR pathway in response 

to severe mitochondrial dysfunction [72]. This exemplifies that changes in the same gene result in 

differential regulation of nuclear cell signalling pathways and reflects the cardiomyopathies observed 

in these models. Reduction of PTCD1 affects the mTOR pathway at the protein level resulting in a 

mild cardiomyopathy while loss of PTCD1 affects the mTOR pathway at the transcription and protein 

level to cause a severe and fatal cardiomyopathy [72,155]. In addition to the retrograde mTOR 

signalling pathway, it has been shown that alterations in the function of MRPS12 causes 

mistranslation to activate nuclear transcription mechanisms via a mitochondrial stress response. 

These transcription pathways are upregulated in the liver, but not the heart, to trigger a compensatory 

response that restores mitochondrial function and stimulates cellular proliferation in the liver. Further 

studies are required to understand the transcriptional regulation and cell signalling cascades involved 

in the communication between the mitochondria and nucleus that drive the differences in severity of 

tissue-specific pathologies in mitochondrial disease. 
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Mitochondrial disease can be multi-systemic or tissue specific and severely affects tissues with a high 

energy demand [10, 150]. Dilated or hypertrophic cardiomyopathy and hepatopathy are commonly 

observed in mitochondrial disease patients and usually occur in conjunction with multi-systemic 

symptoms [167, 168]. Cardiomyopathy and hepatopathy are also commonly observed in  mouse 

models with mitochondrial protein synthesis defects which cause perturbations in energy generation 

[29,30,36,47,63,64,69,92,153,154] and include the recently characterised PTCD1 and MRPS12 

mouse models [72, 155]. It is vital for future studies to focus on understanding the pathophysiological 

mechanisms that lead to mitochondrial cardiomyopathy and hepatopathy to potentially lead to the 

development of treatments for these conditions to better manage mitochondrial disease.  

Cardiac muscle is a constantly contracting muscle that requires massive energy demands which 

continually varies with physiological demands to maintain its function. Cardiac muscle relies 

predominantly on OXPHOS  to produce 95% of its cellular energy, while glycolysis accounts for the 

remaining 5% [169].  The heart is a post-mitotic tissue that lacks the ability to repair and regenerate 

following damage and has a slow rate of mitochondrial turnover [170]. This means the heart has little 

capacity to overcome mitochondrial damage and OXPHOS defects and cannot utilise other sources 

of energy to maintain sufficient ATP levels during a state of disease. The liver is another high energy 

demanding tissue with a fundamental role in protein metabolism that is commonly affected by 

mitochondrial dysfunction. The liver relies on OXPHOS for the generation of the majority of its 

energy but also has a small capacity to utilise glycolysis in attempt to maintain ATP levels during 

disease but cannot cope with large changes in energy demands [171]. It also has a relatively low total 

RNA content and thereby little excess RNA to compensate for decreased protein synthesis [16].   

Many other high energy demanding tissues, such as the eyes, brain and skeletal muscle, are known 

to be affected in mitochondrial disease patients and may not have been as commonly studied [151]. 

For example, previous studies in patients with a genetic defect in TACO1 were known to present with 

progressive cognitive dysfunction, dystonia and visual impairment [91] and this led to analysis of the 

brain, eyes, heart, and liver in the Taco1 mouse model [92]. Future studies should expand their 
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analysis to include a greater range of tissues which could provide greater insight into multi-systemic 

disorders and tissue-specific effects in mitochondrial disease. This may expand our current repertoire 

of disease pathologies associated with a genetic defect in our models which could benefit the 

diagnosis of patients with an unknown genetic cause of mitochondrial disease. The factors that 

influence tissue-specificity in multi-systemic disease closely relate to mitochondrial function and 

provide an understanding of gene regulation in different tissues. 

 

Here PTCD1, MRPS12, and TACO1 mouse models were used to further our knowledge towards the 

regulation of mitochondria gene expression in health and disease. Alterations in the abundance or 

functioning of these proteins demonstrates that these proteins are essential for maintaining 

mitochondrial protein synthesis as alterations lead to reduced mitochondrial protein synthesis causing 

mitochondrial dysfunction and consequently multi-systemic diseases with tissue-specific effects that 

can be worsened by environmental stress. These studies provide essential insight into the mechanisms 

that coordinate the regulation between the mitochondrial and nuclear genome to maintain 

mitochondrial function and a greater understanding into the mediation of tissue specific effects 

observed in mitochondrial disease. 
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5. Appendix 

5.1. Paper 4: PTCD1 is required for 16S rRNA maturation complex stability and mitochondrial 

ribosome assembly 

Ptcd1 is established as being essential for embryonic development as constitutive loss of PTCD1 

results in embryonic lethality at embryonic day 8.5. Additionally reduction in the levels of PTCD1 

are known to cause a protein synthesis defect, however the exact molecular mechanism in which 

PTCD1 regulates protein synthesis remains unknown [155]. To elucidate its role in protein 

synthesis and to overcome the embryonic lethality, this study used a conditional knockout mouse 

model. Here the loxP/loxP Cre recombinase system was used where mice expressed a Cre 

recombinase under the control of a muscle creatine kinase promoter at embryonic day 13 to produce 

viable heart-and skeletal-muscle-specific specific knockouts in the Ptcd1 mouse gene. Tissue-

specific loss of PTCD1 in these mice was shown to result in mitochondrial dysfunction as a 

consequence of significantly reduced mitochondrial protein synthesis. This led to muscle 

dysfunction and a severe dilated cardiomyopathy causing premature death. Furthermore, it is shown 

that this dysfunction affects not only mitochondrial gene expression but also nuclear gene 

expression via activation of the mechanistic target of rapamycin signalling pathway which 

upregulates cytoplasmic protein synthesis at the transcriptional and post-translational level. Lastly, 

this study identifies the exact role of PTCD1 in regulating mitochondrial gene expression. PTCD1 

is important in regulating the stability and pseudouridinylation of a specific residue on the 16S 

rRNA through its association with FASTKD2 and RPUSD4. This is essential for the correct 

biogenesis of the large mitochondrial ribosomal subunit to maintain mitochondrial protein 

synthesis.  Overall this study is a continuation and complementation of the Ptcd1 heterozygous 

knockout study, where together these studies provide a comprehensive insight into the role of the 

protein in regulating mitochondrial gene expression and in the pathogenesis of mitochondrial 

disease as a result of reduction or loss of PTCD1. 
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5.2. Paper 5: Regulation of a minimal transcriptome by repeat domain proteins 

Two important families of repeat domain proteins include mitochondrial transcription termination 

factors (MTERFs) and pentatricopeptide repeat domain proteins (PPRs). These protein families are 

essential for mitochondrial gene expression and are characterised by repetitive protein motifs that 

bind RNA in a sequence-specific manner [172]. Within these families, there are four MTERF proteins 

and seven PPR proteins in humans which have a diverse range of roles, with either a single or 

multitude of functions in the control of gene expression. Defects in the functioning of these proteins 

have been demonstrated to cause mitochondrial disease in both humans and mice. The following 

review explores in detail the function of each of the MTERF and PPR proteins in regulating 

mitochondrial gene expression with focus on the most recent discoveries that have led to furthering 

our understanding of these essential proteins and necessitated an update and overview of the field. 

Although continual advancements are being made in the field of mitochondrial gene expression we 

still have an incomplete understanding for many of the roles of the PPR and MTERF proteins. Since 

the publication of this review paper the role of PTCD1 has been established were it regulates mt-

rRNA stability and maturation, ribosome assembly, and translation [72], demonstrating the continual 

work being made and advancements in technologies that contribute towards filling in critical gaps in 

our knowledge of mitochondrial repeat domain proteins in biology and disease 

 

 

 

 

 

 

 

 



56 

 

5.3 Manuscripts: 

 

 

1) Adult-onset obesity is triggered by impaired mitochondrial gene expression 

2) Stress signaling and cellular proliferation reverse the effects of mitochondrial mistranslation  

3) Murine cytomegalovirus infection exacerbates Complex IV deficiency in a model of 

mitochondrial disease  

4) PTCD1 is required for 16S rRNA maturation complex stability and mitochondrial ribosome 

assembly 

5) Regulation of a minimal transcriptome by repeat domain proteins  
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Adult-onset obesity is triggered by impaired
mitochondrial gene expression
Kara L. Perks,1 Nicola Ferreira,1 Tara R. Richman,1 Judith A. Ermer,1 Irina Kuznetsova,1

Anne-Marie J. Shearwood,1 Richard G. Lee,1 Helena M. Viola,2 Victoria P. A. Johnstone,2

Vance Matthews,3 Livia C. Hool,2,4 Oliver Rackham,1,5 Aleksandra Filipovska1,5*

Mitochondrial gene expression is essential for energy production; however, an understanding of how it can
influence physiology and metabolism is lacking. Several proteins from the pentatricopeptide repeat (PPR)
family are essential for the regulation of mitochondrial gene expression, but the functions of the remaining
members of this family are poorly understood. We created knockout mice to investigate the role of the PPR domain
1 (PTCD1) protein and show that loss of PTCD1 is embryonic lethal, whereas haploinsufficient, heterozygous
mice develop age-induced obesity. The molecular defects and metabolic consequences of mitochondrial protein
haploinsufficiency in vivo have not been investigated previously. We show that PTCD1 haploinsufficiency results
in increased RNA metabolism, in response to decreased protein synthesis and impaired RNA processing that affect
the biogenesis of the respiratory chain, causing mild uncoupling and changes in mitochondrial morphology. We
demonstrate that with age, these effects lead to adult-onset obesity that results in liver steatosis and cardiac
hypertrophy in response to tissue-specific differential regulation of the mammalian target of rapamycin pathways.
Our findings indicate that changes in mitochondrial gene expression have long-term consequences on energy
metabolism, providing evidence that haploinsufficiency of PTCD1 can be a major predisposing factor for the
development of metabolic syndrome.
ttp:

 on A

ugust 28, 2018
//advances.sciencem

ag.org/
INTRODUCTION
Mitochondria provide most of the energy required for life via oxidative
phosphorylation (OXPHOS), making them essential for cell function.
The endosymbiotic origin of these organelles has resulted in their
dependence on two genomes for their biogenesis, the nuclear genome
andmitochondrialDNA(mtDNA)containedwithin eachmitochondrion.
mtDNA codes for 13 polypeptides that are members of the OXPHOS
system, along with 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs
(rRNAs), all of which are required for their synthesis. The remaining
nuclear-encoded proteins are translated on cytoplasmic ribosomes and
imported into mitochondria co- or posttranscriptionally. Therefore,
the biogenesis of the OXPHOS system and energy production relies on
coordinated regulation of mitochondrial and nuclear gene expression.
The expression of mtDNA is regulated predominantly at the post-
transcriptional level by RNA-binding proteins that are involved in RNA
processing, stability, maturation, translation, and degradation [reviewed
by Rackham et al. (1) and Hällberg and Larsson (2)]. An increasing
number of mitochondrial proteins have been identified that affect
RNAmetabolism and protein synthesis; however, theirmolecular func-
tion, effects on antero- and retrograde cell signaling, and physiological
consequences of their loss in vivo are still poorly characterized.

Genetic modifications and environmental signals, including diet,
can alter mitochondrial fat and carbohydrate metabolism by causing
defects inmitochondrial transcripts or mitochondrial proteins that lead
to mitochondrial dysfunction and consequently diminished energy
production, a major symptom ofmany inherited diseases (3). There is a
major gap in our understanding about how impaired mitochondrial
gene expression can have downstream or retrograde effects on cell
signaling and the physiology of different tissues within an organism.
Because mitochondrial RNA-binding proteins (mt-RBPs) are nuclear-
encoded and crucial for the regulation of mitochondrial RNA (mt-RNA)
metabolism, there is a need to investigate how their expression or loss
affects both mitochondrial and cellular function in vivo.

The pentatricopeptide repeat (PPR) proteins are a family of
RNA-binding proteins that has recently attracted considerable inter-
est in the gene expression field because of the sequence-specific recog-
nition of their RNA targets (4, 5). The PPR proteins in eukaryotes have
versatile regulatory roles in gene expression within organelles ranging
from transcription, RNA splicing, processing, editing, and translation
(6). In mammals, there are only seven PPR proteins, all of which are
mitochondrial, each with different roles in posttranscriptional regula-
tion of mitochondrial gene expression, including transcription, pro-
cessing, stability, and translation [reviewed by Rackham and
Filipovska (7)]. Although the roles of the mitochondrial RNA polymer-
ase (POLRMT) in transcription, the ribonuclease (RNase) P subunit
MRPP3 in processing and ribosome assembly, LRPPRC in polyade-
nylation and translation, and the two small ribosomal subunit proteins
PTCD3 and MRPS27 have been investigated previously (8–14), less
is known about the PPR domain 1 (PTCD1) and PTCD2 proteins
(15, 16).

Initially, we identified PTCD1 as a mitochondrial matrix protein
that regulates mitochondrial gene expression in cells (16). Knockdown
of PTCD1 affected the processing ofmitochondrial tRNAs (mt-tRNAs)
required for mitochondrial biogenesis and energy production (16).
We also found PTCD1 associated with themitochondrial RNase Z or
ELAC2 protein (17), further suggesting that it may be involved in
mt-RNA processing. To understand the role of PTCD1 in vivo, we cre-
ated a constitutive knockout of the Ptcd1 gene in mice, enabling us to
understand how its loss could affect mitochondrial and cell function.
The homozygous knockout of Ptcd1 is embryonic lethal, whereas the
1 of 16
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heterozygous mice are haploinsufficient for PTCD1 and develop
adult-onset obesity, providing a model to investigate in vivo how im-
paired mitochondrial gene expression leads to the development of
metabolic syndrome.

Haploinsufficiency of PTCD1 leads to decreased protein synthesis,
affects RNA processing, and results in decreased complex biogenesis,
reduced oxygen consumption, and uncoupling of OXPHOS. Reduction
of PTCD1with age causes an accumulation of the short form ofOPA1
and decreased membrane potential and consequently affects the mor-
phology of mitochondria and cristae formation. The characterization
of themolecular and functional changes as a result of decreased PTCD1
levelswith age reveals a novel role for this protein inmetabolic dysfunction
and age-onset obesity through retrograde tissue-specific mammalian
target of rapamycin (mTOR) signaling via adenosine monophosphate–
activated protein kinase (AMPK). The heterozygous (Ptcd1+/−) mice
undergo ametabolic switchwith age as a result of lowered energy capacity
and alterations in metabolic hormones, growth factors, and proinflam-
matory cytokines, which causes tissue-specific molecular and patholog-
ical changes, leading to late-onset hypertrophy in the heart, hepatic
steatosis, and obesity.
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ugust 28, 2018
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RESULTS
PTCD1 is required for balanced mt-RNA metabolism
PTCD1 has an N-terminal mitochondrial targeting signal that localizes
it to the matrix and at least eight PPRs that play a role in its association
with RNA (16, 18). To understand the in vivo role of PTCD1, we
generated a knockout allele of the mouse Ptcd1 gene in embryonic stem
(ES) cells (fig. S1A) and subsequent transmission through the germ line
to obtain heterozygous Ptcd1+/− animals. Intercrossing Ptcd1+/− mice
produced Ptcd1+/− and Ptcd1+/+ mice in Mendelian proportions (geno-
typed pups, n = 629; Ptcd1+/−, n = 402; and Ptcd1+/+, n = 227); however,
the homozygous knockout mice (Ptcd1−/−) were not viable. Analyses of
essential proteins involved in mitochondrial gene expression have
shown embryonic lethality at embryonic day 8.5 (E8.5) (13, 19–23);
therefore, we analyzed the embryos at this stage to identify that
Ptcd1−/− embryos had not developed normally compared to those
observed for Ptcd1+/+ and Ptcd1+/−mice, and hence, the loss of PTCD1
was embryonic lethal (fig. S1B). Therefore, we conclude that PTCD1 is
essential for embryo development and survival, much like the other
threemammalian PPR proteins knocked out inmice to date: POLRMT
(11), MRPP3 (12), and LRPPRC (13).

The Ptcd1+/− mice develop normally; both male and female mice
were fertile and their survival was similar to their wild-type littermates.
However, we observed that by 30 weeks of age, the Ptcd1+/−mice ap-
peared obese (Fig. 1A) and were significantly heavier compared to their
Ptcd1+/+ littermates (Fig. 1B). Therefore, we analyzed the heterozygous
mice for molecular and functional changes in their mitochondria
compared to control littermate mice. We used northern blotting to
investigate the steady-state levels of mt-RNAs from livers and hearts
of Ptcd1+/+ and Ptcd1+/−mice. The steady-state levels of the 12S rRNA
were significantly increased in both the livers and hearts of Ptcd1+/−

mice, as well as levels of specific unprocessed and mature mRNAs,
such as RNA19, mt-Nd5/Cytb, mt-Co1, mt-Co2, mt-Nd4l/4, mt-Nd5,
and mt-Atp8/6 (Fig. 1C). The remaining levels of mature RNAs ei-
ther showed an increased trend or were unaffected in the Ptcd1+/−

mice compared to controls. Exceptions were the mt-Nd6 and 16S
rRNA that were significantly decreased in the Ptcd1+/− mice, indi-
cating that the reduction in PTCD1 caused differential effects on
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
mt-RNA metabolism. In addition, we found an overall increase in
mt-tRNAs, specifically tRNALeu(UUR), tRNAGln, tRNATrp, and tRNAGlu

(Fig. 1C).
The effects of PTCD1 reduction in heart mitochondria of the

Ptcd1+/−mice followed a similar trend to those found in livermitochon-
dria, but the magnitude of changes was less pronounced (Fig. 1D). In
the heart, the 12S rRNA, RNA19, mt-Co2, mt-Nd1, mt-Nd2, and
mt-Nd4l/4 were also significantly increased, and most of the other
tRNAs andmt-mRNAs showed an increased trend in the Ptcd1+/−mice
compared to controls (Fig. 1D), as observed in the livers of heterozy-
gous mice. These data indicate that haploinsufficiency of PTCD1
causes an increase in mt-RNA transcription and imbalanced mt-
RNA metabolism.

In our previous work, we showed that PTCD1 affects mt-RNA
processing in cells grown in high glucose, leading to accumulation of the
RNA19 that includes the 16S rRNA, tRNALeu(UUR), andmt-Nd1 region
(17). Therefore, to investigate global effects of PTCD1 reduction in vivo
across the entire mitochondrial transcriptome, we used an established
RNA sequencing (RNA-Seq)method (12), where changes in rarer tran-
scripts, such as precursors and partially processed transcripts, can
be reliably identified at greater depth. Here, we applied the same
method by making libraries from hearts and livers of three Ptcd1+/+

and three Ptcd1+/− mice, where we captured longer reads across the
entire mitochondrial transcriptome and excluded short RNAs, such
as tRNAs, to analyze the sites most affected by PTCD1 reduction
(figs. S2 and S3). We confirm the results from our northern blots that
the mature mRNAs, as well as precursors such as the RNA19 region,
were increased in the Ptcd1+/−mice. The effects were more pronounced
in the livers of thesemice compared to hearts, despite the highermt-RNA
content in the heart, where it accounts for ~30% of total RNA (24). In
addition, we observed increased accumulation of precursor transcripts
that span specific tRNA coding regions (figs. S2 and S3). Upon closer
inspection, we identified that the accumulation was particularly skewed
toward the 3′ end in both heart and livermitochondrial transcriptomes,
suggesting that PTCD1 affects these processing sites preferentially. This is
particularly evident in the regions spanning tRNATrp and tRNALeu(UUR)

(Fig. 1, E and F).We used quantitative reverse transcription polymerase
chain reaction (qRT-PCR) to validate the processing events across these
junctions and confirmed that they were significantly enriched in the
Ptcd1 heterozygous mice compared to controls (Fig. 1G), further indi-
cating that there is increased RNA transcription and accumulation of
precursor transcripts as a consequence of PTCD1 reduction.

Reduction of PTCD1 decreases de novo protein synthesis of
mitochondria-encoded proteins and the stability of large
ribosomal proteins
Immunoblotting of mitochondrial proteins from livers and hearts of
aged Ptcd1+/+ and Ptcd1+/− mice showed that the heterozygous mice
had ~50% lower levels of the PTCD1 protein compared to controls,
indicating that haploinsufficiency underlies the molecular defects
observed in thesemice and this is consistent in liver and heart mitochon-
dria (Fig. 2, A and B). Therefore, we investigated the effects of PTCD1
haploinsufficiency onmitochondrial- and nuclear-encoded OXPHOS
polypeptides by immunoblotting in both liver (Fig. 2C) and heart
mitochondria (Fig. 2D) and found no significant differences in their
steady-state levels between the Ptcd1+/+ and Ptcd1+/−mice, with the ex-
ception of cytochrome c oxidase subunit I (COXI), which was re-
duced in the livers of the heterozygous mice. Next, we analyzed
the effects of PTCD1 reduction onmitochondrial proteins that regulate
2 of 16
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Fig. 1. Haploinsufficiency of Ptcd1 affects mt-RNA metabolism. (A) Photographic representation of size and weight difference between control (Ptcd1+/+) and
heterozygote (Ptcd1+/−) mice at 10 and 30 weeks of age. (B) Weight (in grams) of control (Ptcd1+/+, n = 6) and heterozygote (Ptcd1+/−, n = 6) mice at 5, 10, 15, and
30 weeks of age. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test. The abundance of unprocessed and mature mitochondrial mRNAs, tRNAs,
and rRNAs in livers (C) and hearts (D) of 30-week Ptcd1+/+ and Ptcd1+/− mice were analyzed by northern blotting;18S rRNA was used as a loading control. The data are
representative of results obtained from at least eight mice from each genotype and three independent biological experiments. (E) Genome browser view of the mean
RNA-Seq coverage (log2 fold change[KOmean/Ctrlmean]) in livers and hearts from three Ptcd1+/+ and three Ptcd1+/− 30-week-old mice (mean normalized count) showing
the region of mt-tRNATrp and the downstream effect on the 3′ end processing when PTCD1 is reduced. (F) Genome browser view of the mean RNA-Seq coverage (log2 fold
change[KOmean/Ctrlmean]) in livers and hearts from three Ptcd1+/+ and three Ptcd1+/− 30-week-old mice (mean normalized count) showing the region of mt-tRNALeu(UUR)

and the downstream effect on the 3′ end processing when PTCD1 is reduced. (G) mt-RNA junctions were measured in total liver and heart RNA from Ptcd1+/+ and Ptcd1+/−

30-week-old mice by qRT-PCR and normalized to 18S rRNA. Error bars indicate SEM. *P < 0.05, Student’s t test.
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Fig. 2. PTCD1 reduction causes reduced mitochondrial protein synthesis.Mitochondrial proteins (25 mg) from liver and heart mitochondria from 30-week-old Ptcd1+/+

and three Ptcd1+/− mice were resolved on 4 to 20% SDS-PAGE gels and immunoblotted against antibodies to investigate the steady-state levels of nuclear- and
mitochondrial-encoded proteins. Succinate dehydrogenase complex subunit A (SDHA) was used as a loading control. PTCD1 levels are decreased by ~50% in liver
(A) and heart (B) mitochondria, indicating its haploinsufficiency. Immunoblots of mitochondrial- and nuclear-encoded OXPHOS proteins in liver (C) and heart (D) mitochondria.
Immunoblots of nuclear-encoded mtDNA- and RNA-binding proteins in liver (E) and heart (F) mitochondria. Immunoblots showing the levels of mitochondrial ribosomal
proteins in liver (G) and heart (H) mitochondria. Relative abundance of proteins wasmeasured using ImageJ software normalized to the loading control. Error bars indicate
SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test. The data are representative of results obtained from at least six mice from each genotype and three independent
biological experiments. De novo protein synthesis in liver (I) and heart (J) from Ptcd1+/+ and three Ptcd1+/− mice was measured by pulse incorporation of 35S-labeled
methionine and cysteine. Equal amounts of mitochondrial protein (50 mg) were separated by SDS-PAGE and visualized by autoradiography. Representative gels from three
independent biological experiments are shown. All studies in this figure were performed in 30-week-old mice.
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017 4 of 16
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gene expression andRNA processing (Fig. 2, E and F). Although there
were no differences in the levels of TFAM and the RNase P proteins
MRPP1 andMRPP2, we found a significant reduction in the levels of
the mitochondrial RNase Z enzyme (ELAC2), which is responsible for
cleavage of tRNAs at their 3′ ends, in liver and heart mitochondria
from Ptcd1+/− mice compared to controls (Fig. 2, E and F). This fur-
ther implicates PTCD1 in RNA maturation within mitochondria.

We have shown previously that impairedmt-RNAprocessing can
affect the stability of mitochondrial ribosomal proteins (12, 17); there-
fore, we investigated whether decrease in PTCD1 affects their stability.
Immunoblotting revealed that only the levels of the large ribosomal
subunit proteins MRPL37 and MRPL44 were reduced significantly
in the liver mitochondria from Ptcd1+/− mice, but not in the small
ribosomal subunit proteins MRPS16, MRPS34, and MRPS35 that were
analyzed (Fig. 2G). The levels of themitoribosomal proteins fromboth
the small and large subunits were not different in heart mitochondria
from Ptcd1+/+ and Ptcd1+/− mice (Fig. 2H), indicating that mitochon-
drial ribosomal proteins in the liver are more affected by the reduction
of PTCD1 compared to the heart.

Next, we investigated mitochondrial protein synthesis by de novo
labeling to determine whether reduction in PTCD1 affects the rate of
translation of the newly produced polypeptides. We found decreased
translation of most polypeptides in liver mitochondria from Ptcd1+/−

mice (Fig. 2I). The effects on protein synthesis in heart mitochondria
from Ptcd1+/−mice were subtle, albeit consistent with the more modest
changes observed in heart mitochondria by immunoblotting and
northern blotting (Fig. 2J). In older, 40-week-old mice, we observed
decreased protein synthesis in both liver and heart mitochondria from
Ptcd1+/−mice (fig. S4, A and B), indicating that the molecular changes
in the heart aremore apparent with age, reflecting the highermt-RNA
content in the heart (24). These changes are consistent at the steady-
state protein level, where immunoblotting for theOXPHOS complexes
and the mitochondrially encoded COXII and COXIII subunits show
significant decreases in both liver and heart mitochondria from
40-week-old Ptcd1+/− mice (fig. S4, C and D), although the effects
are still more pronounced in the liver, suggesting that the liver is
more affected by the reduction of PTCD1 compared to the heart. We
conclude that despite the increased levels of mature mt-RNAs, the
allelic loss of PTCD1 results in decreased de novo translation, sug-
gesting that increased transcriptionmay be a compensatory response
to decreased protein synthesis.

PTCD1 is important for mitochondrial respiratory complex
biogenesis and function
We measured oxygen consumption in liver and heart mitochondria to
determine whether mitochondrial respiratory function was affected
when PTCD1 levels were reduced. Mitochondrial state 3 and state
4 respiration using glutamate/malate or succinate as the substrates
were significantly decreased in the liver (Fig. 3A) but not heart
(Fig. 3B) mitochondria from 30-week-old Ptcd1+/− mice. Similarly, the
maximum capacity of the respiratory chain, which was measured in
the presence of the uncoupler carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP), was also significantly decreased in liver
mitochondria from Ptcd1+/− mice compared to controls (Fig. 3A).
We also investigated the effects of PTCD1 reduction onmitochondrial
respiration in 40-week-old mice and show that in these older mice
OXPHOS function is decreased in both the livers and hearts of Ptcd1+/−

mice compared to controls (fig. S4, E and F). The effects of PTCD1
reduction on OXPHOS capacity are more apparent with aging, as
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
10-week-old mice have normal OXPHOS function (fig. S5, A and
B). These findings indicate that mitochondrial function in the liver
is affected before the heart, further indicating that the excess mt-RNA
in the heart may compensate and protect its function when mitochon-
drial gene expression is compromised.

Becausemitochondrial respiration was affected in the Ptcd1+/−mice,
we analyzed the levels of themitochondrial respiratory complexes by
blue native polyacrylamide gel electrophoresis (BN-PAGE). We ob-
served a noticeable reduction of the respiratory complexV in the liver of
Ptcd1+/−mice compared to controls, and a slight decrease in complexes
I and III, but verymild changes in Ptcd1+/− heart mitochondria (Fig. 3,
C andD).We further quantified the changes following BN-PAGE and
immunoblotting of each complex to confirm that the levels of complex
V were significantly reduced by ~20% in liver mitochondria from
Ptcd1+/− mice compared to controls, and there was a slight decrease
in complex III (Fig. 3C); however, the levels of respiratory complexes
were not significantly changed in heart mitochondria between hetero-
zygote and wild-type mice (Fig. 3D). To investigate the assembly and
activity of complex V, the adenosine triphosphate (ATP) synthase, we
used BN-PAGE followed by in-gel activity staining (Fig. 3, E and F).
There was a noticeable reduction in adenosine triphosphatase activity,
a decrease in the monomeric form of the ATP synthase, and significant
reduction in the dimer and F1 subcomplexes of the ATP synthase in
liver mitochondria from the Ptcd1+/−mice compared to controls (Fig.
3E). In contrast, there were no differences in the activity or levels of the
ATP synthase in heart mitochondria from the Ptcd1+/+ and Ptcd1+/−

mice (Fig. 3F). These findings are consistent with our measurements of
theATP/ADP (adenosine diphosphate) ratio for both young and adult
Ptcd1+/+ and Ptcd1+/−mice (fig. S4, E and H), where we observe a sig-
nificant decrease of ~50% of ATP levels in the livers from old Ptcd1+/−

mice (fig. S4G), consistent with decreasedOXPHOS function andmito-
chondrial uncoupling and reduced complex V activity and levels. Our
findings indicate that haploinsufficiency of PTCD1 and decreased
protein synthesis in mitochondria can have tissue-specific downstream
consequences on the stability and function of the OXPHOS system.

Heterozygous Ptcd1 mice have remodeled cristae and
altered mitochondrial morphology
The dynamin-like guanosine triphosphatase OPA1 mediates mito-
chondrial fusion and fission and regulates mitochondrial cristae mor-
phology (25). The processing of OPA1 by the OMA-1 and YME1L
peptidases is crucial for normal mitochondrial morphology by balancing
the distribution of the long isoforms of OPA1 (L-OPA1) and short
isoforms of OPA1 (S-OPA1) that are important to maintain fusion and
fission, respectively [reviewed byMacVicar and Langer (26)]. Recently,
OPA1 and cristae remodeling have been implicated in the assembly and
stability of the respiratory complexes as well as their function (27, 28).
Because we found that mitochondria of the Ptcd1+/− mice were mildly
uncoupled and that this uncoupling affected the respiratory complexes,
we investigatedwhether the processing ofOPA1 and its processing pep-
tidase OMA-1 was also affected. In liver mitochondria from Ptcd1+/−

mice, we found decreased L-OPA1 levels and markedly increased
S-OPA1 abundance (Fig. 3G), whereas the levels of the short and long
isoforms of OPA1 were not changed between heart mitochondria from
Ptcd1+/+ andPtcd1+/−mice (Fig. 3H). Furthermore, themetalloproteinase
OMA-1 is increased in liver mitochondria from Ptcd1+/−mice but not
in heart mitochondria from these mice compared to their respective
controls (Fig. 3, G and H). The mitochondrial membrane potential
was decreased in liver mitochondria from Ptcd1+/− 30-week-oldmice
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Fig. 3. Reduction of PTCD1 affects the biogenesis of the respiratory chain, causing mild uncoupling and changes in mitochondrial morphology. Phospho-
rylating (state 3) and uncoupled respiration in the presence of up to 3 mM FCCP was measured in liver (A) and heart (B) mitochondria from four 30-week-old Ptcd1+/+ and
four Ptcd1+/− mice using an OROBOROS oxygen electrode using either pyruvate, glutamate, and malate or succinate as substrates in the presence of inhibitors. Isolated
liver (C) and heart (D) mitochondria (75 mg) from 30-week-old mice were treated with 1% n-dodecyl-b-D-maltoside and resolved on 4 to 16% BN-PAGE gel. Immuno-
blotting with the blue native OXPHOS cocktail antibody was used to visualize respiratory complexes. Error bars indicate SEM. *P < 0.05, **P < 0.01, Student’s t test. In-gel
activity stains were used for complex V in liver (E) and heart (F) mitochondria. Steady-state levels of OPA1 and OMA-1 in liver (G) and heart (H) mitochondria from at
least eight Ptcd1+/+ and eight Ptcd1+/− mice were measured by immunoblotting using SDHA as a loading control. Error bars indicate SEM. **P < 0.01, ***P < 0.001,
Student’s t test. Mitochondrial morphology and cristae structure in Ptcd1+/+ and four Ptcd1+/− livers (I) and hearts (J) were determined using TEM. The data are rep-
resentative of results obtained from at least three mice from each genotype. Scale bars, 0.25 mm (bottom panels) and 1 mm (top panels). The abundance of MICOS
complex proteins was measured in liver (K) and heart (L) mitochondria from at least eight Ptcd1+/+ and eight Ptcd1+/− mice using immunoblotting. SDHA was used as a
loading control. Error bars indicate SEM. ***P < 0.001, Student’s t test.
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compared to controls and in mouse embryonic fibroblasts (MEFs)
from Ptcd1+/−mice compared to controls (fig. S6, A and B), consistent
with the respirationmeasurements. Furthermore, we observed amore
fragmented appearance of mitochondria in the Ptcd1+/− MEFs com-
pared to controls, particularly when theywere grown in low glucose or
galactose (fig. S6C).

Transmission electronmicroscopy (TEM) was used to investigate
how decreased membrane potential and increased levels of S-OPA1
affect mitochondrial morphology in livers compared to hearts from
Ptcd1+/−mice and their respective controls from Ptcd1+/+ mice (Fig. 3,
I and J). In the livers of Ptcd1+/−mice, we observedmitochondria with
fewer cristae compared to control mice (Fig. 3I). In the hearts of Ptcd1+/−

mice, the morphology of mitochondria was less affected than in the
liver, although there was a higher number of surrounding smaller
mitochondria and themuscle fibers had less dense z lines (Fig. 3J).Most
of the heartmitochondria had hollow parts that lacked cristae, although
this was not as apparent as in the livers of Ptcd1+/−mice (Fig. 3, I and J,
lower panels).

Because we observed morphological changes in mitochondria and
their cristae, we next analyzed whether the abundance of themitochon-
drial contact site and cristae organizing system (MICOS) components
was affected in the Ptcd1+/−mice compared to controls (Fig. 3, K and L).
We immunoblotted for MICOS components that were associated
with the innermembrane, such asAPOOandAPOOL, becausewehave
found PTCD1 localized in thematrix as well as the innermitochondrial
membrane (16). The levels of these proteins were not changed in liv-
er or heartmitochondria betweenPtcd1+/+ andPtcd1+/−mice.However,
the level of the MICOS protein CHCHD3, previously identified to
interact with OPA1 (29), was increased significantly in liver mitochon-
dria from the Ptcd1+/− mice compared to controls (Fig. 3K) or heart
mitochondria from both genotypes (Fig. 3L). Together, these data indi-
cate that mild uncoupling of mitochondria affects their morphology
and cristae as well as theMICOS components closely associated with
OPA1 and shift the balance of the short and long isoform of OPA1.
Haploinsufficiency of PTCD1 over time cannot be compensated by an
increase in CHCHD3 in an attempt to overcomemorphological changes
induced by uncoupling and accumulation of S-OPA1.

Adult-onset heart hypertrophy and liver steatosis in
heterozygous Ptcd1+/− mice
Previously, we found that complete knockout of the endonuclease
component of the mitochondrial RNase P complex, MRPP3, responsi-
ble for 5′ end tRNA processing, in the heart resulted in a severe cardio-
myopathy followed by premature death at 11weeks (12). Although the
Ptcd1+/−mice do not die at such an early age, the haploinsufficiency of
PTCD1 alone causes defects in RNAmetabolism/protein synthesis that
are sufficient with age to cause mitochondrial dysfunction and signif-
icant weight gain (Fig. 1A). Therefore, we analyzed liver and heart
function of Ptcd1+/− mice compared to Ptcd1+/+ mice to investigate
how decreased protein synthesis, OXPHOS uncoupling, and altered
mitochondrial morphology can exacerbate dysfunction and lead to
pathology. Oil red O staining of liver sections revealed extensive
accumulation of small lipid droplets in the Ptcd1+/− mice, causing
pronounced fibrosis with age (Fig. 4, A and B). The livers of the adult
Ptcd1+/−mice are chronically injured, with a greater number of oval-
shaped liver progenitor cells observed (Fig. 4A). Hematoxylin and
eosin (H&E) staining of the liver further confirms that binucleated he-
patocytes represent themajor dividing cell type in the regenerating liver
of Ptcd1+/− mice compared to controls (Fig. 4B). We also observed an
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
Fig. 4. Ptcd1+/− mice develop liver steatosis and cardiac hypertrophy. (A) Liver
sections cut to 5- or 10-mm thickness were stained with H&E or Oil red O and
hematoxylin, respectively, from 30-week-old Ptcd1+/+ (n = 6) and Ptcd1+/− (n = 6)
mice. (B) Quantitative measurement of Oil red O staining using ImageJ. Values are
means ± SEM. *P < 0.05, Student’s t test. (C) ECG parameters for Ptcd1+/+ (n = 5) and
Ptcd1+/− (n = 5) 40-week-old mice. LVEDD, left ventricular end diastolic diameter;
LVESD, left ventricular end systolic diameter; FS, fractional shortening; LVDPW, left
ventricular posterior wall in diastole; LVSPW, left ventricular posterior wall in systole;
IVDS, intraventricular septum in diastole; IVSS, intraventricular septum in systole; HR,
heart rate. Values are means ± SEM. *P < 0.05 compared with Ptcd1+/+, **P < 0.01,
Student’s t test. (D) Heart sections cut to 5-mm thickness were stained with H&E
from aged Ptcd1+/+ (n = 6) and Ptcd1+/− (n = 6) mice. Scale bars, 100 mm. Enlarged
hearts were determined as a measure of heart weight relative to tibia length; *P <
0.05 compared with Ptcd1+/+, Student’s t test. Photographic representation of size
difference between Ptcd1+/+ and Ptcd1+/− hearts in adult mice.
7 of 16

63

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on A
ugust 28, 2018

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

increase in the number of hepatic blood vessels, which may be a com-
pensatory effect in an effort to increase blood flow to the damaged liver.
Together, these results indicate that Ptcd1+/−mice have hepatic steatosis.

Impaired 3′ end tRNA processing has been shown to cause cardio-
myopathy in patients with mutations in ELAC2 (30); therefore, echo-
cardiography (ECG)was performed on the agedPtcd1+/− andPtcd1+/+

mice. Ptcd1+/− mice had altered cardiac function consistent with the
development of cardiac hypertrophy, including a significant increase
in the left ventricular posterior wall in systole and intraventricular
septum in diastole (thicker walls), a significant decrease in the left
ventricular end systolic diameter (narrowing chamber), and an increase
in fractional shortening, which demonstrates a hypercontractile heart
(Fig. 4C). H&E staining of the aged hearts of Ptcd1+/− mice revealed
enlarged nuclei, which are more sparsely dispersed within the heart
tissue and consistent with the enlarged size of the hearts, indicative
of hypertrophy in the heart (Fig. 4D). These results suggest that a re-
duction of PTCD1 has pathological consequences for both the liver
and heart with aging, although more severe molecular changes are
identified in the livers of heterozygous mice.

Adult-onset obesity in Ptcd1+/− mice leads to glucose
intolerance and insulin resistance
To investigate the metabolic consequences of PTCD1 haploinsuffi-
ciency, we monitored the weight of Ptcd1+/+ and Ptcd1+/−mice from
5 to 30 weeks of age. During this time, we kept a record of their weight
gain and food intake, bymeasuring the input and output of food each
week. Ptcd1+/−mice did not display different eating habits, appetites,
or intake of food relative to Ptcd1+/+ mice between the ages of 5 and
30 weeks. Between the ages of 5 and 15 weeks, there was no significant
difference in weight between Ptcd1+/− mice and their wild-type litter-
mates (Fig. 5A). From15weeks, thePtcd1+/−micewere starting to show
a significant increase in weight compared to controls, and by 30 weeks
of age, Ptcd1+/− mice were significantly heavier, by approximately 5 g,
compared to Ptcd1+/+ mice (Fig. 5A). Measurement of intra-abdominal
epididymal pad weights showed greater visceral lipid deposition in
adult Ptcd1+/− mice than Ptcd1+/+ mice, no differences in lipid deposi-
tion between Ptcd1+/− and Ptcd1+/+ 10-week-old mice (Fig. 5B).

Glucose tolerance testing (GTT) of Ptcd1+/+ and Ptcd1+/−mice fed a
normal chow diet (NCD) showed that the Ptcd1+/−micewere glucose-
intolerant at 15 and 30weeks of age (Fig. 5, C andD). Insulin tolerance
testing (ITT) revealed that early in life, at 11 weeks, the Ptcd1+/− mice
are slightly insulin-sensitive; however, by 16 weeks of age, there was
no difference in insulin sensitivity between Ptcd1+/+ and Ptcd1+/− mice
(Fig. 5E). Subsequently, by 30 weeks of age, the Ptcd1+/− mice had
developed insulin resistance compared to their wild-type counterparts
(Fig. 5, E and F), consistentwith their weight gain and glucose intolerance
at this age. This shows that, with age, Ptcd1+/−mice have decreased glu-
cose tolerance and increased insulin resistance compared to their
control littermates, indicating that decreased protein synthesis with
age impairs mitochondrial function and membrane morphology
that leads to a metabolic switch, causing weight gain and consequent
metabolic desensitization to insulin.

Reduction of PTCD1 causes early-onset hormonal changes
that contribute to the development of disease in response
to mitochondrial dysfunction
Alterations in the levels of cholesterol and triglycerides, insulin, leptin,
interleukin-6 (IL-6), and fibroblast growth factor 21 (FGF-21) have all
been linked to the development of obesity and metabolic syndrome
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
(31). Therefore, we investigated the levels of hormones and growth
factors involved in glucose and lipid metabolism, and the regulation of
food intake and energy expenditure by enzyme-linked immunosorbent
assays (ELISAs) in serum isolated from10- to 30-week-oldPtcd1+/− and
Ptcd1+/+mice fed an NCD. In 10-week-old mice, the levels of insulin,
triglycerides, cholesterol, and IL-6 were not statistically different be-
tween the Ptcd1+/+ and Ptcd1+/−mice, whereas leptin and FGF-21 were
both significantly elevated in the Ptcd1+/−mice (Fig. 6A). In contrast, we
found significantly increased levels of triglycerides, IL-6, leptin, and
FGF-21 in the 30-week-old Ptcd1+/− mice compared to the Ptcd1+/+

mice (Fig. 6B). The increases in triglycerides and leptin are consistent
with significant weight gain, and the elevated FGF-21 is consistent with
cardiac dysfunction, as has been observed previously in other models
of heart disease, which has led to its use as a marker of mitochondrial
dysfunction (32, 33). Increased IL-6 levels are consistent with liver in-
jury in the Ptcd1+/− mice involving mitochondrial dysfunction and
metabolic syndrome. Increases in phosphorylation of stress-activated
protein kinase (SAPK)/c-Jun N-terminal kinase (JNK), in response to
profoundly elevated IL-6, were identified in the livers of 10- and 30-
week-old Ptcd1+/−mice compared to Ptcd1+/+ mice (Fig. 6C). Similarly,
increased SAPK/JNK phosphorylation was found in the hearts of 10-
and 30-week-old Ptcd1+/−mice compared to controls (Fig. 6D), indicat-
ing activation of inflammatory signaling pathways in the development
of both hepatic steatosis and cardiac hypertrophy.

Tissue-specific regulation of the mTOR pathway in response
to the severity of mitochondrial dysfunction
Severe mitochondrial dysfunction has been shown to stimulate up-
regulation of themTORpathway via themTOR complex 1 (mTORC1),
to increase cytosolic protein synthesis as a compensatory measure in
an effort to overcome OXPHOS defects (34–36). Therefore, we investi-
gated these pathways to determine howmitochondrial dysfunctionmay
cause retrograde changes in these cell signaling pathways. Immuno-
blotting revealed that Akt phosphorylation is significantly increased
in the livers of Ptcd1+/− mice compared to Ptcd1+/+ mice (Fig. 7A)
and relative to the steady-state levels of Akt. Next, we investigated the
mTOR signaling pathway in the livers of Ptcd1+/− mice and found that
both the steady-state and phosphorylated levels of mTOR are signif-
icantly decreased compared to controls (Fig. 7A). Because the formation
of mTORC1 and mTORC2 differs by the association of mTOR with
either Raptor or Rictor, respectively [reviewed by Johnson et al. (36)],
we analyzed the effects on both of these proteins. We found that in
the livers of Ptcd1+/− mice, the levels of Rictor, but not Raptor, are sig-
nificantly decreased compared to those in controlmice (Fig. 7A).Analyses
of the downstream substrates of the mTORC1 pathway, the ribosomal
protein S6 and translational initiator, 4E-BP1, in livers, revealed that
there were no significant changes in their steady-state levels or their
phosphorylation status (Fig. 7A). Changes in mitochondrial ATP/
ADP levels are sensed by the phosphorylation of the AMPKa, and
increase in AMPKa phosphorylation represses mTORC1 signaling
(36). In the livers of Ptcd1+/− mice, we found increased phosphoryl-
ation of AMPKa (Fig. 7B), consistent with decreased ATP levels (fig.
S4G) and decreased mTOR phosphorylation (Fig. 7A) compared to
controls. Together, these data suggest that Akt phosphorylation in
the livers of Ptcd1+/− mice acts via the mTORC2 pathway.

Although we found increased phosphorylation of Akt in both
heart and liver tissue of Ptcd1+/−mice compared to Ptcd1+/+ controls,
we identified increased phosphorylation of mTOR and its substrates
S6 and 4E-BP1 only in heart tissue of Ptcd1+/− mice (Fig. 7C). Here,
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Fig. 5. Reduction of PTCD1 causes adult-onset obesity and insulin resistance. (A) Percentage increase of weight gain from 5 to 30 weeks of age between Ptcd1+/+

(n = 12) and Ptcd1+/− (n = 12) mice. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test. (B) Weight of intra-abdominal epididymal fat pads in grams for young and adult
Ptcd1+/+ (n = 4) and Ptcd1+/− (n = 4) mice. (C) Glucose tolerance in 10- and 15-week-old Ptcd1+/+ (n = 12) and Ptcd1+/− (n = 12) mice (young mice). (D) Glucose tolerance
in 30-week-old Ptcd1+/+ (n = 12) and Ptcd1+/− (n = 12) mice (aged mice). (E) Insulin sensitivity in 11- and 16-week-old Ptcd1+/+ (n = 12) and Ptcd1+/− (n = 12) mice (young
mice). Quantitative values are the area under the curve (AUC) ± SEM. *P < 0.05, Student’s t test. (F) Insulin sensitivity in 30-week-old Ptcd1+/+ (n = 12) and Ptcd1+/− (n = 12)
mice. Quantitative values are the AUC ± SEM. **P < 0.01, Student’s t test.
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Fig. 6. Metabolic hormones, growth factors, and proinflammatory cytokines increase with age in the Ptcd1+/− mice. (A) Insulin, triglycerides, cholesterol, IL-6,
leptin, and FGF-21 levels were measured in serum obtained from 10-week-old Ptcd1+/+ (n = 6) and Ptcd1+/− (n = 6) mice. (B) Insulin, triglycerides, cholesterol, IL-6, leptin,
and FGF-21 levels were measured in serum obtained from 30-week-old Ptcd1+/+ (n = 6) and Ptcd1+/− (n = 6) mice. Endogenous levels of the SAPK/JNK and its phos-
phorylated form (Thr183/Tyr185) were determined by immunoblotting of whole liver and heart lysates from 10-week-old (C) or 30-week-old (D) Ptcd1+/+ and Ptcd1+/−

mice. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as a loading control. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test.
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017 10 of 16
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we also found that levels of Raptor are increased in the heterozygote
hearts, whereas the levels of Rictor are not different between the hetero-
zygote and control mice (Fig. 7C). The increase in mTOR signaling is
consistent with the decreased phosphorylation status of AMPKa in the
hearts of Ptcd1+/−mice compared to controls (Fig. 7D). These opposing
effects in the heart compared to the liver indicate that the mTORC1
signaling is activated in the hearts of PTCD1 heterozygote mice,
confirming differential mTOR regulation in response to mitochondrial
dysfunction between highly proliferative tissues, such as the liver, and
postmitotic tissue, such as the heart.
DISCUSSION
mt-RBPs are key to mammalian mitochondrial gene expression and
biogenesis, by regulating transcription, RNA processing, RNA mat-
uration, stability, and translation (1, 2). This is evident from muta-
tions in nuclear genes encoding differentmt-RBPs, including LRPPRC,
ELAC2, MRPP1, and TACO1, that cause mitochondrial dysfunction,
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
disease, and frequently death in humans (30, 37–39). Furthermore, mouse
models, where mt-RBPs have been knocked out, show that they are
essential for embryo development and survival (10, 12, 13, 21, 23).
Here, we show that PTCD1 is essential for life and that even haploin-
sufficiency of this protein leads tomitochondrial dysfunction,metabolic
defects, and disease, which has not been observed before for anmt-RBP.
Reduction of PTCD1 has a significant impact onmt-RNAmetabolism
in vivo particularly because decrease in PTCD1 also affects the levels
of the mitochondrial RNase Z but not RNase P, validating our previous
identified association of PTCD1 with ELAC2 (17). Despite processing
defects, we observed an increase in most mature mt-RNAs, likely as a
result of increased transcription, previously observed in models where
RNA processing and stability are affected (12, 22). It is the increase in
transcription that likely compensates early in life for the accumulation
of unprocessed transcripts because we do not see obvious changes in
OXPHOS function or stabilization of the steady-state levels of several
nuclear- and mitochondrial-encoded OXPHOS polypeptides, despite
defects in de novo mitochondrial protein synthesis. However, with
Fig. 7. The mTOR signaling pathway is differentially regulated in response to mitochondrial dysfunction in Ptcd1+/− mice. The mTOR pathway was assessed by
immunoblotting using specific antibodies upstream and downstream of mTOR in liver (A) and heart (C) lysates from Ptcd1+/+ and Ptcd1+/− 30-week-old mice using
GAPDH as a loading control. Immunoblotting was used to measure the abundance of the phosphorylated (Thr172) and nonphosphorylated form of AMPKa in liver (B) and
heart (D) lysates from 30-week-old Ptcd1+/+ and Ptcd1+/− mice using GAPDH as a loading control. Relative abundance of proteins was measured using ImageJ software
normalized to the loading control. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t test. The data are representative of results obtained from
at least six mice from each genotype and three independent biological experiments.
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age, we found that OXPHOS function and levels in the Ptcd1 hetero-
zygous mice are lowered, and their mitochondria are uncoupled as a
consequence of persistent imbalance in mt-RNA processing and de-
creased protein synthesis.We found that there weremore severemo-
lecular defects in liver mitochondria compared to heart mitochondria
of Ptcd1 heterozygous mice even with age, possibly reflecting the dif-
ferences in mitochondrial transcript abundance as a result of the
energy demands of these tissues. The heart is a postmitotic tissue and
has excessmt-RNA (24) thatmay enable it to cope with sudden changes
in energy demands over a short period of time. In contrast, the liver is a
highly proliferative tissue andmt-RNA accounts for ~12% of total liver
RNA, possibly leaving this tissue little capacity to deal with distur-
bances in mitochondrial translation and protein levels during devel-
opment or changes in energy demands.

The reduction in ATP synthase and complex III levels in the Ptcd1
heterozygous mice is a direct consequence of the decreased protein
synthesis in these mice, and this is more obvious with age. Because
the ATP synthase and respiratory complexes have been shown to
play a role in the formation andmaintenance of themitochondrial inner
membrane cristae morphology (27, 40–42), it is possible that the re-
duction of PTCD1 and downstream consequences on the OXPHOS
system and ATP levels, albeit mild, could be sufficient to induce stress
and cleavage of OPA1, thereby leading to the accumulation of the
S-OPA1. The balance in the levels of S-OPA1 and L-OPA1 is important
for maintaining normal cristae morphology (43), where increased
levels of S-OPA1 can cause mitochondrial cristae remodeling (44, 45)
that leads to disease, as we have observed here in the livers of the het-
erozygous Ptcd1mice. In addition, reduction inOPA1has been shown
to play a role in mitochondrial dysfunction and late-onset cardio-
myopathy (46), similar to the adult-onset cardiac dysfunction in the
Ptcd1+/− mice. Mice lacking OMA-1, the processing peptidase of
OPA1, result in imbalanced distribution of the OPA1 isoforms and
suffer from changes inmetabolic function that lead to decreased energy
expenditure, increased adipose mass, and reduced thermogenesis and
transcriptional changes in the glucosemetabolismpathways and cause
obesity and hepatic steatosis (44, 47). We also found that the levels of
large mitochondrial ribosomal subunit proteins were decreased,
which may affect the assembly of the large ribosomal subunit as a con-
sequence of changes in the inner membrane and cristae because the
large ribosomal subunit is anchored to the mitochondrial inner mem-
brane. In ourmodel, for the first time to our knowledge, we show that
changes in mitochondrial gene expression can initiate defects that
affect OPA1 processing with similar metabolic consequences invol-
ving increased fat deposition, cardiomyopathy, and hepatic steatosis.
Our model indicates that balanced regulation of mitochondrial gene
expression can be tissue-specific, andmt-RNA defects can have varying
impact depending on the energy demands of tissues.

TheMICOS complex plays an important role in cristae organization
and morphology required for mitochondrial biogenesis (48, 49). Al-
though the levels of most MICOS proteins associated with the inner
mitochondrial membrane were not changed in the heterozygous mice,
theCHCHD3proteinwas increased in the heterozygousmice. CHCHD3
associates with OPA1(29), and it is possible that the increased levels are
a compensatory response to the accumulation of S-OPA1, in an effort
to counteract cristae remodeling, suggesting that OPA1 changes can be
sensed by MICOS via the CHCHD3 protein.

Changes inmitochondrial morphology and consequent dysfunction
can lead tometabolic changes, including insulin resistance and obesity
(47), as well as changes in mTOR signaling (44). Here, we show that
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
impaired mitochondrial gene expression and biogenesis can cause
tissue-specific changes in mTOR signaling, perturbed fatty acid metab-
olism, and consequently glucose intolerance and inflammation. In
the liver of Ptcd1 heterozygous mice, when ATP levels are decreased,
the energy andnutrient sensorAMPKa is activated by phosphorylation,
which inhibits the activation of mTOR. This phenomenon has been
observed previously, where decrease in hepatic mTOR and mTORC1
activity results in a fragmentedmitochondrial network, and a drop in
cristae density that is associated with reduction in mitochondrial respi-
ratory capacity decreases L-OPA1 (44). In contrast,mTOR signaling is
up-regulated via mTORC1 in the hearts of Ptcd1 heterozygous mice,
resulting in increased phosphorylation of S6 and 4E-BP1, indicating
that this tissue can cope withmitochondrial dysfunction by increasing
cytoplasmic protein synthesis. This may be a coping mechanism for
mitochondrial dysfunction in postmitotic tissues, such as heart and
muscle, because it has been found in other models of mitochondrial
disease caused by defects in OXPHOS biogenesis (35). The increase in
mTOR signaling in the heart is consistent with decreased phosphoryl-
ation of AMPKa and relatively normal ATP levels. The tissue-specific
differences in mTOR signaling likely reflect their different energy
demands, becausemTORhas been shown to responddirectly to changes
inATP levels (50) such that the liver inhibitsmTORsignaling as ameans
to preserve energy expenditure that is not present in excess, whereas
the heart up-regulates mTOR signaling to cope with potential decline
in mitochondrial OXPHOS.

The metabolic changes in response to impaired RNA metabolism
and biogenesis were consistent with changes in hormones associated
with obesity, mitochondrial dysfunction, as well as cardiac and liver
injury. Leptin is secreted by adipose tissue and regulates body weight,
food intake, and energy expenditure by interacting with appetite and
satiety centers in the brain (51). The increase in leptin levels correlates
with increased bodyweight and fat deposits (52), and these are consistent
in the obese Ptcd1+/−mice. Increase in FGF-21 in the Ptcd1+/−mice was
in response to mitochondrial dysfunction and the development of
cardiomyopathy, because increase in FGF-21 is commonly used as a
biomarker ofmitochondrial dysfunction and disease involving cardiac
and skeletal muscle defects (32, 33). These effects are consistent with a
recent report showing that an increase in FGF-21 in obese animals
represses mTORC1 in the liver, which reduces the ability of hepatic
mTOR to regulate carbohydrate and lipid metabolism (53). The im-
munomodulating cytokine IL-6 has roles in inflammation, metabolism,
and the activation of AMPKa (54), andmice lacking IL-6 have adult-
onset obesity, liver steatosis, and insulin resistance (55–57). The increase
in IL-6 seen in ourmice indicates that this cytokine has a proinflamma-
tory role stimulating increased phosphorylation of JNK that causes
chronic hepatic injury, lipid accumulation, liver steatosis, and insulin
resistance. Increased inflammation caused by sustained JNK phospho-
rylation can negatively regulate the insulin receptor (56), which may
underlie the insulin resistance observed in our adult obese Ptcd1+/−

mice. Mitochondrial dysfunction resulting from chronic inflammation
has been shown to induce lipid accumulation (58), whereas IL-6 en-
hances hepatic triglyceride and glucose levels, thereby exerting path-
ogenicity in age-related disease (59). Leptin, FGF-21, and IL-6 levels
are increased from a young age in the Ptcd1+/− mice, suggesting that
these hormones respond early in life to imbalanced RNAmetabolism
and biogenesis and act as biomarkers for age-induced obesity, mito-
chondrial dysfunction–induced heart disease, and inflammation.

Changes in mitochondrial gene expression and consequent mito-
chondrial dysfunction as a result of point mutations in mt-RBPs cause
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pathology in different tissues with varying severity in human disease
(3, 60) andmousemodels of disease (61, 62). The Ptcd1 heterozygous
mice have multiple pathologies, indicating that PTCD1 reduction is
sufficient to cause increased fractional shortening in the heart and
chronic injury, lipid accumulation, and fibrosis in the liver. Compro-
mised mitochondrial biogenesis, uncoupling of OXPHOS, and con-
sequent morphology changes, sustained over time, cause a metabolic
switch possibly from fatty acid utilization to glucose metabolism in the
adultPtcd1 heterozygousmice, which has been shown to play a critical
role in the development of late-onset cardiomyopathy inYme1l knockout
mice (45). Increase in fatty acids and consequent accumulation of fat in
the liver caused the development of steatosis and inflammation in the
Ptcd1 heterozygous mice. This chronic liver injury leads to an increase in
the number of liver progenitor cells in an effort to repair liver function (63).

Our work here identifies PTCD1 as an essential protein for mito-
chondrial biogenesis and metabolic function in vivo. Although PTCD1
levels in cells are relatively low, its expression from both alleles is re-
quired for mitochondrial function and structure. Reduction of PTCD1
leads to adult-onset metabolic reprogramming as a result of reduced
OXPHOS function andmitochondrial uncoupling that havedownstream
effects on insulin andmTOR signaling pathways and fatty acidmetab-
olism, which are exacerbated with age to cause disease. Our findings
provide an important model that experimentally demonstrates how
haploinsufficiency can play a significant role in the predisposition to
metabolic syndrome and obesity in adulthood. More importantly, we
show that evenminor perturbations in mt-RNAmetabolism and de-
creased mitochondrial protein synthesis are sufficient to cause late-
onset disease and a significant impact on energymetabolism. Futurework
should focus on functional analyses of heterozygous loss of function as a
result of mutations that can cause humanmetabolic diseases, obesity,
and diabetes to understand which single-nucleotide variants identified
in large cohorts are the functional contributors to these diseases.
 on A
ugust 28, 2018
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MATERIALS AND METHODS
Animals and housing
Ptcd1 transgenic mice on a C57BL/6N background were generated by
the Australian Phenomics Network (APN; Monash University, Mel-
bourne, Australia). ES cells harboring a start codon to stop codon Ptcd1
knockout allele (Ptcd1tm1(KOMP)Vlcg) were obtained from the Knockout
Mouse Project (KOMP) Repository (University of California, Davis,
CA). Blastocysts were injected with ES cells and transferred to pseudo-
pregnant recipient mice. Mice chimeric for the Ptcd1 knockout allele
were bred with wild-type C57BL/6Nmice to obtain heterozygote off-
spring. Male age- and littermate-matched wild-type (Ptcd1+/+) and het-
erozygous (Ptcd1+/−) mice were housed in standard cages (45 cm ×
29 cm× 12 cm) under a 12-hour light/dark schedule (lights on 7 a.m. to
7 p.m.) in controlled environmental conditions of 22 ± 2°C and 50 +
10% relative humidity and fed a NCD (Rat and Mouse Chow, Specialty
Feeds), andwater was provided ad libitum. All studies were performed in
animals aged 5 to 30 weeks unless otherwise specified. The study was ap-
proved by the Animal Ethics Committee of the University of Western
Australia and performed in accordance with Principles of Laboratory
Care (National Health andMedical Research Council, Australian Code
for the Care and Use of Animals for Scientific Purposes, ed. 8, 2013).

Tissue homogenate preparation
Tissue pieces (liver and heart) (3 mm × 3 mm) were ground into a fine
powder using amortar andpestle in liquidN2 andhomogenized in 100ml
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
of cell extraction buffer [100 mM tris, 2 mM Na3VO4, 100 mM NaCl,
1% Triton X-100, 1 mMEDTA, 10% glycerol, 1 mMEGTA, 0.1% SDS,
1 mMNaF, 0.5% deoxycholate, 20 mMNa4P2O7 (pH 7.4)], containing
PhosSTOP phosphatase inhibitor cocktail (Roche) and EDTA-free
cOmplete protease inhibitor cocktail (Roche). The homogenate
was centrifuged at 10,000g for 5 min at 4°C. The previous steps were
repeated until a clear tissue homogenate was produced. The tissue ho-
mogenate protein concentration was quantified using the bicinchoninic
acid (BCA) assay using bovine serum albumin (BSA) as a standard.

Mitochondrial isolation
Mitochondria were collected from homogenized hearts and livers and
isolated by differential centrifugation as described previously (12) with
some modifications. Livers were homogenized in buffer containing
250mMsucrose, 5mMtris, and 1mMEGTA (pH7.4)with EDTA-free
cOmplete protease inhibitor cocktail (Roche), and hearts were first
incubated in 210mMmannitol, 70mMsucrose, 10mMtris, and 0.1mM
EDTA (pH 7.4) containing EDTA-free cOmplete protease inhibitor
cocktail (Roche) for 10min before homogenization anddifferential cen-
trifugation. The mitochondrial protein concentration was quantified
using the BCA assay using BSA as a standard.

RNA isolation and Northern blotting
RNA was isolated from total hearts or heart mitochondria using the
miRNeasyMini Kit (Qiagen) incorporating an on-columnRNase-free
deoxyribonuclease digestion to remove all DNA. RNA (5 mg) was re-
solved on 1.2% agarose formaldehyde gels, then transferred to 0.45-mm
Hybond-N+ nitrocellulose membrane (GE Life Sciences), and hybrid-
ized with biotinylated oligonucleotide probes specific to mouse mito-
chondrial mRNAs, rRNAs, and tRNAs (16). Hybridizations were carried
out overnight at 50°C in 5× SSC, 20mMNa2HPO4, 7%SDS, andheparin
(100 mg/ml), followed by washing. The signal was detected using
streptavidin-linked infrared-labeled antibody [diluted 1:2000 in 3×
SSC, 5%SDS, and 25mMNa2HPO4 (pH7.5)] using anOdyssey Infrared
Imaging System (LI-COR Biosciences).

RNA-Seq and alignments
RNA-seq was performed on total RNA from three control and three
Ptcd1 heterozygous mice by the Australian Genomic Research Facility
on the Illumina NextSeq platform, according to the Illumina TruSeq
protocol. We used random hexamer primers for cDNA library gener-
ation and performed cytoplasmic rRNA depletion using the Ribo-Zero
rRNA removal kit. Adapter trimming was performed by cutadapt (64).
To analyze the mitochondrial transcriptome, sequenced single end
reads were initially aligned to themouse genome (mm10) withHISAT2
v2.0.4 (NUMTs masked) (65). The read IDs of all mitochondrial
primary alignments were extracted with SAMtools v1.3 (66) and used
to filter the original alignments into nuclear and mitochondrial align-
ment files with Picard v1.23 (http://broadinstitute.github.io/picard/).
The mitochondrial alignments were converted back to their original
read sequence in FASTQ format with Picard and realigned to the mito-
chondrial genome as before with the additional parameter --no-spliced-
alignment. Primary mitochondrial alignments were extracted and
separated according to their template strand of origin with SAMtools
and converted to template strand-specific fragment BED files with
BEDtools (67) and ad hoc scripts. Per-base depth of strand-specific
fragment BED files was generated with BEDtools normalized by the
total number of properly mapped reads per million across the whole
genome (nuclear and mitochondrial) and converted to bedGraph
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format for visualization with Integrative Genomics Viewer v2.3.9
(68, 69).

Immunoblotting
Specific proteins were detected using rabbit monoclonal antibodies
against RG9MTD1 (HPA036671),HSD17B70 (HPA001432), andMRPS34
(HPA042112) (Sigma—Prestige Antibodies, diluted 1:500); MRPS35
(16457-1-AP),MRPL44 (16394-1-AP),MRPL37 (15190-1-AP),MRPS16
(16735-1-AP), MRPL11 (15543-1-AP), and AFG3L2 (14631-1-AP)
(Proteintech, diluted 1:1000); phosphorylated (Ser2448; 5535) and non-
phosphorylated mTOR (2983), phosphorylated (Thr183/Tyr185; 4668)
and nonphosphorylated SAPK/JNK (9252), phosphorylated (Thr172;
2532) and nonphosphorylated AMPKa (2532), phosphorylated (Ser473;
4051) and nonphosphorylated Akt (9272), phosphorylated
(Ser235/236; 4856) and nonphosphorylated S6 (2217), phosphorylated
(Thr37/36; 2855) and nonphosphorylated 4E-BP-1 (9644), Rictor (2140),
ACC (3662), and GAPDH (2118) (Cell Signaling Technology, diluted
1:500); Raptor (ab40768), PGC-1 (ab54481), andYY1 (ab109228) (Abcam,
diluted 1:1000); and CHCHD3 (OAEB01622) (Aviva Systems Biology,
diluted 1:500). Specific rabbit polyclonal antibodies were used against
PTCD1 (H116; sc-382428) (Santa Cruz Biotechnology, diluted 1:250),
TFAM (ab131607) (Abcam, diluted 1:200), ELAC2 (10061-1-AP) and
OMA-1 (17116-1-AP) (Proteintech, diluted 1:200), APOOL (OAAF03292)
and ACACA (pACC Ser79; OAAN02936) (Aviva Systems Biology,
diluted 1:200), and LRP130 (sc-166177) (Santa Cruz Biotechnology,
diluted 1:500). Specific mouse monoclonal antibodies used were Total
OXPHOS Cocktail Antibody (ab110412), NDUFA9 (ab14714), SDHA
(ab14715), UQCRC2 (ab14745), COXI (ab14705), COXII (ab198286),
COXIII (ab110259), COXIV (ab14744), ATP5a (ab14748), ATP inhib-
itory factor 1 (ab110277), and OPA1 (ab42364) (Abcam, diluted 1:1000)
and APOO (OAAB09635) (Aviva Systems Biology, diluted 1:200) in
Odyssey blocking buffer (LI-CORBiosciences). IRDye 800CWgoat anti-
rabbit immunoglobulin G (IgG) or IRDye 680LT goat anti-mouse IgG
(LI-COR Biosciences) secondary antibodies were used, and the immu-
noblots were visualized using an Odyssey infrared imaging system
(Li-COR Biosciences).

BN-PAGE and in-gel activity staining
BN-PAGEwas performed using isolatedmitochondria from hearts and
livers, as described previously (12). BN-PAGE gels were analyzed by
in-gel activity assays or by transferring to polyvinylidene difluoride and
immunoblotting against the respiratory complexes. In-gel enzyme
activity assays were performed for mitochondrial complex V after
BN-PAGE. The gel was soaked in 50 mM glycine/NaOH buffer
(pH 8.6) for 1 hour at room temperature before incubation in 50 mM
glycine, 0.05% lead acetate, 5 mM MgCl2, and 5 mM ATP (pH 8.6) at
37°C until white bands appeared on the gel.

Translation assay
In organello translation assays were carried out in isolated heart and
liver mitochondria, as described previously (12). Briefly, 500 mg of
mitochondria was incubated in 750 ml of translation buffer [100 mM
mannitol, 10 mM sodium succinate, 80 mM KCl, 5 mM MgCl2,
1 mM KPi, 25 mM Hepes (pH 7.4), 5 mM ATP, 20 mM guanosine
triphosphate, 6mMcreatine phosphate, creatine kinase (60 mg/ml), and
60 mg/ml of all amino acids except methionine]. Mitochondria were
supplementedwith 150 mCi of [35S]methionine (PerkinElmer) for 60min
at 37°C. After labeling, mitochondria were washed in translation buffer
and suspended in radioimmunoprecipitation assay lysis buffer. Protein
Perks et al., Sci. Adv. 2017;3 : e1700677 16 August 2017
concentration was measured, and 50 mg of mitochondrial protein was
resolved by SDS-PAGE and visualized by autoradiography.

Respiration and membrane potential measurements
Mitochondrial respiration was evaluated as O2 consumption in isolated
heart and liver mitochondria, as previously described (12). Mitochon-
dria were supplemented with substrates 10 mM glutamate/2 mM
malate (Sigma), 10 mM succinate/0.5 mM rotenone (Sigma), or 1 mM
tetramethyl-p-phenylenediamine/1 mM ascorbate (Sigma). After addi-
tion of 1mMADP (Sigma) to the recording chamber, state 3 respiration
activity was measured. ADP-independent respiration activity (state 4)
was monitored after addition of antimycin A (2 mM, Sigma). Respira-
tionwas uncoupled by successive addition of FCCP up to 3 mMto reach
maximal respiration. Mitochondrial membrane potential in isolated
mitochondria and MEFs was measured as described previously (70).

Cell culture and fluorescence microscopy
MEFs were cultured at 37°C under humidified 95% air/5% CO2 in
Dulbecco’s modified Eagle’s medium (Gibco, Life Technologies)
containing glucose (4.5 g/liter or 1 g/liter), 2 mM glutamine, penicil-
lin (100 U/ml), streptomycin sulfate (100 mg/ml), and 10% fetal bovine
serumor galactose (1 g/liter).MEFswere plated onto 13-mm-diameter
glass coverslips and allowed to attach overnight. Cells were treatedwith
100 nM MitoTracker Orange for 15 min and then washed with tris-
buffered saline [5 mM tris-HCl (pH 7.4) and 20 mM NaCl] before
mounting in 1,4-diazabicyclo-octane/polyvinyl alcoholmedium. Images
were acquired using an Olympus IX71 inverted microscope using an
Olympus 60× objective.

Echocardiography
ECG was performed on Ptcd1+/+ and Ptcd1+/− aged mice under light
methoxyflurane anesthesia with the use of an i13L probe on a Vivid
7 Dimension (GE Healthcare), as described previously (61).

Histology
Fresh sections of the liver and heart tissues were frozen in optimal
cutting temperature medium or fixed in 10% neutral-buffered for-
malin, then embedded in paraffin wax, sectioned in 5- to 10-mm
sections, and stained with H&E and Oil red O and hematoxylin.
Images were acquired using a Nikon Ti Eclipse inverted microscope
using a Nikon 20× objective, and staining was quantified as described
previously (61).

Metabolic studies
An intraperitoneal GTT and ITT were performed on mice that were
fasted for 5 hours. Blood samples were obtained from the tail tip at 0,
15, 30, 45, 60, 90, and 120 min after glucose or insulin injection. Blood
glucose levels were measured using a glucometer (Accu-Chek Inform a
II, Roche). During these tests, glucose (1 g/kg) and insulin (0.5 U/kg)
were used for GTT and ITT, respectively. Cardiac blood samples were
taken to measure insulin, IL-6, leptin (Merck Millipore), and FGF-21
(R&DSystems) using standardELISAkits according to themanufacturer’s
instructions. Data were analyzed using an online software program
(www.elisaanalysis.com), and the area under the curve was calculated
using the trapezoidal rule with Microsoft Excel. Serum triglyceride
and cholesterol levels were measured by PathWest Laboratory of
Medicine. ADP/ATP ratio was determined using a commercially avail-
able bioluminescent kit according to the manufacturer’s instructions
(Abcam).
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Transmission electron microscopy
Tissue preparation and imaging for Ptcd1+/+ and Ptcd1+/− heart and
liver tissue were performed as described previously (71).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/8/e1700677/DC1
fig. S1. The effects of PTCD1 loss on embryo development.
fig. S2. Transcriptome-wide analyses of RNA processing in liver mitochondria by RNA-Seq.
fig. S3. Transcriptome-wide analyses of RNA processing in heart mitochondria by RNA-Seq.
fig. S4. The effects of PTCD1 reduction on mitochondrial function in 40-week-old mice.
fig. S5. The effects of PTCD1 reduction on mitochondrial function in 10-week-old mice.
fig. S6. Reduction in PTCD1 affects the mitochondrial membrane potential.
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Abstract 

The fidelity of translation is crucial in prokaryotes and for the nuclear-encoded proteins of 

eukaryotes, however little is known about the role of mistranslation in mitochondria and its effects 

on metabolism. We generated yeast and mouse models with error-prone and hyper-accurate 

mitochondrial translation fidelity and found that translation rate is more important than 

translational accuracy for cell function in mammals. We found that mitochondrial mistranslation 

reduces overall mitochondrial translation and the rate of respiratory complex assembly, however 

in mammals this is compensated for by increased mitochondrial protein stability and upregulation 

of the citric acid cycle. Moreover, mitochondrial stress signaling enables the recovery of 

mitochondrial translation via mitochondrial biogenesis, telomerase expression and cell 

proliferation, normalizing metabolism. Conversely, we show that increased fidelity of 

mitochondrial translation reduces the rate of protein synthesis without eliciting the mitochondrial 

stress response. Consequently, the rate of translation cannot be recovered causing dilated 

cardiomyopathy, in contrast to yeast where the lifespan is extended with increased translational 

accuracy. Our findings reveal mammalian specific signaling pathways that can respond to changes 

in the fidelity of mitochondrial protein synthesis.  
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Introduction 

Mitochondria are metabolic hubs of cells and house critical pathways for generating energy, 

purines, pyrimidines, ketone bodies, sex hormones and iron-sulfur clusters, as well as being 

necessary for maintaining calcium and nitrogen balance (1). Consequently, the physiological 

function of mitochondria requires the production and folding of over 1000 different proteins (2). 

The mitochondrial inner membrane is one of the most demanding sites for protein folding in the 

cell, where imported proteins must be folded immediately upon import and, in the case of the 

respiratory complexes, must assemble with a subset of proteins that are produced from a 

completely separate genome – the mitochondrial DNA (mtDNA) (3). Therefore, the correct 

biogenesis of mitochondria depends on the production of balanced ratios of components from both 

genomes to assemble the multi-protein complexes within this organelle (4). Mitochondrial damage 

and loss of function are hallmarks of ageing, neurodegeneration and myopathies (5, 6). 

Mitochondria have their own, distinct, protein quality control systems that are poorly understood 

to date (4). The proteins produced from the mitochondrial genome are indispensable for cellular 

energy production and as such mitochondrial protein synthesis is essential for life and defects in 

this process cause devastating diseases for which there are no cures or effective treatments, as well 

as contributing to cancer, diabetes and neurological disorders (7). In contrast, decline in 

mitochondrial translation can induce a mitochondrial stress response and extend lifespan (8). When 

the levels of unfolded mitochondrial proteins rise, they initiate a stress response that signals to the 

nucleus in an effort to recover mitochondrial function (3). Although protein folding in 

mitochondria has been found to be of great importance, the role of fidelity of protein synthesis 

within mitochondria is not clear. Here we introduced mutations to generate error-prone and hyper-
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accurate mitochondrial ribosomes in yeast and mice to test the importance of mistranslation on 

mitochondrial function and cell physiology. 

As the ribosome traverses each mRNA it reads 10-20 codons per second and incorporates 

the encoded amino acids into the growing polypeptide chain (9). At each codon the ribosome must 

screen numerous non-cognate and near-cognate tRNAs via kinetic proofreading to find the correct 

cognate tRNA (10). Such a demanding process necessitates higher error rates than DNA replication 

and transcription. Errors in translation fidelity occur when a tRNA is loaded with an incorrect 

amino acid or when ribosomes accept an incorrect interaction between an incoming tRNA and its 

corresponding codon in the mRNA template. The loading of incorrect amino acids onto tRNAs 

typically occurs because the chemical differences between some amino acids are very minor, and 

might consist of a single methyl or hydroxyl group. In the case of ribosomal errors, these occur 

because of the inherent competition between speed and accuracy in codon recognition (10). Over 

billions of years biological systems have found a trade-off that enables the massive demand for 

new proteins to be filled with an error rate that can be generally tolerated. However, this 

compromise does not appear to be optimized for all conditions (11).  

A surprising theme that has emerged in recent years, is that mistranslation can be beneficial 

and is actively induced in some situations (12). What could the benefits of mistranslation possibly 

be? The first is speed, if translation can accept a higher error rate then the ribosome can work at a 

faster rate and produce more proteins in less time (11, 12). The second benefit of mistranslation is 

that it can activate transcriptional stress responses, this primes the cell and enables it to survive a 

broad range of subsequent insults. Finally, mistranslation diversifies the cell’s proteome providing 

new protein functions that can be advantageous in certain circumstances. For example, 

mistranslation that enables the production of proteins with a great number of methionine residues 
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can protect mammalian cells from oxidative stress (13). Also, because the ribosome stabilizes and 

folds nascent polypeptides, as well as synthesizing them, diversity might be achieved at not just 

the primary structure level but also in terms of secondary and tertiary structure (14). Here we found 

that altered mitochondrial translation affects the production of mitochondrial proteins and that, 

surprisingly, mitochondrial mistranslation can be compensated for by increased cellular 

proliferation and mitochondrial function could be restored with age. In contrast, high fidelity 

translation could not be compensated for and resulted in cardiomyopathy.  
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Results 

Hyper-accurate translation in yeast reduces mitochondrial function and de novo protein 

synthesis of mitochondria-encoded proteins  

The mitochondrial ribosome descended from that of the original prokaryotic symbiont that evolved 

into modern day mitochondria. As such, although they have changed in RNA and protein 

composition, particularly at the periphery, their core contains highly conserved proteins that are 

homologous to those of the bacterial ribosome (15). Therefore, to create ribosomes with altered 

fidelities we took advantage of mutations that have been discovered to result in error-prone or 

hyper-accurate translation in Escherichia coli (16). These were discovered via random 

mutagenesis of the rpsL gene, encoding the S12 protein of the small ribosomal subunit, which 

plays an important role in maintaining the fidelity of translation in prokaryotes during the tRNA 

selection process. The K43I and K42T substitutions in S12 were found to either increase or 

decrease amino acid misincorporation, respectively (16). These mutations affect amino acid 

positions that are completely conserved in the homologous proteins of the yeast and mammalian 

mitoribosomes, known as MRPS12 or uS12m (Supplementary Fig. 1a) (15). The equivalent 

mutations are at positions 71 and 72 of yeast and mouse MRPS12, such that the error-prone mutant 

is K72I and the hyper-accurate mutation is K71T. Recent structures of the mammalian and yeast 

mitochondrial ribosomes revealed that the loop containing these mutations forms a structurally 

conserved element of the decoding centre in these ribosomes, as it does in bacteria, indicating that 

the mechanism of decoding is conserved (Fig. 1a) (17–19). To understand the effect of altering the 

fidelity of mitochondrial protein synthesis in yeast we introduced both error-prone (K72I) and 

hyper-accurate (K71T) mutations into the Saccharomyces cerevisiae MRPS12 gene via 

homologous recombination (Figure S1B).  
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   We used a survival assay to determine if alterations in translation fidelity in yeast affect 

the growth of yeast on different carbon sources. We found that the growth of MRPS12-K72I yeast 

on both fermentable and non-fermentable carbon sources was equal to that of MRPS12-WT yeast, 

suggesting that these yeast have intact mitochondria respiration (Figure 1B). In contrast MRPS12-

K71T yeast showed reduced growth with lactose, and no growth with either glycerol or ethanol as 

carbon sources (Fig. 1b). This shows that MRPS12-K71T yeast are unable to use non-fermentable 

carbon sources, suggesting that they have impaired mitochondria respiration. Next, we used de 

novo pulse and chase labelling to determine if alterations in translation fidelity affect the rate of 

translation and stabilization of newly produced polypeptides in yeast. We found no difference in 

the rate of protein synthesis in MRPS12-K72I yeast compared to MRPS12-WT yeast (Fig. 1c), 

while MRPS12-K71T yeast had reduced protein synthesis (Fig. 1c). The impaired rate of 

mitochondrial protein synthesis due to the MRPS12-K71T mutation likely explains their reduced 

growth on non-fermentable carbon sources and indicates that the hyper-accurate fidelity defect has 

a greater fitness cost than the error-prone translation defect in yeast.  

 

Error-prone and hyper-accurate mitochondrial translation in mice is compatible with life 

To further understand consequences of altered fidelities of mitochondrial protein synthesis on 

mitochondrial function and physiology in vivo we generated error-prone, K72I, and hyper-

accurate, K71T, mouse models. Because these mutations significantly alter the growth rate of E. 

coli (16) and the ability of yeast to grow on non-fermentable carbon sources, in the case of the 

K71T mutation, we were concerned that introducing them into the Mrps12 gene might cause 

embryonic lethality in mice. Therefore, we produced conditional alleles, where the exon containing 

the point mutations was duplicated and placed after the transcription termination and 
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polyadenylation signals of the native gene, such that it was not expressed (Fig. 1d). We 

incorporated loxP sites flanking the native exon and transcription termination and polyadenylation 

signals, such that the Cre recombinase can be used to seamlessly replace the wild-type exon with 

a mutant exon. We bred both Mrps12K72I and Mrps12K71T alleles with Rosa26-cre mice that express 

the Cre recombinase ubiquitously to delete the wild-type copy of exon 2 in the germline and obtain 

heterozygous Mrps12+/K72I or Mrps12+/K71TI animals. Intercrossing Mrps12+/K72I or Mrps12+/K71T 

mice produced Mrps12+/+, heterozygote and Mrps12K72I/ K72I or Mrps12K71TI/ K71TI pups in 

Mendelian proportions (genotyped pups n= 183, Mrps12+/ K72I n= 133, Mrps12+/+ n= 39, and 

Mrps12K72I/ K72I n= 52; genotyped pups n= 47, Mrps12+/K71T n= 24, Mrps12+/+ n= 9, and 

Mrps12K71T/K71T n= 14), demonstrating that both K71T and K72I mutations are compatible with 

life and both mutant mouse strains were initially indistinguishable from their wild-type littermates. 

Immunoblotting for the mitochondrial ribosomal protein, MRPS12, from the liver and heart 

mitochondria of Mrps12+/+ and Mrps12K72I/K72I or Mrps12K71T/K71T mice showed that homozygous 

mice have no differences in the levels of the MRPS12 protein compared to controls (Fig. 1e, 1f). 

This confirms that alterations in the function, and not the level, of the MRPS12 protein underlie 

the phenotypes observed in these mice (see below). 

 

Error-prone mitochondrial translation in mice reduces de novo protein synthesis of 

mitochondrial-encoded proteins 

We investigated if error-prone mitoribosomes affect the rate of protein synthesis in mice using de 

novo pulse and chase labelling. We found decreased translation of all mitochondrial-encoded 

proteins in liver (Fig. 2a) and heart mitochondria (Supplementary Fig. 2a) of 10-week old 

Mrps12K72I/K72I mice compared to controls, where the liver was more severely affected. This was 

81



not due to impaired mitoribosome biogenesis, as the abundance of the protein constituents of the 

small and large mitoribosomal subunits were not altered (Supplementary Fig. 3a, 3b), nor was it 

due to impaired assembly or subunit association of the mutant mitoribosomes, as sucrose gradient 

fractionation profiles from livers of Mrps12K72I/K72I and Mrps12+/+ mice were identical 

(Supplementary Fig. 3c). Interestingly, although the mitochondrial translation initiation factors 

MTIF2 and MTIF3 were equally abundant in wild-type and Mrps12K72I/K72I mice, the COXI-

specific translation factor TACO1 was decreased in the liver at 10 weeks of age (Supplementary 

Fig. 3d) but increased by 30 weeks of age (Supplementary Fig. 3e), indicating that translation 

fidelity has a specific impact on the efficiency of mitochondrial protein synthesis. 

Slower cytoplasmic translation in yeast can destabilize mRNAs, resulting in reduced 

protein production (20). Northern blotting of mitochondrial mRNAs revealed that their levels were 

increased in the liver by the altered translation in Mrps12K72I/K72I mice (Fig. 2b), however levels 

of mitochondrial tRNAs were increased at 10 weeks of age in the hearts of Mrps12K72I/K72I mice 

(Supplementary Fig. 2b). In E. coli reduced protein synthesis results in a rapid drop in tRNA 

abundance (21), however the opposite appears to be true in mammalian mitochondria, as 

knockouts of other proteins that affect translation have also been observed to have an increased 

abundance of tRNAs (22–25). Surprisingly, in aged, 30-week old mice, mitochondrial translation 

had largely recovered and there was only a subtle reduction in the translation of all mitochondrial-

encoded proteins in the liver (Fig. 2c) and heart mitochondria (Supplementary Fig. 2b) of 

Mrps12K72I/K72I mice compared to controls. This was accompanied by a concomitant normalization 

of mRNA and tRNA levels in the liver and heart, respectively, at 30 weeks of age (Fig. 2d and 

Supplementary Fig. 2d). This shows that the liver is more affected by the consequences of error-
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prone translation but that with age the defects in the rate of translation of mitochondria-encoded 

proteins are ameliorated. 

 

Error-prone translation in mice does not affect the steady-state levels of mitochondrially-

encoded proteins 

We investigated the effects of mistranslation on mitochondrial- and nuclear-encoded OXPHOS 

polypetides by immunoblotting in both liver and heart mitochondria. We observed a reduction in 

the steady state levels of NDUFB8 and the mitochondria encoded COXI and COX II in the livers 

(Fig. 2e) of 10-week old Mrps12K72I/K72I mice compared to Mrps12+/+ mice, while there were no 

differences in the steady state levels of OXPHOS polypeptides in the heart mitochondria 

(Supplementary Fig. 2e) of young of Mrps12K72I/K72I mice compared to controls. This shows that 

overall error-prone fidelity effects the synthesis of proteins but not the steady-state protein levels. 

In older, 30-week old Mrps12K72I/K72I mice, we found no differences in the abundance of OXPHOS 

polypeptides in the liver (Fig. 2f) and heart mitochondria (Supplementary Fig. 2f). This provides 

further indication that with age Mrps12K72I/K72I mice are able to correct for the decreased rate of 

translation caused by the error-prone ribosomes.  

To understand the impact of error-prone translation on mitochondrial function and 

biogenesis we measured the oxygen consumption in the liver and heart mitochondria to determine 

if mitochondrial respiratory function was affected due alterations in translation fidelity. 

Respiration was decreased in the liver but not heart mitochondria of 10-week old (Fig. 3a and 

Supplementary Fig. 4a) consistent with the decreased protein synthesis rate and levels of 

mitochondria encoded OXPHOS subunits. Mitochondrial oxygen consumption was recovered in 

30-week old (Fig. 3b and Supplementary Fig. 4b) Mrps12K72I/K72I mice compared to controls. Next, 
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we analyzed the levels of the mitochondrial respiratory complexes by blue native polyacrylamide 

gel electrophoresis (BN-PAGE) followed by immunoblotting of each respiratory complex. We 

observed no changes in the levels of respiratory complexes in the liver or heart mitochondria of 

10-week old (Fig. 3c and Supplementary Fig. 4c) and 30-week old (Fig. 3d and Supplementary 

Fig. 4d) Mrps12K72I/K72I mice compared to controls. This indicates that alterations in translation 

fidelity do not affect the steady state abundance of mitochondrial respiratory complexes. Next we 

used de novo pulse labelling followed by BN-PAGE to determine if alterations in translation 

fidelity affect the rate of assembly of newly synthesized respiratory complexes. We observed a 

decrease in the rate of assembly of mitochondrial-encoded respiratory complexes in the liver (Fig. 

3e) of 10-week old Mrps12K72I/K72I mice compared to controls, indicating that the reduced synthesis 

of mitochondrially-encoded proteins reduces the assembly of respiratory complexes but that an 

increase in their stabilities enables the maintenance of their steady-state levels.  

 

Altered protein quality control in response to mitochondrial mistranslation 

Mitochondrial proteases are essential for protein quality control mechanisms as they are 

responsible for degrading misfolded and oxidatively damaged proteins in the mitochondrial matrix 

or inner mitochondrial membrane (26). We used immunoblotting to determine the steady state 

levels of proteases and an autophagy marker from the liver and heart mitochondria of 

Mrps12K72I/K72I and Mrps12+/+ mice in response to altered translation fidelity. There were no 

differences in the steady state levels of proteases in the liver and heart mitochondria of 

Mrps12K72I/K72I mice compared to Mrps12+/+ mice (Fig. 3f and Supplementary Fig. 4e). 

Furthermore, there was no significant increase in the autophagy marker, LC3A/B, in liver 

mitochondria of Mrps12K72I/K72I mice compared to Mrps12+/+ mice (Fig. 3g). The lack of a 
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response in mitochondrial proteases is congruent with the increased stability of the mitochondria-

encoded proteins and complexes, while the absence of autophagy may further preserve intact 

respiratory complexes. 

 

Increased cellular proliferation and telomerase expression are activated by mitochondrial 

stress signaling 

We examined the livers of 10- and 30-week old Mrps12K72I/K72I mice to explore how the 

translational defect could be recovered over time. We noted that the overall body weight and liver 

weight of the Mrps12K72I/K72I mice tended to be increased compared to control mice but this was 

not significant (Fig. 4a-c). Hematoxylin and eosin staining of the hearts of Mrps12K72I/K72I mice at 

10 and 30 weeks of age did not reveal any abnormalities (Supplementary Fig. 4f), while histology 

of the livers revealed a dramatic increase in polyploid cells in the 30-week old Mrps12K72I/K72I 

mice by hematoxylin and eosin staining as well as Gomori trichrome staining (Fig. 4d-f). We 

confirmed these observations by Hoechst 33342 fluorescent staining of nuclei in Mrps12K72I/K72I 

liver sections (Fig. 4g). Hepatocyte polyploidy has been hypothesized to be a result of high energy 

demands competing with cell proliferation during post-natal liver development or to enhance 

certain metabolic activities via increased gene copy number (27). Immunohistochemistry of Ki67 

as a proliferation marker revealed much greater cellular proliferation in the 30-week 

Mrps12K72I/K72I liver sections (Fig. 4g). These data show that mitochondrial mistranslation 

stimulates increased polyploidy and proliferation in the liver. 

 We examined cell signaling pathways that have previously been implicated in 

mitochondrial stress responses to understand how mitochondrial mistranslation stimulates 

increased liver proliferation. Total SAPK and AKT as well as their phosphorylated forms were 
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unchanged (Fig. 4h, 4i), while mTOR signaling proteins were also unaffected in the 30-week old 

Mrps12K72I/K72I livers compared to controls (Fig. 4j and Supplementary Fig. 4g), although S6 and 

phospho-S6 levels were decreased in 30-week old hearts of Mrps12K72I/K72I mice (Supplementary 

Fig. 4g). We used qRT-PCR to examine the levels of mRNAs encoding proteins involved in liver 

proliferation and found an increase in β-Catenin and Gsk3β (Fig. 4k). Unlike most cells in adult 

organs, a sub-population of liver cells express Tert, which encodes the catalytic subunit of 

telomerase, and these cells are responsible for liver maintenance and renewal (28). We found that 

Tert abundance was significantly increased in the 30-week Mrps12K72I/K72I liver (Fig. 4l), providing 

an explanation for the increased cellular proliferation we observed in these mice. To understand 

how mitochondrial dysfunction stimulates an increase in telomerase we examined the expression 

of all transcription factors that are known to act on the Tert gene (29). Although unchanged in the 

10-week old mutants, expression of CEBPα, CEBPβ, RELA, SP1 and HIF1α was significantly 

increased in the 30-week old Mrps12K72I/K72I livers (Fig. 4m). The increase in transcription factors 

which act on the Tert gene explains the upregulation of Tert expression and cell proliferation. 

 Interestingly, one of CEBPβ’s best characterized roles is as an initiating transcription factor 

of the mitochondrial stress response (30). We examined the downstream responders of the 

mitochondrial stress response, Chop, Atf4 and Tfam, and found that they were also significantly 

increased (Fig. 4n). TFAM abundance is typically found to correlate with mtDNA levels (31, 32), 

which we also found to be increased in the 30-week old Mrps12K72I/K72I mice (Fig. 4o). Therefore, 

recovery of mitochondrial function in the face of mitochondrial mistranslation is accomplished by 

increases in both mitochondrial biogenesis and cellular proliferation that are activated in tandem 

by the mitochondrial stress response. 
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Citric acid cycle activity is altered in response to mitochondrial mistranslation 

We performed metabolite profiling of Mrps12K72I/K72I liver mitochondria from 10- and 30-week 

old mice and found significant increases in citric acid cycle intermediates, including citrate, 

isocitrate, succinate, and malate compared to controls at 10 weeks of age (Fig. 5a). The increase 

in citric acid cycle activity may be a compensatory response in an effort to maintain electron flow. 

The induction of the mitochondrial citric acid cycle has been previously reported to metabolically 

enable mitochondrial dysfunction and cause oxidative stress during hepatic insulin resistance 

(Satapati et al., 2012). Interestingly we also observed a significant increase in cholesterol in the 

mitochondria from 10-week old Mrps12K72I/K72I mice (Fig. 5a), which may result from the 

increased levels of citrate, as has been observed previously (Parlo and Coleman, 1984). However, 

by 30 weeks of age Mrps12K72I/K72I mitochondria have normalized levels of citric acid cycle 

intermediates and cholesterol, indicating that the recovery of mitochondrial translation also 

enables the normalization of mitochondrial metabolism. 

To understand the mechanisms that enable error-prone translation to be compensated for 

at the molecular level we performed proteomic analyses of wild-type and Mrps12K72I/K72I liver 

mitochondria. Gene ontology enrichment analyses revealed that the most enriched processes were 

acetyl-CoA biosynthesis, mitochondrial electron transport, and citric acid cycle processes, 

including citrate, 2-oxoglutarate, succinate and oxaloacetate metabolism (Fig. 5b). This confirms 

the importance of the citric acid cycle alterations we observed in the metabolite profiling and 

revealed the important enzymes involved, as citric acid cycle enzyme subunits of isocitrate 

dehydrogenase (IDH3A), α-ketoglutarate dehydrogenase (DLDH), 2-oxoglutarate dehydrogenase 

(SUCA), succinate dehydrogenase (SDHA, SDHB), fumarate hydratase (FUMH) and malate 
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dehydrogenase (MDHM) were significantly altered in abundance in Mrps12K72I/K72I liver 

mitochondria (Fig. 5c, 5d). 

 

High-fidelity mitochondrial translation in mice reduces de novo protein synthesis of 

mitochondrial-encoded proteins with age and causes cardiomyopathy 

Given the physiological impact of error-prone mitochondrial translation, we investigated if 

improved translational fidelity could also impact cell and organ function in mice. First we 

examined whether hyper-accurate mitoribosomes affect the rate of protein synthesis in mice using 

de novo pulse and chase labelling. We found that the level and rate of translation of mitochondria-

encoded proteins in heart and liver mitochondria of 10-week old Mrps12K71T/K71T mice were only 

subtly affected compared to controls (Fig. 6a and Supplementary Fig. 5a). At 30 weeks of age we 

observed the same mild defects in the synthesis and stability of mitochondrial-encoded proteins in 

the heart (Fig. 6b) but not the liver mitochondria of Mrps12K71T/K71T mice compared to controls 

(Supplementary Fig. 5b). This shows that hyper-accurate translation has a more subtle effect on 

protein synthesis and stability in young mice in comparison to error-prone translation.  

The minor changes in de novo translation in the Mrps12K71T/K71T mice did not significantly 

alter the steady state levels of mitochondria-encoded proteins in liver (Supplementary Fig. 5c) and 

liver mitochondria of 10-week old Mrps12K71T/K71T mice compared to controls, however these 

levels were reduced in the hearts of 30-week old Mrps12K71T/K71T mice (Fig. 6c). Similarly there 

were no significant changes in mitochondrial respiration in the livers of 30-week old 

Mrps12K71T/K71T mice (Supplementary Fig. 5d) and the body and liver weights of these mice did 

not differ from wild-type controls (Supplementary Fig. 5e, 5f). However, there was significant 

decrease in oxygen consumption in heart mitochondria from 30-week old Mrps12K71T/K71T mice 

88



compared to controls (Fig. 4d) and the sizes of their hearts were significantly decreased (Fig. 6e-

g). Echocardiography revealed that 30-week old Mrps12K71T/K71T mice had altered cardiac 

morphology and function consistent with the development of dilated cardiomyopathy. This 

included a significant decrease in fractional shortening, and a significant increase in diastolic and 

systolic diameters, as well as dilated chamber size, compared to control mice (Fig. 6h). 

Haematoxylin and eosin staining showed an increase in cardiomyocyte size, cellular disarray and 

increased presence of necrotic foci in 30-week old hearts from Mrps12K71T/K71T mice, further 

demonstrating the development of cardiomyopathy in these mice (Fig. 6i).  

Unlike the error-prone (Mrps12K72I/K72I) mice, in the hyper-accurate (Mrps12K71T/K71T) 

mice the disease phenotype progressed with age and did not reverse. Therefore we examined 

cellular signaling pathways to understand the differences between the two responses to altered 

mitochondrial translation fidelity. Total AKT was unaltered in the hearts of Mrps12K71T/K71T mice 

but was increased in their livers, however the phosphorylated form of AKT was unchanged in both 

tissues (Supplementary Fig. 5g, 5h). mTOR signaling was significantly decreased in both the 

hearts and livers of 30-week old Mrps12K71T/K71T mice, with massive decreases in S6 and phospho-

S6 in the liver (Supplementary Fig. 5h). The expression of CEBPβ was increased in the heart tissue 

of the 30-week Mrps12K71T/K71T mice (Supplementary Fig. 5i), however expression of 

mitochondrial stress response genes Chop, Atf4 and Tfam were unchanged (Figure S5J), and the 

mtDNA levels did not change (Supplementary Fig. 5k). The lack of a full transcriptional 

mitochondrial stress response likely underlies the inability of the heart to recover from the 

translational dysfunction imposed by the Mrps12K71T/K71T mutation.  
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Discussion 

The protein sequences encoded in our genomes have been extensively honed by evolution since 

life began 3.8 billion years ago. Therefore, maintaining the accuracy of these sequences during 

DNA replication, transcription and translation is critical to the function of all biological systems. 

DNA replication is highly accurate, with errors only occurring every 1 in 108 nucleotides, while 

transcription (1 error every 105 nucleotides) and translation (1 error every 103-105 amino acids) 

are much more error prone (11). In fact, on average, about 14% of all synthesized proteins are 

estimated to contain at least one missense amino acid substitution (33). How cells cope with this 

issue remains to be clarified. Here we show that yeast with error-prone protein synthesis have 

equal growth and translation rates to that of wild-type yeast whereas yeast harboring hyper-

accurate mitoribosomes have reduced growth and translation rates, consistent with what has been 

observed in E.coli mutants (16). However, unlike the E.coli mutants and yeast model, error-prone 

mitochondrial protein synthesis in mice causes a dramatic reduction in the rate of translation of 

proteins in both liver and heart mitochondria. 

The exact mechanism that results in reduced translation in mice expressing error-

mitoribosomes is not clear but could result from missense amino acid misincorporations that 

causes co-translational stalling. Mitoribosomes could be more sensitive to these changes due to 

the highly specialized nature of the polypeptide exit tunnel, co-translational docking and 

membrane insertion that occur for mitochondrially-synthesized proteins (34), where inappropriate 

protein folding could interfere. Nevertheless, despite the severe reduction in de novo mitochondrial 

protein synthesis early in life due to error-prone mitochondrial translation, the steady-state levels 

of mitochondrial tRNA transcripts are increased, likely in an attempt to compensate for the 

reduction in newly synthesized polypeptides. Despite the alteration in mitochondrial translation, 
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we found that the steady state levels of mitochondrially-encoded OXPHOS polypeptides were 

decreased early in life. Consequently, the function and biogenesis of mitochondria was reduced, 

but not enough to cause pathology. This suggests that mitochondria have a high tolerance for 

mistranslated proteins and unknown mechanisms exist to respond to the defect by stabilizing the 

assembled respiratory complexes. 

Metabolic studies have previously been performed in cases of severe mitochondrial 

dysfunction and have found that one-carbon metabolism, proline synthesis and coenzyme Q 

biogenesis are significantly altered in these models (35, 36). However, in our model which exhibits 

mild mitochondrial dysfunction these metabolic pathways were not significantly re-wired. Instead, 

citric acid cycle metabolism was increased in response to error-prone translation in 10-week old 

mice, likely in an effort to maintain electron flow through the respiratory complexes. Massive 

changes in metabolites in knockout models with severe mitochondrial dysfunction probably 

overestimate the number of metabolites that contribute to mitochondrial stress signaling and our 

model suggests that a few metabolites likely activate the broad transcriptional and proteomic 

changes seen in mitochondrial stress responses. 

Surprisingly, with age there is a correction in the translation rate in mitochondria from mice 

expressing error-prone mitoribosomes with the normalization of protein synthesis, steady-state 

mitochondrial RNAs, and steady-state proteins levels by 30 weeks of age. We found that this is 

due to a compensatory response initiated by a transcriptional activation of the mitochondrial stress 

response master regulator CEBPβ, which acts to increase mitochondrial biogenesis in concert with 

ATF4 and CHOP via TFAM but also by increasing cellular proliferation in the liver via increased 

telomerase expression (Fig. 7). This is a previously unreported transcriptional response that 

appears to be distinct from the post-transcriptional signaling pathways that increase mitochondrial 
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biogenesis in response to energy demands (37) or that upregulate telomerase in response to 

increased mitochondrial biogenesis (38), as both of these act via the mTOR pathway, that is not 

substantially activated by the low levels of stress that result from mitochondrial mistranslation in 

our model. Post-transcriptional responses are more rapid than transcriptional responses and are 

better suited to deal with extreme stresses, while the transcriptional responses we observe are 

potentially better suited to stably improve mitochondrial function over a longer timeline. 

CEBPβ, ATF4, and CHOP are also key activators of the mitochondrial unfolded protein 

response (mtUPR) (3, 4), however we did not observe significant upregulation of mitochondrial 

proteases in the Mrps12K72I/K72I mice, perhaps due to a simultaneous induction of systems that 

stabilize mitochondrial respiratory complexes, as we observed in these mice at 10-weeks of age. 

We and others have previously observed increased ATF4 and CHOP in mouse models with 

impaired mitochondrial translation (25, 39, 40) and impaired mitochondrial translation can induce 

mtUPR in worms and mammalian cell culture (8). In contrast, loss of the Lon protease in flies 

activates mtUPR and inhibits mitochondrial translation (41) and the downstream targets of mtUPR 

include mitochondrial translation in mammalian cell culture (42). These observations highlight the 

distinct systems of nuclear-mitochondrial signaling in mammals and the need for further studies 

to understand how mitochondrial stress response programs bifurcate under different stresses. 

Contemporaneously with our presented work, another study reported the introduction of 

error-prone and hyper-accurate MRPS12 mutations into yeast and saw the same growth defects as 

in our yeast models (43). Further study of an error-prone mutant (P50R) revealed the accumulation 

of protein aggregates and activation of a general transcriptional stress response. In contrast to what 

we observed in mice, the yeast harbouring the error-prone MRPS12 mutation could not 

compensate for the mitochondrial translation defect and exhibited concurrent failure of 
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cytoplasmic proteostasis and decreased their lifespan (43). The disparate phenotypes observed in 

yeast and mice highlight the diverse and sophisticated signaling and transcriptional responses 

available in mammalian systems compared to yeast. The transcriptional program observed in yeast 

is a generic Msn2/4-driven stress response that is also initiated when yeast are exposed to many 

different stresses, including starvation, osmotic stress, oxidative stress and temperature stress (44–

46). The ability of mammalian systems to specifically detect and respond to mitochondrial stress 

in a more specific way enables the consequences of mitochondrial mistranslation to be 

compensated for with time, via specific transcriptional upregulation of particular genes to increase 

mitochondrial biogenesis and cellular proliferation. 

In contrast to error-prone mitoribosomes, hyper-accurate mitoribosomes in mice cause only 

a small reduction in mitochondrial protein synthesis in the heart, consistent with the E.coli mutants 

and yeast models (16, 43). Hyper-accurate translation results in slightly lowered overall levels of 

mitochondrial proteins that do not have defects and consequently mitochondrial stress response 

pathways are not activated to rescue protein synthesis, and OXPHOS function is ultimately 

compromised, resulting in cardiomyopathy. There must be a threshold for mitochondrial 

translation rate where the error-prone mutants activate the observed stress response, that is not 

reached by the hyper-accurate mutant mitoribosomes. Therefore, it appears that mitochondrial 

translation rate is more important than translational accuracy, in terms of the ultimate physiological 

consequences for these mice. It is interesting to note that error-prone mitochondrial translation has 

more deleterious consequences in yeast (43) while hyper-accurate mitochondrial translation has a 

greater physiological impact in mice. This demonstrates that the effects of altered translation 

fidelity differ between organisms and may highlight the distinct systems that have developed in 

the rapidly evolving organelles between yeast and mammals. Future studies could take advantage 
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of the distinct stress responses between mitochondria of different organisms to elucidate the cell 

signaling molecules and networks that enable different mitochondrial defects to be compensated 

for, paving the way for targeted therapies for mitochondrial diseases and disorders where 

mitochondrial dysfunction is a key contributor.  
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Materials and Methods 

Yeast strains 

Saccharomyces cerevisiae CK (MATα, leu1, kar1-1) was grown and maintained on yeast peptone 

adenine dextrose (YPAD) media or agar (1% w/v yeast extract, 2% w/v peptone, 2% w/v glucose, 

0.05% w/v ammonium sulphate and 2% agar). A homology-directed repair (HDR) template was 

generated by cloning the S. cerevisiae MRPS12 ORF and 100 bp of 3′ flanking sequence into the 

SalI and XbaI sites 5′ of the kanMX expression cassette of pUG6. The resulting plasmid was 

subsequently used to clone 192 bp of MRPS12 3′ flanking sequence 3′ of the kanMX cassette via 

SacI and SacII. K72I and K71T mutations were introduced into the HDR template using 

QuikChange mutagenesis. Sequence-verified point mutants of the HDR template plasmid and a 

wild-type control were linearized using SalI and SacII and transformed into the CK strain as 

described by Gietz and Woods (47). G418-resistant colonies were analyzed by PCR and Sanger 

sequencing to verify the correction genomic insertion of the HDR cassette and the integrity of the 

point mutations. 

 

Yeast survival assay 

1 OD600 unit of yeast harvested from a fresh overnight culture was resuspended in 1 ml Tris-EDTA 

(TE) buffer (10 mM Tris, 1 mM EDTA, pH 8). Each yeast suspension was used to make 1/10 serial 

dilutions in TE buffer. Five μl of each dilution was inoculated as standing droplets onto agar plates 

supplemented as indicated in the figure legends. The plates were imaged after 2-3 days growth at 

30°C. 

 

Yeast mitochondrial isolation and de novo translation assays 
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Yeast were grown in YPAD medium and mitochondria were isolated as described by Glick and 

Pon. Protein concentration was measured using the BCA assay with BSA as a standard. De novo 

mitochondrial translation assays were performed according to Gouget et al. (48). 

 

Transgenic mice 

ES cells with an Mrps12K72I conditional allele were generated by Cyagen Biosciences. Briefly, a 

Mrps12 gene targeting vector was generated using mouse genomic fragments amplified from BAC 

clones with high fidelity Taq DNA polymerase that were assembled into a plasmid together with 

recombination sites and selection markers, as indicated in Fig. 2, and confirmed by Sanger 

sequencing. The resulting vector was linearized using NotI and electroporated into C57BL/6N ES 

cells. G418 was used for positive selection and the diphtheria toxin subunit A (DTA) gene was 

used for negative selection. Correctly targeted ES cell clones were identified using long-range 

PCR, expanded, and subjected to Southern blotting to confirm proper targeting by both homology 

arms. ES cell clones were microinjected into donor blastocysts, followed by transfer into surrogate 

mothers to obtain chimeric offspring, which were breed with wild-type C57BL/6N mice to 

generate germline F1 heterozygote mice, as verified by PCR and Sanger sequencing. 

Mice carrying the Mrps12K72I conditional allele (Mrps12+/K72I-neo) were used to produce a 

Mrps12K71T conditional allele via CRISPR-mediated homologous recombination. A homology-

directed repair (HDR) template oligonucleotide was designed to repair the Mrps12K72I point 

mutation while simultaneously introducing the Mrps12K71T point mutation and incorporating 60 

nt of flanking homology at either end (5′- 

CCACAGAGGGCCGGCCCCAGCTGAAGGGTGTGGTGTTGCGCACATTCATCCGAAAG

CCGACCAAGCCCAACTCCGCCAACCGCAAGTGCTGCCGAGTCCGCCTCAGCACAGG
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CAAAGAGGCTGTC-3′) was obtained from IDT. A single-guide RNA (gRNA) with the 

protospacer element sequence 5′- ACTTGCGGTTGGCGGAGTTG-3′ was synthesized from 

plasmid templates containing the T7 promoter using the HiScribe T7 Quick High Yield RNA 

Synthesis Kit (NEB). RNAs were purified using the RNeasy Mini Kit (Qiagen). In vitro 

transcribed sgRNA, Cas9 mRNA (Sigma), and HDR oligonucleotide were microinjected into 

embryos derived from the Mrps12+/K72I-neo mice and transferred into the uteri of pseudopregnant 

females. Genomic DNA from F0 and F1 animals was extracted from tail tips and primers flanking 

genomic regions of interest were used in PCRs; amplicons were cloned and Sanger sequenced to 

confirm the integrity of the introduced genetic modification. 

 The neomycin cassette was removed by mating Mrps12+/K72I-neo and Mrps12+/K71T-neo mice 

with transgenic mice ubiquitously expressing Flp recombinase. The resulting 

Mrps12+/K72I and Mrps12+/K71T mice were mated with mice ubiquitously expressing Cre 

recombinase to generate heterozygous mutant Mrps12+/K72I and Mrps12+/K71T mice that were bred 

with each other to generate homozygous mutant mice and to identify that the homozygous 

mutation of Mrps12 was not embryonic lethal. Age- and litter-mate matched wild-type (Mrps12+/+) 

and homozygous (Mrps12K72I/K72I or Mrps12K71T/K71T) mice were housed in standard cages 

(45 cm × 29 cm × 12 cm) under a 12-h light/dark schedule (lights on 7 am to 7 pm) in controlled 

environmental conditions of 22 ± 2 °C and 50 + 10% relative humidity and fed a normal chow diet 

(Rat & Mouse Chow, Specialty Foods, Glen Forrest, Western Australia) and water were provided 

ad libitum. The study was approved by the Animal Ethics Committee of the UWA and performed 

in accordance with Principles of Laboratory Care (NHMRC Australian code for the care and use 

of animals for scientific purposes, 8th Edition 2013). 
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Mitochondrial isolation 

Mitochondria were collected from homogenized hearts and livers and isolated by differential 

centrifugation as described previously (40) with some modifications. Livers were homogenized in 

buffer containing 250 mM sucrose, 5 mM Tris, 1mM EGTA, pH 7.4 with EDTA-free Complete 

protease inhibitor cocktail (Roche) and hearts were homogenized in buffer containing 210 mM 

mannitol, 70 mM sucrose, 10 mM Tris, 0.1mM EDTA pH 7.4 with EDTA-free Complete protease 

inhibitor cocktail (Roche) before differential centrifugation. The mitochondrial protein 

concentration was quantified using the BCA assay using BSA as a standard.  

 

Proteomics 

Liver mitochondria were precipitated with 30% trichloroacetic acid and washed in acetone. The 

protein pellets were resuspended in 0.5 M triethylammonium bicarbonate (TEAB), pH 8.5, and 

0.1% SDS by shaking before reduction and alkylation with TCEP and methyl 

methanethiosulfonate (MMTS) according to the manufacturer’s instructions (AB Sciex). Each 

sample was then digested overnight with 5.5 μg trypsin at 37°C in 0.5 M TEAB. Peptides were 

desalted on a Strata-X 33 μm polymeric reversed phase column (Phenomenex) and dissolved in a 

buffer containing 10 mM potassium hydrogen phosphate, pH 3 in 10% acetonitrile, before 

separation by strong cation exchange chromatography on an Agilent 1100 HPLC system (Agilent 

Technologies) using a PolySulfethyl column (4.6 × 100 mm, 5 μm, 300 Å, Nest Group). Peptides 

were eluted with a linear gradient of 0–400 mM KCl. Twelve fractions containing the peptides 

were collected and desalted on Strata-X columns. Each peptide fraction was then spotted onto a 

384-well Opti-TOF plate (Applied Biosystems) using a Probot Micro Fraction Collector (LC 

Packings-Dionex). Peptides were analyzed on a 5800 MALDI-TOF/TOF mass spectrometer 
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(Applied Biosystems) operated in reflector positive mode. Protein identification was performed 

using ProteinPilot 4.0.8085 Software (Applied Biosystems) where MS/MS spectra were searched 

against the Swiss-Prot mouse genomic database (2018_11). MaxQuant v1.6.3 was used to analyse 

the label-free mass-spectrometry data (49). Perseus v1.6.2.3 software was used for downstream 

analysis to quantitate and compare protein intensities between samples and to identify those with 

significant differences in abundance (FDR 0.01) (50). In order to categorize the identified proteins, 

enriched Gene Ontology terms were identified using DAVID v.6.8 and PANTHER v14.0 (51, 52). 

The heatmap was generated with the Pheatmap v1.0.12 R v.3.4.3 package (Kolde R et al., 2019). 

 

Metabolomics 

Frozen liver samples were weighed into cryomill tubes and 1 mL of 3:1 metanol:water (v/v) 

solvent containing three internal standards (13C5, 15N1 Valine (16 µM), 13C6-Leucine (6 µM) 

and 13C6-Sorbitol (6 µM)) were added. Samples were homogenised by cryogenic grinding using 

a precellys bead-mill with a cryolys attachment (Bertin Technologies, France). Metabolites were 

extracted by adding 100 µl chloroform to each 400 µl of homogenate and insoluble material was 

removed by centrifugation at 16,100g (Beckman Coulter Microfuge 22R Refrigerated 

Microcentrifuge) for 10 minutes and the supernatant transferred to fresh tube. 100 µl of each 

supernatant was dried completely using a Speedvac Vacuum Concentrator at 37ºC (Christ RVC 2-

33). Methoxyamine hydrochloride (20 µl; 30 mg/ml in pyridine, and 20 µl of BSTFA + 1% TMCS 

(Thermo Fisher Scientific, Waltham, USA) were used to derivatize the samples. Samples were 

analysed by targeted multiple reaction monitoring (MRM) methodology from the Shimadzu Smart 

Metabolites Database, which contains MRM transitions for 475 metabolites using a GC-QQQ 

(TQ8040, Shimadzu corporation, Japan) MS platform. Pooled biological quality controls (PBQC) 
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were created for quality control monitoring during MS analysis by pooling extracts (50 µl) from 

individual study samples and 100 µl was dried to make each PBQC. PBQCs were run at intervals 

of every five samples, while the order of all other samples was randomised. 139 metabolites, 

including the three internal standards, were detected. Samples were normalised according to the 

median signal intensity and Benjamini-Hochberg correction was applied to correct for the false 

positives. 

 

Sucrose gradient fractionation 

Sucrose gradient subfractionation was carried out as previously described (53). 

 

RNA isolation and northern blotting 

RNA was isolated from total hearts and liver using the miRNeasy Mini kit (Qiagen) incorporating 

an on-column RNase-free DNase digestion to remove all DNA. RNA (4 µg) was resolved on 1.2% 

agarose formaldehyde gels, then transferred to 0.45 µm Hybond-N+ nitrocellulose membrane (GE 

Lifesciences) and hybridized with biotinylated oligonucleotide probes specific to mouse 

mitochondrial mRNAs, rRNAs and tRNAs (40). 

Hybridizations were carried out overnight at 50°C in 5x SSC, 20 mM Na2HPO4, 7% SDS and 100 

µg.ml-1 heparin, followed by washing. The signal was detected using streptavidin-linked infrared-

labelled antibody (diluted 1: 2000 in 3x SSC, 5% SDS, 25 mM Na2HPO4, pH 7.5) by the Odyssey 

Infrared Imaging System (Li-Cor). 

 

qRT-PCR 
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Complementary DNA (cDNA) was prepared using the QuantiTect Reverse Transcription Kit 

(Qiagen) and used as a template in the subsequent PCR that was performed using a Qiagen 

RotorgeneQ using SensiMix SYBR mix (Bioline) and normalized to 18S rRNA. 

 

Immunoblotting  

Specific proteins were detected using rabbit monoclonal antibodies against: MRPS34 

(HPA042112), MRPL12 (HPA022853) (Sigma – Prestige Antibodies, diluted 1:1000), MRPS12 

(15225-1-AP), MRPS35 (16457-1-AP), MRPL44 (16394-1-AP), MRPL37 (15190-1-AP), 

MRPS16 (16735-1-AP), AFG3L2 (14631-1-AP), COXII (55070-1-AP) (Proteintech, diluted 

1:1000), LC3A/B (12741) (Cell Signaling Technologies, diluted 1:1000), GAPDH (2118), S6 

ribosomal protein (5G10) (2217), phospho-S6 ribosomal protein (Ser235/236) (2F9) (4856), 

mTOR (7C10) (2983), phospho-mTOR (Ser2448) (D9C2) (5536), and 4E-BP1 (53H11) (9644), 

phospho-4E-BP1 (Thr37/46) (236B4) (2855), SAPK (9252), phospho-SAPK (Thr183/Tyr185) 

(81E11) (4668), AKT (9272), and phospho-AKT (Thr308) (9275) (Cell Signaling, diluted 1:500). 

Specific rabbit polyclonal antibodies were used against: LONP1 (15440-1-AP), TACO1 (21147-

1-AP) (Proteintech, diluted 1:500), ClpX (HPA040262) (Sigma – Prestige Antibodies, diluted 

1:500), MTIF2 (LS-C164664) (LSBio, diluted 1:1000), MTIF3 (14219-1-AP) (Proteintech, 

diluted 1:1000). Specific mouse monoclonal antibodies used were: Total OXPHOS Cocktail 

Antibody (ab110412) (Abcam, diluted 1:5000), porin (VDAC1) (ab14734), SDHA (ab14715), 

COXI (ab14705) (Abcam, diluted 1:1000) in Odyssey Blocking Buffer (Li-Cor). IR Dye 800CW 

Goat Anti-Rabbit IgG or IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) secondary antibodies were 

used and the immunoblots were visualized using an Odyssey Infrared Imaging System (Li-Cor).   
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Blue native PAGE  

BN-PAGE was carried out using isolated mitochondria from hearts and livers as described 

previously (54). BN-PAGE gels were analyzed by transferring to PVDF and immunoblotting 

against respiratory complexes. 

 

Respiration 

Mitochondrial respiration was evaluated as oxygen consumption in isolated liver and heart 

mitochondria as previously described (40). Mitochondria were supplemented with substrates 10 

mM glutamate / 2 mM malate / 5 mM Pyruvate (Sigma) or 10 mM succinate with the addition of 

the inhibitor 0.5 µM rotenone (Sigma) to measure ADP- independent respiration activity (state 4). 

The addition of 1 mM ADP (Sigma) was added to the recording chamber, to measure state 3 

respiration activity. Respiration was uncoupled by successive addition of FCCP up to 3 µM to 

reach maximal respiration. 

 

Echocardiography 

Echocardiography (ECG) was performed on mice under light methoxyflurane anaesthesia with the 

use of an i13L probe on a Vivid 7 Dimension (GE Healthcare) as described before (55). 

 

Histology  

Fresh hearts and livers were fixed with 10% neutral buffered formalin for 24 h, washed in 

phosphate buffered saline and stored in 70% ethanol. Tissues were embedded in paraffin, sectioned 

using a microtome transferred to positively charged slides. Slides were heated for 2 h at 60˚C and 

treated with xylene, xylene and ethanol (1:1) and decreasing concentrations of ethanol (100%, 
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95%, 80%, 60%) before they were washed in distilled H2O (dH2O). The H & E staining was 

performed as described before (56). Coverslips were attached using DPX mounting media 

(Scharlau) and images were acquired using a Nikon Ti Eclipse inverted microscope using a Nikon 

20x objective.  

 

Translation assay  

In organello translation assays were carried out in isolated heart and liver mitochondria as 

described before (40). Briefly, 500 µg mitochondria were incubated in 750 µl translation buffer 

(100 mM mannitol, 10 mM sodium succinate, 80 mM KCl, 5 mM MgCl2, 1 mM KPi, 25 mM 

HEPES pH 7.4, 5 mM ATP, 20 µM GTP, 6 mM creatine phosphate, 60 µg/ml creatine kinase and 

60 µg/ml of all amino acids except methionine). Mitochondria were supplemented with 150 µCi 

of 35S methionine (PerkinElmer) for 60 min at 37˚C. After labelling, mitochondria were washed 

in translation buffer and suspended in 1% triton. Protein concentration was measured and 50 µg 

for liver and 25 µg for heart of mitochondrial protein was resolved by SDS-PAGE and visualized 

by autoradiography. 
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Figure legends 

 

Fig. 1 Yeast and mouse models of error prone and hyper-accurate translation. 

a, Structural comparison of the E.coli, yeast and mammalian mitochondrial protein synthesis 

machineries.  

b, Yeast survival assay to test growth on different carbon sources. Undiluted (N) and serial 1:10 

dilutions of wild-type (CK MRPS12-WT) and mutant (CK MRPS12-K72I and CK MRPS12-K71T) 

yeast strains were inoculated as standing droplets on YP agar plates containing either 2% glucose, 

3% acetate, 2% lactose and 0.1% glucose, 2% lactose, 2% glycerol, and 2% ethanol as carbon 

sources.  

c, De novo protein synthesis in mitochondria isolated from yeast from CK MRPS12-WT, CK 

MRPS12-K72I and CK MRPS12-K71T strains was measured by pulse incorporation of S35-S-

labelled methionine and cysteine. Equal amounts of mitochondrial protein (50 µg) were separated 

by SDS-PAGE, stained using Coomassie brilliant Blue to show equal loading and visualized by 

autoradiography.  

d, Schematic representation of the construction of the error-prone (Mrps12K72I/K72I) and hyper-

accurate (Mrps12K71T/K71T) mouse models.  

e, MRPS12 protein levels were determined in mitochondria isolated from livers and hearts from 

Mrps12+/+, Mrps12K72I/K72I, and Mrps12K71T/K71T (f) 10-week old mice by immunoblotting. Porin 

was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey 

Classic software normalized to the loading control. Error bars indicate SEM. The data is 

representative of results obtained from 3 mice from each genotype. 
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Fig. 2 Error-prone mitochondrial translation reduces the rate of translation and the 

abundance of mitochondrial mRNAs and proteins but is rescued with age. 

a, De novo protein synthesis in mitochondria isolated from the livers of young (10 week old) 

Mrps12+/+ and Mrps12K72I/K72I mice was measured by pulse and chase incorporation of S35-S-

labelled methionine and cysteine. Equal amounts of mitochondrial protein (50 µg) were separated 

by SDS-PAGE, stained using Coomassie brilliant Blue to show equal loading and visualized by 

autoradiography. The data are representative of results obtained from at least 2 mice from each 

genotype and two independent biological experiments.  

b, The steady-state levels of mature mitochondrial mRNAs, tRNAs and rRNAs in liver of young 

(10 week old) Mrps12+/+ and Mrps12K72I/K72I mice were analyzed by northern blotting. 18S rRNA 

was used as a loading control. Relative abundance of RNA was measured using Li-Cor Odyssey 

Classic software normalized to the loading control. Error bars indicate SEM; *p<0.05; **p<0.01; 

***p<0.001, compared with control treatments by a two-tailed paired Student’s t-test. The data are 

representative of results obtained from 3 mice from each genotype.  

c, De novo protein synthesis in mitochondria isolated from the livers of aged (30 week old) 

Mrps12+/+ and Mrps12K72I/K72I mice was measured by pulse and chase incorporation of S35-S-

labelled methionine and cysteine, as described above.  

d, The steady-state levels of mature mitochondrial mRNAs, tRNAs and rRNAs in liver of aged 

(30 week old) Mrps12+/+ and Mrps12K72I/K72I mice were analyzed by northern blotting, as described 

above.  

Mitochondrial proteins (50 µg) from mitochondria isolated from the livers of young (10 week old) 

Mrps12+/+ and Mrps12K72I/K72I mice (e) and aged (30 week old) Mrps12+/+ and Mrps12K72I/K72I 

mice (f) were resolved on 4-12% Bis-Tris gels and immunoblotted using antibodies to investigate 
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the steady state levels of nuclear- and mitochondrial-encoded OXPHOS polypeptides. Porin was 

used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey 

Classic software normalized to the loading control. Error bars indicate SEM; *p<0.05 or **p<0.01, 

compared with control treatments by a two-tailed paired Student’s t-test. The data are 

representative of results obtained from at least 3 mice from each genotype. 

 

Fig. 3 Error-prone mitochondrial translation reduces the rate of respiratory complex 

assembly but does not affect respiration or alter the levels of proteins involved in proteolysis 

of autophagy. 

Non-phosphorylating (state 4), phosphorylating (state 3) and uncoupled respiration in the presence 

of 2 mM FCCP was measured in liver mitochondria isolated from Mrps12+/+ and Mrps12K72I/K72I 

mice using an OROBOROS oxygen electrode using either pyruvate, glutamate and malate as 

substrates or with succinate in the presence of rotenone at 10 weeks (a) or 30 weeks of age (b).  

Isolated liver mitochondria (80 µg) from 10-week (c) or 30-week (d) old mice were treated with 

1% n-dodecyl β-D-maltoside, resolved on blue native 4-16% Bis-Tris gels and immunoblotted 

using the with the blue native OXPHOS antibody cocktail. Relative abundance of proteins was 

measured using Li-Cor Odyssey Classic software normalized to Complex II. The data are 

representative of results obtained from at least 3 mice from each genotype.  

(e) The rates of respiratory complex assembly were measured by pulse and chase incorporation of 

S35-S-labelled methionine and cysteine. Equal amounts of mitochondrial protein (80 µg) were 

treated with 1% n-dodecyl β-D-maltoside, separated by blue native PAGE, stained using 

Coomassie brilliant Blue to show equal loading and visualized by autoradiography. The data are 
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representative of results obtained from at least 2 mice from each genotype and two independent 

biological experiments.  

Mitochondrial proteins (50 µg) from the liver mitochondria of young (10 week old) and aged (30 

week old) Mrps12+/+ and Mrps12K72I/K72I mice were resolved on 4-12% Bis-Tris gels and 

immunoblotted against antibodies to investigate the steady state levels of nuclear-encoded 

proteases (f) and an autophagy marker (g). Porin was used as a loading control. Relative abundance 

of proteins was measured using Li-Cor Odyssey Classic software normalized to the loading 

control. The data are representative of results obtained from at least 3 mice from each genotype. 

 

Fig. 4 Error-prone mitochondrial translation stimulates liver proliferation via a 

transcriptional response that induces telomerase expression and mitochondrial biogenesis. 

The body (a), heart (b), and liver (c) weights of Mrps12+/+ (n=10) and Mrps12K72I/K72I (n=10) mice 

at 5, 10, 15, and 30 weeks of age.  

Liver sections from young (10 week old) and aged (30 week old) Mrps12+/+ and Mrps12K72I/K72I 

mice were stained with hematoxylin and eosin (H & E) (d and e) or Gomori’s trichrome (f) and 

visualized at 20X magnification. Scale bar is 100 µm.  

(g) Liver sections from 30 week old Mrps12+/+ and Mrps12K72I/K72I mice were stained with Hoechst 

33342 dye or against an antibody to Ki67 and visualized using fluorescence microscopy at 20X 

magnification. Normal liver and tumor sections were used as negative and positive controls, 

respectively. % of fluorescent positive area within sections was calculated using NIS Elements AR 

software (Nikon). Scale bar is 100 µm.  

Cellular proteins (50 µg) from the livers of 30 week old Mrps12+/+ and Mrps12K72I/K72I mice were 

resolved on 4-12% Bis-Tris gels and immunoblotted against antibodies to investigate the steady 
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state levels of SAPK (h), AKT (i), and mTOR (j) signaling proteins and their phosphorylated 

forms. GAPDH was used as a loading control and the relative abundance of proteins was measured 

using Li-Cor Odyssey Classic software normalized to the loading control. The data are 

representative of results obtained from at least 3 mice from each genotype.  

Quantitative RT-PCR was used to measure the abundance of mRNAs encoding proteins involved 

in liver proliferation (k), the catalytic subunit of telomerase (l), transcription factors that regulate 

Tert expression (m), and proteins that regulate mitochondrial biogenesis (n). The data were 

normalized to 18S rRNA and are representative of results obtained from at least 3 mice from each 

genotype. Error bars indicate SEM; *p<0.05, compared with control treatments by a two-tailed 

paired Student’s t-test.  

o, Mitochondrial DNA (mtDNA) was measured using quantitative PCR and values were 

normalized to the β-2-microglobulin (B2m) gene. Error bars indicate SEM; *p<0.05, compared 

with control treatments by a two-tailed paired Student’s t-test. The data are representative of results 

obtained from at least 3 mice from each genotype. 

 

Fig. 5 Citric acid cycle metabolites and enzymes are altered in response to mitochondrial 

mistranslation. 

a, Metabolite profiling revealed alterations in the citric acid cycle that normalize with age. Levels 

of metabolites that significantly changed in abundance between Mrps12+/+ and Mrps12K72I/K72I 

mice (n=5-6), after Benjamini-Hochberg correction (FDR 0.01), are shown. Samples were 

normalised according to median signal intensity. 

Proteomic analyses of samples from 30 week old Mrps12+/+ and Mrps12K72I/K72I mice revealed an 

enrichment in proteins with significantly changed levels that are involved in citric acid cycle-
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related biological processes, by gene ontology analyses (b). Abundances of key citric acid cycle 

enzymes are highlighted within the dataset (c) and shown in a magnified view in (d). 

 

Fig. 6 Hyper-accurate mitochondrial mistranslation reduces state 4 respiration and results 

in a progressive dilated cardiomyopathy. 

De novo protein synthesis in mitochondria isolated from the hearts of young (10 week old) (a) and 

aged (30 week old) (b) Mrps12+/+ and Mrps12K71T/K71T mice was measured by pulse and chase 

incorporation of S35-S-labelled methionine and cysteine. Equal amounts of mitochondrial protein 

(25 µg) were separated by SDS-PAGE, stained using Coomassie brilliant Blue to show equal 

loading and visualized by autoradiography. The data are representative of results obtained from at 

least 2 mice from each genotype and two independent biological experiments.  

c, Mitochondrial proteins (25 µg) from mitochondria isolated from the livers of young (10 week 

old) and aged (30 week old) Mrps12+/+ and Mrps12K71T/K71T mice were resolved on 4-12% Bis-

Tris gels and immunoblotted using antibodies to investigate the steady state levels of nuclear- and 

mitochondrial-encoded OXPHOS polypeptides. Porin was used as a loading control. Relative 

abundance of proteins was measured using Li-Cor Odyssey Classic software normalized to the 

loading control. Error bars indicate SEM. The data are representative of results obtained from at 

least 3 mice from each genotype. 

d, Non-phosphorylating (state 4), phosphorylating (state 3) and uncoupled respiration in the 

presence of 2 mM FCCP was measured in heart mitochondria isolated from Mrps12+/+ and 

Mrps12K71T/K71T mice using an OROBOROS oxygen electrode using either pyruvate, glutamate 

and malate as substrates or with succinate in the presence of rotenone at 30 weeks of age.  
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e, Differences in heart weight (in grams) between Mrps12+/+ (n=10) and Mrps12K71T/K71T (n=10) 

mice at 10 and 30 weeks of age. Error bars indicate SEM. Values are also shown relative to tibia 

length (f). 

g, Images of representative hearts from Mrps12+/+ and Mrps12K71T/K71T mice at 10 and 30 weeks 

of age.  

h, Echocardiographic parameters for Mrps12+/+ (n=8) and Mrps12K71T/K71T (n=8) 10-week-old and 

30-week old mice. LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end 

systolic diameter; FS, fractional shortening; LVDPW, left ventricular posterior wall in diastole; 

LVSPW, left ventricular posterior wall in systole; IVDS, intraventricular septum in diastole; IVSS, 

intraventricular septum in systole; HR, heart rate. *p<0.05, **p<0.01, ***p<0.001, compared with 

controls by a two-tailed paired Student’s t-test. 

i, Heart sections cut to 5 µm thickness were stained with haematoxylin and eosin (H & E) from 

young (10 week old) and aged (30 week old) Mrps12+/+ (n=4) and Mrps12K71T/K71T (n=4) mice and 

visualized at 20X magnification. Scale bar is 100 µm. 

 

Fig. 7 Mitochondrial stress signaling and cellular proliferation rescue mitochondrial 

mistranslation. 

A model illustrating how a transcriptional response to low level mitochondrial stress can mitigate 

the effects of mitochondrial mistranslation by activating cell proliferation and mitochondrial 

biogenesis.  
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Supplementary figures 

 

Supplementary Fig. 1 Conservation of ribosomal protein S12 and construction of yeast 

MRPS12 mutants. 

a, A sequence alignment of S12 proteins from E.coli, yeast mitochondria and mouse mitochondria. 

Identical residues are highlighted in purple and structurally similar residues are highlighted in blue. 

Sequences were obtained from NCBI (accession number are: E. coli KXH02983.1, mouse 

NP_001347179.1, S. cerevisiae NP_014434.1). 

b, Schematic representation of the construction of the error-prone (CK MRPS12-K72I), hyper-

accurate (CK MRPS12-K71T), and control (CK MRPS12-WT) yeast models. 

 

Supplementary Fig. 2 Error-prone mitochondrial translation reduces the rate of translation 

in the heart. 

a, De novo protein synthesis in mitochondria isolated from the hearts of young (10 week old) 

Mrps12+/+ and Mrps12K72I/K72I mice was measured by pulse and chase incorporation of S35-S-

labelled methionine and cysteine. Equal amounts of mitochondrial protein (25 µg) were separated 

by SDS-PAGE, stained using Coomassie brilliant Blue to show equal loading and visualized by 

autoradiography. The data are representative of results obtained from at least 2 mice from each 

genotype and two independent biological experiments.  

b, The steady-state levels of mature mitochondrial mRNAs, tRNAs and rRNAs in hearts of young 

(10-week old) Mrps12+/+ and Mrps12K72I/K72I mice were analyzed by northern blotting. 18S rRNA 

was used as a loading control. Relative abundance of RNA was measured using Li-Cor Odyssey 

Classic software normalized to the loading control. Error bars indicate SEM; *p<0.05; **p<0.01; 
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***p<0.001, compared with control treatments by a two-tailed paired Student’s t-test. The data are 

representative of results obtained from 3 mice from each genotype.  

c, De novo protein synthesis in mitochondria isolated from the hearts of aged (30-week old) 

Mrps12+/+ and Mrps12K72I/K72I mice was measured by pulse and chase incorporation of S35-S-

labelled methionine and cysteine, as described above.  

d, The steady-state levels of mature mitochondrial mRNAs, tRNAs and rRNAs in hearts of aged 

(30-week old) Mrps12+/+ and Mrps12K72I/K72I mice were analyzed by northern blotting, as 

described above.  

Mitochondrial proteins (50 µg) from mitochondria isolated from the hearts of young (10-week old) 

Mrps12+/+ and Mrps12K72I/K72I mice (e) and aged (30-week old) Mrps12+/+ and Mrps12K72I/K72I 

mice (f) were resolved on 4-12% Bis-Tris gels and immunoblotted using antibodies to investigate 

the steady state levels of nuclear- and mitochondrial-encoded OXPHOS polypeptides. Porin was 

used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey 

Classic software normalized to the loading control. Error bars indicate SEM; *p<0.05 or **p<0.01, 

compared with control treatments by a two-tailed paired Student’s t-test. The data are 

representative of results obtained from at least 3 mice from each genotype. 

 

Supplementary Fig. 3 Error-prone mitochondrial translation does not alter the abundance 

of mitoribosomal proteins or the profile of translating ribosomes. 

Mitochondrial proteins (50 µg for liver and 25 µg for heart) from liver (a) and heart (b) 

mitochondria from young (10 week old) Mrps12+/+ and Mrps12K72I/K72I mice were resolved on 4-

12% Bis-Tris gels and immunoblotted using antibodies to investigate the steady state levels of 

nuclear-encoded mitochondrial proteins of the small and large subunit of the mitochondrial 
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ribosome. Porin was used as a loading control. Relative abundance of proteins was measured using 

Li-Cor Odyssey Classic software normalized to the loading control. Error bars indicate SEM. The 

data is representative of results obtained from at least 3 mice from each genotype.  

c, A continuous 10-30% sucrose gradient was used to determine the distribution of the small and 

large ribosomal subunit and the monosomes from young (10 week old) Mrps12+/+ and 

Mrps12K72I/K72I mice in liver mitochondria. Mitochondrial ribosomal protein markers of the small 

(MRPS16) and large (MRPL44) ribosomal subunits were detected by immunoblotting with 

specific antibodies. The input (10% of the total lysate) was used as a positive control. 

Immunoblotting was used to investigate the steady state levels of nuclear-encoded mitochondrial 

translation factors in mitochondria from young (10 week old) (d) and aged (30 week old) (e) 

Mrps12+/+ and Mrps12K72I/K72I mice, as described above. *p<0.05.  

 

Supplementary Fig. 4 Error-prone mitochondrial translation has little effect on the heart. 

Non-phosphorylating (state 4), phosphorylating (state 3) and uncoupled respiration in the presence 

of 2 mM FCCP was measured in heart mitochondria isolated from Mrps12+/+ and Mrps12K72I/K72I 

mice using an OROBOROS oxygen electrode using either pyruvate, glutamate and malate as 

substrates or with succinate in the presence of rotenone at 10 weeks (a) or 30 weeks of age (b).  

Isolated heart mitochondria (80 µg) from 10-week (c) or 30-week (d) old mice were treated with 

1% n-dodecyl β-D-maltoside, resolved on blue native 4-16% Bis-Tris gels and immunoblotted 

using the with the blue native OXPHOS antibody cocktail. Relative abundance of proteins was 

measured using Li-Cor Odyssey Classic software normalized to Complex II. The data are 

representative of results obtained from at least 3 mice from each genotype.  
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e, Mitochondrial proteins (25 µg) from the heart mitochondria of young (10-week old) and aged 

(30-week old) Mrps12+/+ and Mrps12K72I/K72I mice were resolved on 4-12% Bis-Tris gels and 

immunoblotted against antibodies to investigate the steady state levels of nuclear-encoded 

proteases. Porin was used as a loading control. Relative abundance of proteins was measured using 

Li-Cor Odyssey Classic software normalized to the loading control. The data are representative of 

results obtained from at least 3 mice from each genotype. 

f, Heart sections cut to 5 µm thickness were stained with hematoxylin and eosin (H & E) from 

young (10 week old) and aged (30 week old) Mrps12+/+ (n=4) and Mrps12K712I/K72I (n=4) mice and 

visualized at 20X magnification. Scale bar is 100 µm. 

g, Cellular proteins (25 µg) from the hearts of 30 week old Mrps12+/+ and Mrps12K72I/K72I mice 

were resolved on 4-12% Bis-Tris gels and immunoblotted against antibodies to investigate the 

steady state levels of S6, AKT and their phosphorylated forms. GAPDH was used as a loading 

control and the relative abundance of proteins was measured using Li-Cor Odyssey Classic 

software normalized to the loading control. ***p<0.001, compared with controls by a two-tailed 

paired Student’s t-test. The data are representative of results obtained from at least 3 mice from 

each genotype. 

 

Supplementary Fig. 5 The role of hyper-accurate mitochondrial mistranslation in the liver 

and in cell signaling. 

De novo protein synthesis in mitochondria isolated from the livers of young (10 week old) (a) and 

aged (30 week old) (b) Mrps12+/+ and Mrps12K71T/K71T mice was measured by pulse and chase 

incorporation of S35-S-labelled methionine and cysteine. Equal amounts of mitochondrial protein 

(50 µg) were separated by SDS-PAGE, stained using Coomassie brilliant Blue to show equal 
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loading and visualized by autoradiography. The data are representative of results obtained from at 

least 2 mice from each genotype and two independent biological experiments.  

c, Mitochondrial proteins (25 µg) from mitochondria isolated from the livers of young (10-week 

old) and aged (30-week old) Mrps12+/+ and Mrps12K71T/K71T mice were resolved on 4-12% Bis-

Tris gels and immunoblotted using antibodies to investigate the steady state levels of nuclear- and 

mitochondrial-encoded OXPHOS polypeptides. Porin was used as a loading control. Relative 

abundance of proteins was measured using Li-Cor Odyssey Classic software normalized to the 

loading control. The data are representative of results obtained from at least 3 mice from each 

genotype. 

d, Non-phosphorylating (state 4), phosphorylating (state 3) and uncoupled respiration in the 

presence of 2 mM FCCP was measured in liver mitochondria isolated from Mrps12+/+ and 

Mrps12K71T/K71T mice using an OROBOROS oxygen electrode using either pyruvate, glutamate 

and malate as substrates or with succinate in the presence of rotenone at 30 weeks of age.  

e, Liver weights of Mrps12+/+ (n=10) and Mrps12K71T/K71T (n=10) mice at 30 weeks of age. Error 

bars indicate SEM.  

f, Body weights of Mrps12+/+ (n=10) and Mrps12K71T/K71T (n=10) mice at 5, 10, 15 and 30 weeks 

of age. Error bars indicate SEM. 

Cellular proteins (50 µg) from the hearts (g) and livers (h) of 30 week old Mrps12+/+ and 

Mrps12K71T/K71T mice were resolved on 4-12% Bis-Tris gels and immunoblotted against antibodies 

to investigate the steady state levels of S6, AKT and their phosphorylated forms. GAPDH was 

used as a loading control and the relative abundance of proteins was measured using Li-Cor 

Odyssey Classic software normalized to the loading control. *p<0.05, ***p<0.001, compared with 
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controls by a two-tailed paired Student’s t-test. The data are representative of results obtained from 

at least 3 mice from each genotype. 

Quantitative RT-PCR was used to measure the abundance of mRNAs encoding transcription 

factors that regulate mitochondrial biogenesis (i, j). The data were normalized to 18S rRNA and 

are representative of results obtained from at least 3 mice from each genotype. Error bars indicate 

SEM; *p<0.05, compared with control treatments by a two-tailed paired Student’s t-test.  

k, Mitochondrial DNA (mtDNA) was measured using quantitative PCR and values were 

normalized to the β-2-microglobulin (B2m) gene. Error bars indicate SEM. The data are 

representative of results obtained from at least 3 mice from each genotype. 
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Fig. 4
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Supplementary Fig. 4
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Abstract

The influence of environmental insults on the onset and progression of mitochondrial dis-

eases is unknown. To evaluate the effects of infection on mitochondrial disease we used a

mouse model of Leigh Syndrome, where a missense mutation in the Taco1 gene results in

the loss of the translation activator of cytochrome c oxidase subunit I (TACO1) protein. The

mutation leads to an isolated complex IV deficiency that mimics the disease pathology

observed in human patients with TACO1 mutations. We infected Taco1 mutant and wild-

type mice with a murine cytomegalovirus and show that a common viral infection exacer-

bates the complex IV deficiency in a tissue-specific manner. We identified changes in neuro-

muscular morphology and tissue-specific regulation of the mammalian target of rapamycin

pathway in response to viral infection. Taken together, we report for the first time that a com-

mon stress condition, such as viral infection, can exacerbate mitochondrial dysfunction in a

genetic model of mitochondrial disease.

Author summary

Mitochondrial diseases are the most commonly inherited metabolic disorders that are het-

erogenic and have varied disease onset and progression. Acquired infections and the asso-

ciated inflammatory responses are known triggers for mitochondrial disease in the clinic

and can cause progressive deterioration in patients with mitochondrial disease. Knowl-

edge of how an infection causes and contributes to the progression of mitochondrial
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disease is completely lacking and has never before been investigated. Here we examined

the effects of a viral infection in a model of energy dysfunction and identified that cyto-

megalovirus can worsen the progression of mitochondrial disease symptoms.

Introduction

Mitochondrial diseases (MDs) are a group of progressive tissue-specific or multi-systemic dis-

orders that are caused by defects in energy production [1]. MDs are caused by mutations in

mitochondrial genes, or nuclear genes that encode mitochondrial proteins, which together

constitute the most commonly inherited metabolic disorders worldwide [2]. Although not

reported in the literature, in the clinic, MD patients commonly experience progressive deterio-

ration in their clinical symptoms and suffer from profound fatigue and lethargy during infec-

tions. This effect is hypothesized to occur due to the large metabolic demand and stress

imposed on mitochondria required to provide the necessary energy to overcome infection.

MD patients are expected to make a full recovery following infection, however, in the case of

severe infections, prolonged or reoccurring infections, patients may experience permanent

regression in their clinical symptoms. It remains unknown how environmental stress condi-

tions such as infections could potentially trigger the onset or potentiate the severity of debili-

tating symptoms suffered by MD patients.

Recently we developed a model of mitochondrial disease that is caused by a mutation in a

nuclear gene encoding the translational activator of cytochrome c oxidase subunit 1 (TACO1).

To date, TACO1 is the only known translational activator in mammalian mitochondria [3,4].

A homozygous mutation in the TACO1 gene has been identified in patients suffering from

Leigh Syndrome (LS) who have an isolated cytochrome c oxidase (or complex IV) deficiency

that leads to progressive cognitive dysfunction, dystonia and visual impairment [3]. The iden-

tified TACO1 homozygous mutation in patients is a single-base-pair insertion in position 472

(472insC) that results in a frame shift and generates a premature stop codon, which conse-

quently causes loss of the TACO1 protein in LS patients. The TACO1 protein is a member of a

large family of poorly characterised proteins that contains a 297 amino acid DUF28 domain

and is imported into the mitochondrial matrix. TACO1 is composed of three domains that

form a hook-like structure, domain 1 has positively charged residues that associate with the

mt-Co1 mRNA and domain 2 is required for TACO1 stability by linking domains 1 and 3 [4].

The Taco1 mutation in mice results in the loss of the TACO1 protein and causes similar

pathologies to those observed in LS patients harbouring TACO1 mutations. Molecular defects

are detectable in Taco1 mutant mice from 4 weeks of age, with MD symptoms evident from 20

weeks of age [4], analogous to the patients who show clinical symptoms from ages 7–11 [3].

A large proportion of the human population (50–80%) harbours a latent human CMV

(HCMV) infection that is typically contracted in early childhood. The CMVs are a family of

species-specific viruses with murine CMV (MCMV) widely utilized as a model for HCMV

infection due to the similarities in structure and biology between the two viruses [5]. We used

our Taco1 model of MD, to investigate the effects of a common viral infection on the onset

and progression of MD. Here we show that infection with MCMV in a model of cytochrome

oxidase c deficiency exacerbates the complex IV deficiency and mitochondrial dysfunction,

causes alterations in mTOR signalling, and morphological changes in neuromuscular connec-

tions. These findings reveal that viral infection is a significant environmental modifier of

genetic mitochondrial disorders and the avoidance or treatment of influencing environmental

factors is vital in the management of MD.
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Results

Taco1 mutant mice exhibit no overt immunological defects following

MCMV infection

Taco1mut/mut or Taco1wt/wt mice were infected with MCMV and their body weights monitored.

Over the course of the experiment weight gain by MCMV-infected Taco1mut/mut mice was sim-

ilar to uninfected Taco1mut/mut mice (Fig 1A). Furthermore, no difference in weight gain

between wild-type mice and Taco1mut/mut mice infected with MCMV was noted (Fig 1A). Next

lymphocyte populations in the spleen and liver, two organs targeted by MCMV, were assessed

at 23 weeks post-infection (p.i.) by flow cytometry. The total number of lymphocytes in the

spleen and liver of Taco1mut/mut was similar to that of wild-type mice, with MCMV infection

having no significant impact on lymphocyte numbers (Fig 1B and 1E). T cells and natural

killer (NK) cells are critical for control of MCMV infection. We did not detect a difference

in the total number of these two lymphocyte populations in the spleens of Taco1mut/mut mice

after MCMV infection compared to controls (Fig 1C and 1D). By contrast, MCMV-infected

Taco1mut/mut mice had increased numbers of T cells in the livers compared to controls while

NK cell numbers were not significantly different (Fig 1F and 1G). Importantly however, the

number of MCMV-specific m38+ CD8+ T cells in the spleen and liver of Taco1mut/mut

mice was equivalent to that of Taco1wt/wt mice (Fig 1H). Overall these findings indicate that

Taco1mut/mut mice are capable of generating an effective immune response to MCMV.

Murine CMV infection exacerbates isolated complex IV deficiency in the

heart

We investigated the effects of MCMV infection on the abundance of TACO1 and mitochon-

drial proteins by immunoblotting in the heart and liver of 30 week old mice, and specifically

the levels of cytochrome c oxidase subunit 1 (COXI) a key component of the respiratory chain

that catalyses the reduction for oxygen to water, which is regulated by TACO1. The levels of

TACO1 were dramatically lowered in the presence or absence of infection and there was a

reduction in the abundance of COXI in the hearts and livers (Fig 2A and 2B, respectively)

of Taco1mut/mut mice from both groups compared to their respective control mice. This re-

duction of COXI was more severe in MCMV infected Taco1mut/mut mice than non-infected

Taco1mut/mut mice in mitochondria isolated from hearts, but not in mitochondria isolated

from livers. There were no differences in the abundance of protein subunits from the remain-

ing complexes, further validating that this mutation only affects Complex IV (Fig 2A and 2B).

Other mitochondrial and nuclear-encoded subunits of Complex IV were also decreased, sug-

gesting that loss of COXI leads to decrease of other Complex IV subunits (Fig 2C and 2D) and

the loss affected the mitochondrially encoded subunits in the heart more severely. Next, we

analyzed the levels of the assembled respiratory complexes by blue native polyacrylamide gel

electrophoresis (BN-PAGE) in heart and liver mitochondria (Fig 3A and 3B, respectively).

There was a significant reduction of complex IV in the hearts of Taco1mut/mut mice from both

groups compared to their respective control mice (Fig 3A). This reduction of complex IV was

more severe in MCMV infected Taco1mut/mut mice compared to the non-infected Taco1mut/mut

mice, and there were no major differences in the levels of the remaining respiratory complexes

in the heart (Fig 3A). Complex IV levels were reduced in both infected and non-infected livers

of Taco1mut/mut mice compared to control mice, however the infection did not exacerbate the

decrease further (Fig 3B). The levels of the remaining respiratory complexes were not different

in the livers of the infected and non-infected mutant and control mice (Fig 3B). These findings

confirm the isolated complex IV deficiency previously reported [4] and show that chronic
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Fig 1. Taco1 mut/mut mice generate a normal immune response. (A) Body weights from uninfected and MCMV infected

Taco1wt/wt and Taco1 mut/mut mice. Spleens and livers from uninfected and MCMV infected 30 week old Taco1wt/wt and

Taco1 mut/mut mice were prepared for flow cytometry to determine (B) the number of total spleen lymphocytes, (C) the

number of spleen T cells, (D) the number of spleen NK cells, (E) the number of total liver lymphocytes, (F) the number of

liver T cells, (G) the number of liver NK cells, and (H) the number of m38+ CD8+ T cells in the spleen and liver. The data are

representative of results obtained from at least 5 mice from each genotype and each infection group. Error bars indicate SEM;
�p<0.05, compared with control treatments by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g001
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infection with MCMV exacerbates the isolated complex IV defect in heart mitochondria of

Taco1 mutant mice.

Murine CMV causes tissue-specific changes in mTOR signalling

Impaired OXPHOS function has been shown to stimulate the upregulation of the mechanistic

target of rapamycin (mTOR) signalling pathway [6] and mTOR activation has been implicated

in cytomegalovirus infections [7,8]. Therefore, we investigated the effects of Complex IV defi-

ciency on mTOR signalling in the presence and absence of MCMV infection. We investigated

the effects of the Taco1 mutation in response to MCMV infection on the mTOR signalling

pathway by immunoblotting of heart and liver lysates isolated from uninfected and MCMV

infected 30 week old mice. The levels of mTOR were not different in the hearts of uninfected

Fig 2. MCMV infection reduces the abundance of complex IV subunits in the heart. Homogenates from uninfected and MCMV infected 30

week old Taco1wt/wt mice and Taco1 mut/mut adult mice were resolved on 4–12% Bis-Tris gels and immunoblotted using antibodies to investigate

the steady state levels of TACO1 and OXPHOS protein subunits in the heart (25 μg) (A) and in the liver (50 μg) (B), as well as mitochondrial and

nuclear-encoded Complex IV protein subunits in the heart (C) and in the liver (D). CII (Succinate dehydrogenase complex subunit A (SDHA)) or

VDAC1 were used as loading controls. Relative abundance of proteins was measured using Li-Cor Odyssey Classic software normalized to the

loading control. All data are representative of results obtained from 4 mice of each strain and two independent biological experiments. Error bars

indicate SEM; �p<0.05, ��p<0.01, compared with control treatments by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g002

Fig 3. MCMV infection exacerbates mitochondrial dysfunction in the heart. (A) Heart homogenates (80 μg) and (B) liver homogenates (160 μg) from uninfected and

MCMV infected 30 week old Taco1wt/wt mice and Taco1 mut/mut adult mice were resolved on a 4–16% BN-PAGE gels. Immunoblotting with the Blue Native OXPHOS

antibody cocktail was used to visualize respiratory complexes. CII was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey

Classic software normalized to the loading control. All data are representative of results obtained from 4 mice of each strain and two independent biological

experiments. Error bars indicate SEM; �p<0.05, compared with control treatments by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g003
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Taco1mut/mut and Taco1wt/wt mice (Fig 4), however the levels of mTOR and phosphorylated

mTOR were increased in the hearts of infected Taco1mut/mut mice compared to both infected

and uninfected control mice (Fig 4). The steady-state levels of S6, a downstream target of

mTOR, were not altered in the uninfected Taco1mut/mut and Taco1wt/wt mice, whereas infection

reduced the phosphorylated levels of S6 in the hearts of both control and mutant mice (Fig 4).

Interestingly, despite the reduction in the phosphorylation levels of S6 in the infected control

and mutant mice relative to uninfected mice, the MCMV infection caused an increase in the

phosphorylated S6 levels in the hearts of Taco1mut/mut mice compared to control mice (Fig 4).

This increase was consistent with the increase in both the steady-state and phosphorylated

mTOR levels in the hearts of infected Taco1mut/mut mice compared to Taco1wt/wt mice (Fig 4),

indicating that increased energy demand during an infection can result in upregulation of

mTOR signalling via S6 in the heart specifically. There were no differences in the levels of

another mTOR substrate, 4EBP1 and phosphorylated 4EBP1, in the hearts of uninfected and

infected Taco1mut/mut and Taco1wt/wt mice (Fig 4). These results indicate that the isolated com-

plex IV defect combined with an infection cause upregulation of mTOR signalling in the

heart.

In contrast, in the livers of uninfected or MCMV infected mice, there were no differences

in the steady state levels of mTOR between the Taco1mut/mut and Taco1wt/wt mice, whereas the

levels of phosphorylated mTOR were decreased in the infected control and mutant mice com-

pared to uninfected mice (Fig 5). The steady-state levels of S6 were not altered in the livers of

uninfected Taco1mut/mut and Taco1wt/wt mice, however, the phosphorylated S6 levels were

reduced in the uninfected mutant mice as well as the infected control and Taco1mut/mut mice

compared to uninfected mice (Fig 5). The increased phospho-S6 levels found in the hearts

of the mutant mice were blunted in the liver and not different to the control mice (Fig 5).

Fig 4. MCMV infection perturbs mTOR signalling in the heart. Heart homogenates (25 μg) from uninfected and MCMV infected 30 week old Taco1wt/wt mice and

Taco1 mut/mut adult mice were resolved on 4–12% Bis-Tris gels and immunoblotted using antibodies to investigate the steady state levels of mTOR and its substrates.

Glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey Classic software

normalized to the loading control. All data are representative of results obtained from 4 mice of each strain and two independent biological experiments. Error bars

indicate SEM; �p<0.05; ��p<0.01, compared with control treatments by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g004
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Consistent with decreased levels of phosphorylated mTOR and S6, the infection caused reduc-

tion in the phosphorylated levels of 4EBP1 in the livers of the control mice relative to unin-

fected control mice as well as in infected mutant mice relative to uninfected control and

mutant mice (Fig 5). These findings indicate that in the liver an isolated complex IV defect

leads to downregulation of mTOR signalling and consequently reduced S6 and 4EBP1

phosphorylation.

Taken together, these results show tissue-specific regulation of the mTOR signalling path-

way in mitochondrial disease that depends on the energy requirements of individual tissues. In

the heart mTOR signalling is upregulated upon infection, indicating that additional energy

impost on the mutant mice activates the mTOR stress response in the heart, while in the liver

mTOR signalling is downregulated.

Chronic murine CMV infection results in reduced Complex IV activity

To determine the effects of chronic MCMV infection in the hearts and livers of control and

mutant mice on mitochondrial function, we measured Complex IV activity in uninfected and

MCMV infected 30 week old mice. Complex IV activity was significantly reduced in both

infected and uninfected mutant mice compared to control mice (Fig 6A). In addition, the

MCMV infection caused a greater decrease in Complex IV activity in the hearts of infected

compared to uninfected Taco1mut/mut mice (Fig 6A), indicating that MCMV infection can

exacerbate mitochondrial dysfunction. In the liver complex IV activity was also significantly

reduced in both infected and uninfected mutant mice compared to control mice (Fig 6B),

however, infection did not exacerbate this dysfunction. We measured Complex IV activity in

the hearts and livers of 9 week old mice both infected (day 4 p.i.) and uninfected Taco1mut/mut

mice and Taco1wt/wt mice (S1A Fig). The Taco1 mutation reduced Complex IV activity and

this reduction was not further exacerbated by the infection indicating that chronic viral

Fig 5. MCMV infection downregulates mTOR signalling in the liver. Liver homogenates (50 μg) from uninfected and MCMV infected 30 week old Taco1wt/wt mice

and Taco1 mut/mut adult mice were resolved on 4–12% Bis-Tris gels and immunoblotted using antibodies to investigate the steady state levels of mTOR and its substrates.

Glyceraldehyde-phosphate dehydrogenase (GAPDH) was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey Classic software

normalized to the loading control. All data are representative of results obtained from 4 mice of each strain and two independent biological experiments. Error bars

indicate SEM; �p<0.05; ��p<0.01, compared with control treatments by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g005

PLOS GENETICS Viral infection exacerbates mitochondrial disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008604 March 4, 2020 8 / 17

145

https://doi.org/10.1371/journal.pgen.1008604.g005
https://doi.org/10.1371/journal.pgen.1008604


infection can further promote the Complex IV deficiency. Oxygen consumption measure-

ments in liver mitochondria of uninfected and MCMV infected 9 week old mice, validate

these findings, where uninfected and infected Taco1mut/mut mice have an overall reduced oxy-

gen consumption rate with reduced basal respiration, ATP production, proton leak, maximal

respiration, non-mitochondrial respiration and spare capacity compared to Taco1wt/wt mice

(S1B Fig). This shows that energy production is impaired as a consequence of the Taco1 muta-

tion, as it has been observed previously [4]. Interestingly, in the infected mice, we also found

that Taco1mut/mut mice had increased proton leak compared to control mice and uninfected

mutant mice (S1 Fig) indicating that MCMV infection exacerbates the damage to the mito-

chondrial membranes of the mutant mice.

Murine CMV infection causes motor axon thinning of neuromuscular

junctions in skeletal muscle

Deterioration of neuromuscular junctions (NMJs) has been observed following mitochondrial

dysfunction in a mouse model of amyotrophic lateral sclerosis [9]. To investigate if changes

occur in the morphology of the neurons and their synaptic connections, we analyzed skeletal

NMJs by immunofluorescent labelling, in uninfected and infected 30 week old Taco1mut/mut

and Taco1wt/wt mice. Neuromuscular junctions were stained using antibodies against neurofi-

laments and synaptic vesicles to label the motor axons and their terminal endings (pre-synap-

tic components), together with labelled α-bungarotoxin to identify post-synaptic acetylcholine

receptors. Confocal imaging of the gastrocnemius showed a significant reduction in motor

axon thickness projecting to NMJs in Taco1mut/mut mice compared to Taco1wt/wt mice in both

infected and uninfected groups (Fig 7A and 7C). Examination of the extensor digitorum

longus, which is a predominantly fast twitch muscle, showed a similar significant reduction in

NMJ axonal thickness in Taco1mut/mut mice compared to Taco1wt/wt mice for the uninfected

cohort (Fig 7B). While this reduction in axonal thickness was further reduced at NMJs from

MCMV infected Taco1wt/wt mice compared to uninfected Taco1wt/wt and Taco1mut/mut mice,

there was no further decrease in NMJ axonal thickness at NMJs from infected Taco1mut/mut

mice (Fig 7B and 7C). These observations suggest that the mutation in Taco1 causes morpho-

logical changes to the NMJ axons in the gastrocnemius and extensor digitorum longus

Fig 6. Complex IV activity is exacerbated in the hearts of Taco1 mut/mut mice infected with MCMV. Complex IV activity was

measured in heart (A) and liver (B) mitochondria from 30 week old uninfected and MCMV infected Taco1wt/wt and Taco1 mut/mut

mice. Complex IV activity was measured spectrophotometrically as nmol/min/mg of protein and enzyme activity is shown as

percent of activity in control mice. Error bars indicate SEM of 5 mice per genotype and treatment; �p<0.05; ��p<0.01; ���p<0.001,

compared with controls by a two-tailed paired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1008604.g006
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muscles. While the presence of MCMV infection did cause further reductions in NMJ axonal

thickness for NMJs of the gastrocnemius muscle, it did not exacerbate the reduction in NMJ

axonal thickness of EDL NMJs from Tacomut/mut mice. Taken together these findings suggest

that MCMV infection can cause alterations in neuromuscular axonal morphology, that only

intensify the phenotype in a muscle-type specific manner.

Discussion

We used a mouse model of late-onset Leigh Syndrome to investigate how a common viral

infection can trigger the onset or progression of mitochondrial disease. We identified that

infection with murine cytomegalovirus does not trigger an earlier onset of the disease but

instead exacerbates the complex IV deficiency and causes alterations in mTOR signalling,

energy metabolism and neuromuscular morphology. Cytomegalovirus is a common species-

specific virus that belongs to the herpesvirus family. Infection with cytomegalovirus places a

significant metabolic stress on a host cell due to the increased biosynthesis and energy utiliza-

tion required for viral replication. Here we show that MCMV infection poses a significant

stress on the heart in Taco1 mutant mice as mitochondrial biogenesis is severely impaired in

the heart compared to the liver. It is possible that the infection imposes a greater cost on mito-

chondrial function in the heart because it predominantly relies on OXPHOS to maintain suffi-

cient ATP levels [10]. Similar molecular defects were identified in the liver and viral infection

increased the proton leak in the mutant mouse livers. However, the liver was able to cope with

the additional energy demand, likely by using the spare respiratory capacity that may compen-

sate to maintain mitochondrial function. We suggest that the ability of organs to use different

metabolic and signalling pathways accounts for the tissue-specific molecular effects observed

during viral infection. This differential ability of tissues to respond to mitochondrial stress has

been observed recently in another model, where mitochondrial dysfunction caused by error-

prone mitochondrial translation could recover due to liver-specific signalling that stimulated

cellular proliferation and mitochondrial biogenesis [11]. It has also been demonstrated that

human cytomegalovirus can itself disrupt cellular metabolism to cause metabolic reprogram-

ming with an increase in biosynthetic reactions and glycolysis to maintain ATP levels for viral

replication [12–14].

In the presence of infection, we identified downregulation of the mTOR signalling pathway

via its downstream targets, S6 and 4EBP1, in the livers of Taco1 mutant mice. However,

MCMV infection upregulated mTOR signalling through the phosphorylation of both mTOR

and S6 in the hearts of Taco1 mutant mice. Upregulation in mTORC1 signalling has been

observed previously in mitochondrial dysfunction that increases cytoplasmic protein synthesis

in an effort to compensate for the severe OXPHOS defects [15,16]. This coincides with our

findings where MCMV infection severely impairs mitochondrial biogenesis, particularly in

heart mitochondria, that likely activates mTOR signalling in an attempt to overcome the

Fig 7. Mutation in Taco1 along with MCMV infection causes NMJ-axonal thinning in skeletal muscle. Shown are sampled NMJs that

have been stained for motor axons and their terminal endings (NMJ axonal profiles) that overlie postsynaptic acetylcholine receptors

(AChRs). For each NMJ, there is a set of three images: the first is the merge of NMJ axons and their terminal ends (green) overlying

postsynaptic AChRs (red), followed by single channel images of NMJ axons (green) and postsynaptic AChRs (red). Arrows indicate the

motor axon entry point of each NMJ. (A) Shown are representative confocal micrographs of NMJs of the gastrocnemius from uninfected

and infected Taco1wt/wt and Taco1mut/mut mice. (B) Representative confocal micrographs of NMJs of the extensor digitorum longus (EDL)

muscle from uninfected and chronically infected Taco1wt/wt and Taco1 mut/mut mice. All NMJs were imaged from intact skeletal muscles

(whole mount immuno-stained samples). (C) NMJ axonal thickness at the NMJ entry point (indicated by the arrows in the NMJ panels).

NMJ axonal diameter was measured from five mice of each genotype and infection cohort (non-MCMV infected [-MCMV]; and MCMV

infected [+MCMV]). Error bars indicate SEM; �p<0.05; ��p<0.01, compared with control treatments by a two-tailed paired Student’s t-
test. Scale bars = 20μm.

https://doi.org/10.1371/journal.pgen.1008604.g007
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OXPHOS defect, while the liver could maintain required ATP levels via glycolysis or gluconeo-

genesis and instead downregulates mTOR signalling, in an effort to preserve energy.

During infection cellular stress responses are activated that normally inhibit mTOR activa-

tion, which may act to preserve energy expenditure and prevent cytoplasmic translation of

viral proteins [17,18]. However human cytomegalovirus has been shown to overcome these

stress responses to activate mTOR signalling and maintain translation of viral proteins in in
vitro studies [7,8,19]. These inconsistencies in mTOR signalling in response to viral infection

may be attributed to the duration and stage of infection and species-specific effects. Further-

more, it still remains poorly understood how cytomegaloviruses can interact with a host cell to

alter mTOR signalling and the consequences in different tissues.

Here we show for the first time that loss of TACO1 results in the development of significant

neuromotor degeneration in skeletal muscle, exemplified by motor axon thinning including

their terminal ends. This NMJ associated axonal thinning may contribute to the development

of neurological symptoms that have been documented previously in this mutant mouse such

as a loss of muscle grip strength and poor learning performance [4], which is commonly found

in Leigh Syndrome patients [3]. In addition, we show that infection with cytomegalovirus

exacerbates neurodegeneration. Little is known about the effects of human CMV on motor

axons innervating skeletal muscle, however it is known that human CMV can alter the struc-

ture of CNS neurons including the retraction/alignment of their dendritic arbors [20], which

along with effects on neural stem cells and progenitor cells in the brain, can result in brain dis-

orders (reviewed in [21]). Pseudorabies virus and herpes simplex virus type 1 (HSV-1) infec-

tions have been shown to disrupt mitochondrial motility and morphology in the superior

cervical ganglion (SCG) neurons of rodents by modulating mitochondrial proteins [22]. Our

study extends this possible link where MCMV could also have the capacity to invade the ner-

vous system and may have similar effects on mitochondrial function within axons, exacerbat-

ing the defects caused by reduced levels of Complex IV. We therefore provide a potential

pathogenic link between the development of mitochondrial disease and the onset of neurologi-

cal symptoms in Leigh Syndrome patients.

The characterization of this model of late-onset mitochondrial disease has provided insight

into the contribution of acquired infections to the progression of mitochondrial disease. This

study established that an environmental stress such as a viral infection can play a significant

role in disease pathogenesis, neuromuscular morphology and the molecular defects caused by

a genetic mutation. Infections can be potent modifiers of energy metabolism with the ability to

regulate mTOR signalling. Future studies will focus on understanding the molecular and

pathophysiological mechanisms in which environmental stresses impact mitochondrial disease

and to establish treatments to alleviate clinical symptoms of both the infection and mitochon-

drial disease.

Methods

Animals and housing

Female wild-type (Taco1wt/wt) and homozygous mutant mice (Taco1mut/mut) carrying an ENU-

induced point mutation, T491A in the Taco1 gene, were bred onto a C57Bl/6J background for

10–12 generations. Animals were housed in standard cages (45 cm Å~ 29 cm Å~ 12 cm) under

a 12-h light/dark schedule (lights on 7 a.m. to 7 p.m.) in controlled environmental conditions

of 22 + 2˚C and 50 + 10% relative humidity. Normal chow diet with physiological levels of thi-

amine (Rat & Mouse Chow, Specialty Foods, Glen Forrest, Western Australia) and water were

provided ad libitum.
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Ethics statement

The study was approved by the Animal Ethics Committee of the UWA and the Harry Perkins

Institute of Medical Research Animal Ethics Committee (approved protocol numbers: RA/3/

100/1256, RA/3/300/98, AE031/2015 and RA/3/300/125) and was performed in accordance

with Principles of Laboratory Care (NHMRC Australian code for the care and use of animals

for scientific purposes, 8th Edition 2013).

Viral infection

Mice were infected by intraperitoneal administration of 1 x 104 plaque-forming units (pfu) of

salivary gland propagated MCMV-K181-Perth [23].

Flow cytometry

Spleens were passed through a steel mesh in order to generate a single cell-suspension. Single-

cell suspensions from the liver were prepared by perfusing the liver via the portal vein with

phosphate buffered saline. The liver was then passed through a steel mesh. The resulting prepa-

ration was resuspended in a 37.5% isotonic Percoll solution (Pharmacia) and centrifuged at

690 g for 12 min to separate lymphocytes from hepatocytes. Red blood cells were osmotically

lysed using NH4Cl and cells washed in FACS buffer. The resulting single cell preparations

were stained with antibodies specific for CD11b (M1/70), CD3 (145-2C11), CD4 (RM4-5),

CD8 (53–6.7), NK1.1 (PK136), CD11c (HL3), CD19 (6D5). Virus-specific CD8+ T cells were

identified using m38 tetramer (H-2Kb-SSPPMFRV) from Immuno ID Tetramers (Melbourne,

Victoria). Antibodies were obtained from BD Biosciences, BioLegend, or eBioscience. Fixable

viability stain 620 (BD Biosciences) was used for live/dead discrimination. Samples were run

on a LSRFortessa X-20 instrument (BD Biosciences) and results were analyzed using FlowJo

software (TreeStar).

Wholemount immunohistochemistry

Mice were anaesthetized with carbon dioxide and then euthanized by cervical dislocation. A

minimum of five animals was used for each genetic and MCMV infection group. The gastroc-

nemius and extensor digitorium muscles were then dissected from the lower legs of these

mice, pinned out at resting muscle length and fixed in 4% paraformaldehyde (PFA) in PBS for

approximately 60 min at room temperature. They were then placed into 0.1M glycine in PBS

for several hours, followed by washing in PBS. Small muscle bundles were dissected from these

muscles and processed for whole mount immunostaining. In brief, muscle were incubated

with 4% bovine serum albumin (BSA) 0.4% triton-X100 (TX-100) in PBS (blocking buffer) for

1 h at room temperature. For primary antibody staining, muscles were incubated in rabbit

anti-neurofilament 1:500 and mouse anti-synaptic vesicle in 2% BSA 0.4% TX-100 in PBS

overnight at 4˚C. The muscles were then washed three times with PBS for 10 min prior to

incubation with secondary antibody 1:1000 goat anti-rabbit Alexa 488, 1:1000 goat anti-mouse

Alexa 488 and co-stained for acetylcholine receptors at the NMJ with 1:1000 Alexa 555-αBTX

in PBS. Muscles were then washed with PBS and mounted in Prolong Gold antifade reagent

(Molecular Probes, Invitrogen). The motor axons and their NMJs were imaged using a Leica

SP8 confocal. Images were taken at a resolution of 1024 by 1024 pixels in xy, using a 63x Oil

objective with a z-step size of 0.3 μm, providing a voxel size of 0.124 x 0.124 x 0.3 μm. Images

were captured using identical laser power levels, photomultiplier gain levels, scanning speed

and pinhole size. Z-stacked images were projected into a 2D rendered image to show the top

down view of NMJs and their innervating motor axons. The diameter of preterminal axons
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before the entry of motor axon into the nerve terminal region at each NMJ was determined

using Imaris 8.1.2 software (Bitplane, South Windsor, CT, USA). Collected images were

assembled in Adobe Photoshop and Adobe Illustrator (Adobe Inc. USA).

Heart and liver homogenate preparation

Heart and liver tissue were homogenized in 100 μl of 100 mM Tris, 2 mM Na3VO4, 100 mM

NaCl, 1% Triton X-100, 1 mM EDTA, 10% Glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF,

0.5% deoxycholate, 20mM Na4P2O7, pH 7.4 containing PhosSTOP Phosphatase Inhibitor

Cocktail (Roche) and EDTA-free Complete protease inhibitor cocktail (Roche). The homoge-

nate was centrifuged at 10,000 g for 5 min at 4˚C. The previous steps were repeated until a

clear tissue homogenate was produced. The tissue homogenate protein concentration was

quantified using the bicinchoninic acid (BCA) assay using bovine serum albumin (BSA) as a

standard.

Mitochondrial isolation

Mitochondria were collected from homogenized livers and isolated by differential centrifuga-

tion as described previously [10], with some modifications. Livers were homogenized in buffer

containing 250 mM sucrose, 5 mM Tris, 1mM EGTA, pH 7.4 with EDTA-free Complete pro-

tease inhibitor cocktail (Roche) before differential centrifugation. The mitochondrial protein

concentration was quantified using the BCA assay using BSA as a standard.

Immunoblotting

Specific proteins were detected using mouse monoclonal antibodies against SDHA (ab14715),

total OXPHOS cocktail (Abcam, ab110413), total OXPHOS blue native cocktail (Abcam,

ab110412) (Diluted 1:1000). Specific rabbit monoclonal antibodies were used against: S6 ribo-

somal protein (5G10) (CST, 2217), phospho-S6 ribosomal protein (Ser235/236) (2F9) (CST,

4856), mTOR (7C10) (CST, 2983), phospho-mTOR (Ser2448) (D9C2) (CST, 5536), 4E-BP1

(53H11) (CST, 9644) and phospho-4E-BP1 (Thr37/46) (236B4) (CST, 2855) (Diluted 1:500).

IR Dye 800CW Goat Anti-Rabbit IgG or IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) second-

ary antibodies were used and the immunoblots were visualized using an Odyssey Infrared

Imaging System (Li-Cor).

BN-PAGE

Heart tissue was homogenized in 100 μl of 0.75 M aminocaproic acid, 50 mM BisTris-HCl, pH

7.0, and 1.2% n-dodecyl -D-maltoside (DDM) containing EDTA-free Complete protease

inhibitor cocktail (Roche). The homogenate was centrifuged at 10,000 g for 5 min at 4˚C. The

previous steps were repeated until a clear tissue homogenate was produced. The tissue homog-

enate protein concentration was quantified using the BCA assay using BSA as a standard.

BN-PAGE was performed in 4–16% gradient gels according to recommendation of the Novex

NativePAGE Bis-Tris gel System. PVDF membranes were used to transfer proteins from native

gels followed by immunoblotting.

Complex IV measurements

Enzyme assays were carried out in a 1-ml cuvette at 30˚C using a PerkinElmer lambda 35 dual

beam spectrophotometer. Complex IV was measured as the cyanide-sensitive oxidation of fer-

rocytochrome c as described before [4].

PLOS GENETICS Viral infection exacerbates mitochondrial disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008604 March 4, 2020 14 / 17

151

https://doi.org/10.1371/journal.pgen.1008604


Mitochondrial respiration measurements

Mitochondrial oxygen consumption was measured in isolated liver mitochondria using the

Oxygraph 2k respirometer (Oroboros Instruments) to measure the oxygen consumption rate

in Mir05 buffer containing EGTA (0.5 mM), MgCl2.6H20 (3 mM), lactobionic acid (60 mM),

taurine (20 mM), KH2PO4 (10 mM), HEPES (20 mM), D-Sucrose (110 mM) and BSA, and

essential fatty acid free (1 g/L). The pH was adjusted to pH 7.1. Oxygen consumption was plot-

ted from 3 time points over a 12 minute period measuring basal respiration (10 mM Gluta-

mate, 2 mM Malate, 5 mM Pyruvate), proton leak (0.5 μM Oligomycin), maximal respiration

(0.5 μM to 1 mM FCCP) and non-mitochondrial respiration (0.5 μM Rotenone and 2.5 μM

Antimycin). ATP production and reserve capacity were extrapolated from graphed data.

Statistical analysis

For statistical analysis a two-tailed Student’s t-test with replicates was performed using statisti-

cal software (Excel, 2016). Numerical data for specific figures are in S1 Table.

Supporting information

S1 Fig. Oxygen consumption in mitochondria isolated from hearts and livers of Tacowt/wt

and Tacomut/mut mice. (A) Complex IV activity was measured in heart and liver mitochondria

from 9 week old uninfected and MCMV infected Taco1wt/wt and Taco1 mut/mut mice. Complex

IV activity was measured spectrophotometrically as nmol/min/mg of protein and enzyme

activity is shown as percent of activity in control mice. (B) Oxygen consumption was measured

in liver mitochondria from 9 week old uninfected Taco1wt/wt mice and Taco1 mut/mut and

MCMV infected 9 week old Taco1wt/wt mice and Taco1 mut/mut using an Oroboros oxygen elec-

trode using glutamate, malate and pyruvate as substrates under basal conditions followed by

the sequential addition of rotenone, antimycin, oligomycin and FCCP. All data are representa-

tive of results obtained from 5 mice of each strain. R = routine/basal respiration, L = proton

leak, ET-capacity = maximal respiration, ROX = residual oxygen. Error bars indicate SEM of 5

mice per genotype and treatment; �p<0.05; ��p<0.01; ���p<0.001, compared with controls by

a two-tailed paired Student’s t-test.

(TIF)

S1 Table. Numerical data for individual figures.
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Stefan J. Siira,1 Livia C. Hool,3,4 Dusanka Milenkovic,2 Nils-Göran Larsson,2,5 Oliver Rackham,1,6
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SUMMARY

The regulation of mitochondrial RNA life cycles and
their roles in ribosome biogenesis and energy meta-
bolism are not fully understood. We used CRISPR/
Cas9 to generate heart- and skeletal-muscle-specific
knockout mice of the pentatricopeptide repeat
domain protein 1, PTCD1, and show that its loss
leads to severe cardiomyopathy and premature
death. Our detailed transcriptome-wide and func-
tional analyses of these mice enabled us to identify
the molecular role of PTCD1 as a 16S rRNA-binding
protein essential for its stability, pseudouridylation,
and correct biogenesis of the mitochondrial large
ribosomal subunit. We show that impaired mito-
ribosome biogenesis can have retrograde signaling
effects on nuclear gene expression through the
transcriptional activation of the mTOR pathway and
upregulation of cytoplasmic protein synthesis and
pro-survival factors in the absence of mitochondrial
translation. Taken together, our data show that
impaired assembly of the mitoribosome exerts
its consequences via differential regulation of mito-
chondrial and cytoplasmic protein synthesis.

INTRODUCTION

Oxidative phosphorylation (OXPHOS) is carried out by the

mitochondrial electron transfer chain that is composed of poly-

peptides that are encoded by two genomes, the mtDNA and

the nuclear DNA (nDNA). Therefore, coordinated expression of

both genomes is important for the biogenesis of the OXPHOS

complexes and energy production. The mitochondrial genome

encodes 11 mRNAs, 22 tRNAs, and 2 rRNAs, and regulation

of its expression is largely mediated by RNA-binding proteins
This is an open access article under the CC BY-N
immediately from nascent transcription, when the RNA

polymerase produces polycistronic RNAs that span the entire

genome from each strand. The mtDNA in animals lacks inter-

genic non-coding sequences or introns, so that the tRNAs act

as ‘‘punctuation’’ marks signaling the recruitment of the RNase

P complex and RNase Z to cleave at the 50 and 30 ends of tRNAs
to release individual transcripts from the polycistronic RNAs

(Brzezniak et al., 2011; Holzmann et al., 2008; Rackham et al.,

2016; Sanchez et al., 2011). The maturation and stability of mito-

chondrial RNAs are mediated by a suite of modifying enzymes

and RNA-binding proteins, some of which are yet to be discov-

ered (reviewed in Hällberg and Larsson, 2014; Rackham et al.,

2012). Mitochondrial-RNA-binding proteins (mtRBPs) are

essential for the regulation of transcription, RNA processing,

RNA maturation, stability and translation of mtDNA-encoded

genes, and for energy production and cell survival (Rackham

et al., 2012). Loss of mtRBPs in mouse models has identified

the importance of these proteins for biogenesis of the

OXPHOS system during the early stages of embryo develop-

ment and survival (Cámara et al., 2011; Metodiev et al., 2009,

2014; Park et al., 2007; Perks et al., 2017; Rackham et al.,

2016; Ruzzenente et al., 2012).

Pentatricopeptide repeat (PPR) domain proteins recognize

and bind RNA in a sequence-specific manner (reviewed in

Filipovska and Rackham, 2012). In mammals, there are seven

PPR proteins that are all localized within the mitochondrial

matrix, where they carry out essential and indispensable roles

in the regulation of mitochondrial RNA (mtRNA) metabolism

(Ferreira et al., 2017); from transcription carried out by POLRMT

(K€uhl et al., 2017) to RNA processing carried out by MRPP3

(Holzmann et al., 2008; Rackham et al., 2016), to regulation of

RNA stability and translation by LRPPRC (Ruzzenente et al.,

2012; Siira et al., 2017), pentatricopeptide repeat domain

protein 3 (PTCD3) (Davies et al., 2009), and MRPS27 (Davies

et al., 2012). The molecular roles of the remaining two PPR pro-

teins, PTCD1 and PTCD2, are less well understood. We recently

identified that PTCD1 is essential for embryo development and
Cell Reports 23, 127–142, April 3, 2018 ª 2018 The Author(s). 127
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 156

mailto:aleksandra.filipovska@uwa.edu.au
https://doi.org/10.1016/j.celrep.2018.03.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.03.033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

128 Cell Reports 23, 127–142, April 3, 2018
157



protein synthesis (Perks et al., 2017). Our studies, to date, of

PTCD1 in cells (Sanchez et al., 2011) and in haploinsufficient

mice that lack one Ptcd1 allele (Perks et al., 2017) have indi-

cated that PTCD1 affects RNA metabolism and protein synthe-

sis; however, its molecular role is not known. The importance

of PTCD1 is evident from the haploinsufficient mice, where

reduced PTCD1 levels result in adult onset obesity, insulin resis-

tance, and glucose intolerance in response to reduced energy

levels and altered mechanistic target of rapamycin (mTOR)

signaling between differentiated and post-mitotic tissues (Perks

et al., 2017).

Here, we have established a heart- and skeletal-muscle-spe-

cific Ptcd1 knockout mouse model using CRISPR/Cas9. Our

model has enabled us to identify that PTCD1 is required for the

biogenesis of the large mitoribosomal subunit and mitochondrial

translation. PTCD1 binds the 16S rRNA and is essential for its

stability and pseudouridinylation through its association with

FASTKD2 and RPUSD4. Loss of PTCD1 causes transcriptional

upregulation of the mTOR pathway, resulting in the onset of

dilated cardiomyopathy and muscle dysfunction that causes

premature death.

RESULTS

Heart-Specific Loss of PTCD1 Leads to Dilated
Cardiomyopathy and Premature Death
We have previously shown that the constitutive knockout of the

Ptcd1 gene causes embryonic lethality in mice before embryonic

day (E)8.5 (Perks et al., 2017). We generated a conditional

knockout system for the Ptcd1 gene in mice using CRISPR/

Cas9 technology. The Ptcd1 gene is unusual in that each of its 9

exons is in frame with the next and has a start codon, whereby

the excision of an exon would not cause nonsense-mediated

decay and could result in a truncated protein, potentially resulting

in a dominant-negative phenotype. To circumvent this, in our ho-

mology domain repair donor DNA, we introduced loxP sites to

delete exon 3, and also two bases were moved from the 50 end
of exon 4 to the 30 end of exon 3 to enable a frameshift upon con-

ditional deletion of exon 3 by the Cre recombinase (Figure 1A).

Sanger sequencing of genomic DNA and cDNA from the homozy-

gous Ptcd1-engineered loxP/loxP mice confirmed that the

engineered exon-3 and exon-4 junctions are canonically spliced

to produce an mRNA that is identical to the mRNA from wild-

type mice (Figures 1B and 1C). The Ptcd1mRNA levels are com-

parable between our CRISPR/Cas9-engineered loxP/loxP mice

and wild-type mice, validating that the strategy did not affect the

splicing and abundance ofPtcd1mRNA in thesemice (Figure 1D).

We crossed Ptcd1loxP/loxPmicewith transgenicmice expressing a
Figure 1. Engineered Intron-Exon Boundaries Enable the Conditional K

(A) Schematic illustrating the CRISPR/Cas9-stimulated homologous recombinatio

by the Cre recombinase and two bases are moved from the 50 end of exon 4 to

(B) Sanger sequencing of wild-type Ptcd1 genomic DNA and cDNA, showing sp

(C) Sanger sequencing of genomic DNA and cDNA from a homozygous Ptcd1

nevertheless, canonically spliced to produce an mRNA that is identical to the wi

(D) The levels of Ptcd1 mRNA are unaffected in the CRISPR/Cas9-modified con

(E and F) Expression of Cre recombinase effectively knocks out Ptcd1 expressio

Values are reported as means ± SEM. ***p < 0.001, Student’s t test.
Cre recombinase under the control of muscle creatinine kinase

promoter (Ckmm-cre) toproduceheart- andskeletal-muscle-spe-

cific Ptcd1 knockout mice (Ptcd1loxP/loxP, +/Ckmm-cre). The Ptcd1

mRNA levels were significantly decreased in both heart and skel-

etal muscle in the knockout mice (Figure 1E); consequently, the

PTCD1 protein was lost (Figure 1F).

The knockout mice were viable at birth but died at 10 weeks of

age. The weight of the knockout mice was significantly reduced

by 10 weeks (Figures 2A and 2B), and heart-to-tibia length mea-

surements showed a significant increase in heart size (Figure 2C).

Echocardiography revealed that 10-week-old knockout mice

had altered cardiac morphology and function consistent with

the development of dilated cardiomyopathy. This included a sig-

nificant decrease in fractional shortening and a significant in-

crease in LVEDD (left ventricular end diastolic diameter) and

LVESD (left ventricular end systolic diameter) (dilated chamber

size) compared to those in control mice (Figure 2D). H&E staining

showed an increase in cardiomyocyte size, cellular disarray, and

increased presence of necrotic foci in 10-week-old hearts from

knockout mice, indicative of cardiomyopathy (Figure 2E). Gomo-

ri’s trichrome staining confirmed the presence of necrotic foci,

increased fibrosis, and fibrotic tissue formation (Figure 2F). Skel-

etal muscle H&E staining indicated only a mild pathology in the

knockout mice (Figure 2E), and Gomori’s trichrome staining

confirmed the presence of increased fibrosis in the skeletal mus-

cle of the knockout mice (Figure 2F). Staining for cytochrome c

oxidase (COX) and NADH showed decreased activity in both

the slow and fast fibers of skeletal muscle in the knockout

mice (Figures 2G and 2H). Mitochondria in the muscle fibers

from knockout mice were enlarged and elongated (Figure 2G

and 2H, inset), potentially due to the increased energetic burden

from PTCD1 loss.

PTCD1 Is Required for Protein Synthesis, Biogenesis
of the Mitochondrial Ribosome, and OXPHOS
We measured de novomitochondrial protein synthesis of the 13

mtDNA-encoded respiratory complex subunits and showed a

dramatic loss of translation in the Ptcd1 knockout mice

compared to controls in both tissues (Figures 3A and S1A), indi-

cating that PTCD1 is essential for mitochondrial protein synthe-

sis. Immunoblotting and mass spectrometry analyses of mito-

chondria- and nuclear-encoded OXPHOS subunits showed

loss in the mitochondria-encoded COXI and COXII subunits,

although levels of nuclear-encoded subunits of the proton trans-

locating complexes were reduced, such as NDUFB8 from com-

plex I, UQCRC2 from complex III, COXIV from complex IV, and

ATP5A from complex V in the Ptcd1 knockout mice (Figure 3B;

Figures S2A and S2G). Complex II is entirely composed of
nockout of Mouse Ptcd1

n at the Ptcd1 locus. LoxP sites are introduced to enable the deletion of exon 3

the 30 end of exon 3 to enable a frameshift upon deletion of exon 3.

licing between exons 3 and 4.

mutant mouse, showing the engineered exon-3 and -4 junctions, which are,

ld-type mRNA.

trol L/L mouse, as determined by qRT-PCR (n = 3).

n from the mutant allele, determined by qRT-PCR (E) and immunoblotting (F).
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Figure 2. Heart- and Skeletal-Muscle-Specific Ptcd1 Knockout Mice Develop Severe Dilated Cardiomyopathy, Develop Mild Muscle

Myopathy, and Die by 10 Weeks of Age

(A) Body weight of control (L/L) and knockout (L/L, cre) at different ages. L/L n = 13, and L/L, cre n = 13 at 4, 6, 8, and 10 weeks.

(B) Difference in body weight for L/L and L/L, cre mice at 10 weeks of age.

(C) Left: ratio of heart weight to tibia length in 10-week-old control L/L and L/L, cremice. Right: photographic representation of size difference between 10-week-

old L/L and L/L, cre mice.

(legend continued on next page)
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nuclear-encoded subunits, and the levels of the SDHA and

SDHB subunits were not particularly different between control

and knockout mice (Figure 3B; Figure S2G; Table S1), indicating

that PTCD1 is required for the expression of mitochondria-en-

coded OXPHOS proteins and, thereby, overall stability of the

OXPHOS system. This finding was corroborated in skeletal

muscle (Figure S1B).

Blue native (BN)-PAGE followedby immunoblotting further indi-

cated that loss of PTCD1 affected the assembly and stability of

the proton-translocating OXPHOS complexes, but not complex

II, in heart and skeletal muscle (Figure 3C; Figure S1B). We also

observed the disassembly of complex V and the release of the

ATPase inhibitory factor 1 (ATPIF1) (Figure 3C; Figure S2B), which

binds to b-F1-ATPase in response to cellular and pH changes and

inhibits the hydrolysis of ATP to conserve energy use (Mourier

et al., 2014). Similar changeswere observed in the skeletalmuscle

of Ptcd1 knockout mice (Figure S1C). Consistent with impaired

biogenesis of the OXPHOS system, oxygen consumption in mito-

chondria from thePtcd1 knockoutmicewas significantly reduced

in the phosphorylated, non-phosphorylated, and uncoupled

states compared to that in control mice (Figure 3D). These find-

ings indicate that PTCD1 is required for the assembly of the res-

piratory complexes andOXPHOS, providing further evidence that

mitochondrial gene expression is essential for the coordinated

biogenesis and function of the OXPHOS system.

PTCD1 Is Required for the Stability of Large Ribosomal
Subunit Proteins
We investigated how loss of PTCD1 may affect the mtDNA- and

RNA-binding proteins that regulate transcription, RNA process-

ing, and stability (Figure 3E). We identified that loss of PTCD1

causes a significant increase in POLRMT levels but does not

affect TFAM abundance, indicating that loss of PTCD1 causes

an increase in transcription (Figures 3E and S2C). We observed

a significant increase in MRPP2 but a reduction in another sub-

unit of the RNase P complex, MRPP1, in the Ptcd1 knockout

mice, suggesting that PTCD1 loss and imbalanced RNA meta-

bolism can impact on the levels of RNA-binding proteins (Fig-

ure 3E). LRPPRC levels were increased in the Ptcd1 knockout

mice (Figures 3E and S3G), which may be consistent with the in-

crease in transcription and, therefore, mRNA abundance for

which LRPPRC is required to relax the secondary structures

(Siira et al., 2017) and facilitate poly(A) tail maintenance (Ruzze-

nente et al., 2012). Interestingly, the levels of FASTKD2,

RPUSD4, and—to a lesser extent—NGRN, which can affect

the stability of the large mitoribosomal subunit via their associa-

tionwith the 16S rRNA (Antonicka and Shoubridge, 2015; Popow

et al., 2015), were significantly decreased in the knockout mice
(D) Echocardiographic parameters for L/L (n = 8) and L/L, cre (n = 8) 10-week-old m

systolic diameter; FS, fractional shortening; LVDPW, left ventricular posterior wa

tricular septum in diastole; IVSS, intraventricular septum in systole; HR, heart rat

(E) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) a

(F) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and

100 mm.

(G) Skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and L/L, cre

(H) Skeletal muscle sections, cut to 10-mm thickness, from L/L (n = 6) and L/L, c

All values are reported as means ± SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001,
(Figures 3E and S2C). This suggests that the levels of these three

proteins are co-regulated with those of PTCD1 and MRPP1,

possibly through their association within the granules that have

been found to be important sites of RNA processing and early

ribosome assembly (Antonicka and Shoubridge, 2015; Zaganelli

et al., 2017). These findings indicate that PTCD1 loss has a sig-

nificant effect on the abundance of mtRBPs; therefore, we next

investigated how its loss and consequent decrease in FASTKD2

and RPUSD4 affects the levels of mitochondrial ribosomal pro-

teins, since we identified dramatic reduction in protein synthesis.

Nuclear-encoded mitochondrially targeted ribosomal proteins

make up the small (28S) and large (39S) ribosomal subunits that

are assembled to form the 55S mitochondrial ribosome (re-

viewed in Rackham and Filipovska, 2014). Immunoblotting of

the small ribosomal subunit proteins MRPS16, MRPS34, and

MRPS35 showed that they were significantly increased in the

Ptcd1 knockout mice in heart (Figures 3F and S2D) and skeletal

muscle (Figure S1D). In contrast, the steady-state levels of the

large ribosomal subunit proteins such as MRPL23, MRPL37,

and MRPL44 were significantly decreased in the knockout

mice (Figures 3F and S2D), suggesting that PTCD1 plays an

important role in the stability of the large ribosomal subunit.

Next, we investigated whether the imbalance in ribosomal pro-

teins was sufficient to cause an unfolded protein response that

would activate mitochondrial proteases to clear the excess of

these proteins within mitochondria. Immunoblotting for the mito-

chondrial proteases LonP1, ClpX, and AFG3L2 identified that

loss of PTCD1 and concomitant increase in mtRBP can stimulate

the increase of these proteases in the knockout mice (Figure 3G;

Figures S2E and S3), likely in an effort to restore the balance in

mitochondrial ribosomal proteins. Furthermore, the inner mem-

brane proteases metalloendopeptidase OMA1 and YME1L1

were reduced, along with their substrate OPA1 in the immuno-

blots (Figures 3H and S2F), indicating that the mitochondrial

morphology is compromised in Ptcd1 knockout mice in response

to severe OXPHOS dysfunction, consistent with our findings in

our haploinsufficient PTCD1 mice (Perks et al., 2017).

PTCD1 Is Specifically Required for 16S rRNA
and mt-Nd6 mRNA Stability
PTCD1 has previously been implicated in mtRNA processing in

cells (Sanchez et al., 2011), and haploinsufficiency of PTCD1

wasshown toaltermtRNAmetabolismand the steady-state levels

ofmostmtRNAs (Perks et al., 2017).Northernblottingshowed that

loss of PTCD1 significantly increased most mtRNAs (Figures 4A–

4C and S3) in both the heart and skeletal muscle (Figure S4),

compared to controls. The steady-state levels of unprocessed

mitochondrial transcripts such as RNA19, mt-Atp6/8-Co3, and
ice. LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end

ll in diastole; LVSPW, left ventricular posterior wall in systole; IVDS, intraven-

e.

nd L/L, cre (n = 6) mice were stained with H&E. Scale bars, 100 mm.

L/L, cre (n = 6) mice were stained with modified Gomori’s trichrome. Scale bars,

(n = 6) mice were stained with NADH. Scale bars, 100 mm and 20 mm.

re (n = 6) mice were stained with COX. Scale bars, 100 mm and 20 mm.

Student’s t test.
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Figure 3. Loss of PTCD1 Impairs Mitochondrial Biogenesis and Protein Synthesis

(A) Levels of de novo protein synthesis were measured in heart mitochondria isolated from L/L and L/L, cremice by pulse incorporation of 35S-labeled methionine

and cysteine. Equal amounts of mitochondrial protein (50 mg) were separated by SDS-PAGE and visualized by autoradiography. Representative gels from three

independent biological experiments are shown.

(B) Mitochondrial proteins (25 mg) from isolated heart mitochondria of L/L and L/L, cre mice were resolved on 4%–20% SDS-PAGE gels and immunoblotted

against antibodies to investigate the steady-state levels of OXPHOS proteins. Porin was used as a loading control.

(legend continued on next page)
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mt-Nd5-Cyb were also increased (Figures 4A and 4B), as

observed previously in cells (Sanchez et al., 2011, 2015) and in

haploinsufficient Ptcd1 mice (Perks et al., 2017). The increase in

POLRMT levels (Figure 3E) prompted us to investigate the effects

ofPTCD1 losson the7S rRNAtofind that this transcriptwassignif-

icantly increased in the knockout mice compared to controls (Fig-

ures 4C and S3B), indicating a dramatic increase in transcription

that explains the high levels of most mtRNAs and precursor tran-

scripts. Further evidence for increased transcription in the Ptcd1

mice was provided by the high levels of non-coding RNAs

compared to that in control mice (Figure 4D). These findings

weremirrored in skeletal muscle where PTCD1was also knocked

out (Figure S4).

In contrast to all other mtRNAs, we observed a significant

decrease in the steady-state levels of the 16S rRNA and, to a

lesser degree, mt-Nd6 mRNA levels (Figures 4A and 4C). Our

findings identify that PTCD1 is essential for the stability of the

16S rRNA and the mt-Nd6 mRNA. We corroborated these find-

ings by measuring the abundance of mature mRNAs and tRNAs

and of precursor transcripts both in the heart and skeletal muscle

of control and knockout mice by qRT-PCR (Figure 4E and 4F;

Figure S4). All mtRNAs in both tissues were significantly en-

riched, with the exception of the 16S rRNA and, to a lesser de-

gree, themt-Nd6 mRNA (Figure 4E; Figure S4E). We also identi-

fied significant enrichment of most mitochondrial junctions but a

significant decrease in mt-Nd4l/4-Nd5 and mt-Nd6-Cyb in the

absence of PTCD1 in both tissues (Figure 4F; Figure S4F), indi-

cating that loss of PTCD1 and the 16S rRNA lead to upregulation

of mitochondrial transcription.

PTCD1 Is Essential for the Assembly of the Large
Ribosomal Subunit
Since PTCD1 is specifically required for the stability of the 16S

rRNA, and since, in its absence, the large ribosomal proteins

were selectively degraded, we investigated whether PTCD1

associates with the mitochondrial ribosome. We resolved the ri-

bosomal subunits and assembled ribosomes using 10%–30%

sucrose gradients and immunoblotted against PTCD1. Although

PTCD1 was absent in the gradient from the Ptcd1 knockout

mice, we found that it localized to the upper fractions of the su-

crose gradient in the control mice (Figure 5A), indicating that

PTCD1 does not co-migrate with the mitochondrial ribosome

or its subunits. FASTKD2 and RPUSD4 also co-migrated in the

same fractions as PTCD1, indicating that these proteins may

exist together in a higher molecular structure, since loss of

PTCD1 in the knockout mice resulted in decreased levels of

these proteins and their redistribution to the first two top frac-

tions of the gradient (Figure S5A).
(C) Isolated heart mitochondria (80 mg) from 10-week-old mice were treated wi

munoblotted using the with the blue-native-OXPHOS cocktail antibody.

(D) Phosphorylating (state 3) and uncoupled respiration in the presence of 2 mM

mice using an OROBOROS oxygen electrode using either pyruvate, glutamate

mitochondrial inhibitors.

(E–H) The levels of mtRNA-binding proteins (E), mitochondrial ribosomal protein

blotting in heart mitochondria from L/L and L/L, cre 10-week-old mice. Porin wa

All values are reported as means ± SEM. *p < 0.05; **p < 0.01, Student’s t test. T

genotype and three independent biological experiments.
Next, we found that PTCD1 loss and concomitant loss of the

16S rRNA specifically impaired the assembly of the large ribo-

somal subunit, but not the assembly and migration of the small

ribosomal subunit (Figure 5A). Instead, we observed increased

levels of the small ribosomal subunit, likely as a compensatory

response to the impaired assembly of the large subunit and,

thereby, the 55S ribosome, which also has been found when

the assembly of the large ribosomal subunit has been impaired

in other models (Cámara et al., 2011; Metodiev et al., 2014; Wre-

denberg et al., 2013).

We also investigated the distribution of mitochondrial rRNAs

within the ribosomal fractions, using qRT-PCR of each fraction

(Figure 5B), and confirmed that the 16S rRNA is largely absent

in the Ptcd1 knockout mice, whereas the 12S and 16S rRNAs

co-migrate with their respective small and large ribosomal sub-

units and the 55S ribosome within the sucrose gradient fractions

from the immunoblots in the control mice (Figure 5B).

PTCD1 Stabilizes the 16S rRNA to Enable Its
Pseudouridylation
We used RNA sequencing (RNA-seq) of total heart RNA from

three control and three Ptcd1 knockout mice to identify the con-

sequences of PTCD1 loss across the entire mitochondrial tran-

scriptome and the effects on RNA transcription, processing,

and stability (Figure 6A).We used this technique, as we have pre-

viously (Rackham et al., 2016), to exclude short RNAs, such as

mature tRNAs, to capture tRNAs that are part of unprocessed

transcripts, and to quantify RNAs most affected in the PTCD1

knockout mice. In our RNA-seq datasets, we identified a pro-

found, statistically significant reduction of the mature 16S

rRNA, confirming our northern blotting and qRT-PCR findings

(Figure 6A). We identified that, overall, the transcriptome was

significantly enriched, further validating that there is increased

transcription in response to the loss of protein synthesis. One

exception to this was the mt-Nd6 RNA, which was decreased,

indicating that this transcript is unstable in the absence of active

translation. The increased rate of transcription likely contributes

to the observed enrichment of reads across junctions that span

all tRNA regions between the mRNA and rRNA genes, suggest-

ing that the processing machinery cannot deal with this excess

RNA (Figure 6A).

To determine whether PTCD1 plays a role in site-specific

mtRNA post-transcriptional modifications, total heart RNA

from three control and three Ptcd1 knockout mice was treated

with or without N-cyclohexyl-N0-(2-morpholinoethyl)carbodii-

mide metho-p-toluenesulfonate (CMC), and pseudouridine

sequencing (Pseudo-Seq) analyses were performed. We

normalized the levels of RNA so that we could validate
th 1% n-dodecyl b-D-maltoside, resolved on 4%–16% Bis-Tris gels, and im-

FCCP was measured in heart mitochondria from L/L and L/L, cre 10-week-old

and malate, or succinate as substrates in the absence and/or presence of

s (F), proteases (G), and morphology proteins (H) were measured by immuno-

s used as a loading control.

he data are representative of results obtained from at least six mice from each
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Figure 4. PTCD1 Is Required for 16S rRNA Stability, and Its Loss Leads to Increased Mitochondrial Transcription

(A–D) The abundance of mature mitochondrial mRNAs (A), tRNAs (B), rRNAs (C), and non-coding mRNAs (D) in 10-week-old hearts from L/L and L/L, cre mice

were analyzed by northern blotting. 18S rRNA was used as a loading control.

(E and F) The canonical mitochondrial mRNAs (E) and RNA junctions (F) were measured in total heart RNA from 10-week-old L/L and L/L, cremice by qRT-PCR

and normalized to 18S rRNA.

All values are reported as means ± SEM. The data are representative of results obtained from at least six mice from each strain and three independent biological

experiments.

134 Cell Reports 23, 127–142, April 3, 2018
163



Figure 5. Loss of 16S rRNACauses Impaired Ribosome Stability and

Assembly of the Large Ribosomal Subunit

(A) Continuous 10%–30% sucrose gradients were used to determine the

distribution of the small and large ribosomal subunits and themonosome in L/L

and L/L, cremice. PTCD1 and the mitochondrial ribosomal protein markers of

the small (MRPS35, MRPS34, and MRPS16) and large (MRPL12, MRPL23,

and MRPL37) ribosomal subunits were detected by immunoblotting with

specific antibodies. The data are representative of results from four indepen-

dent biological experiments.

(B) The distribution of the 12S and 16S rRNAs in sucrose gradients was

analyzed by qRT-PCR. The data are expressed as a percentage total of

RNA abundance and show results from three independent biological

experiments.
modifications between control and knockout samples and

identified that loss of PTCD1 precludes pseudouridine (J) modi-

fication on the 16S rRNA at position 2509 (Figures 6B and 6C),

which was recently identified to be carried out by the RPUSD4

pseudouridinase (Antonicka et al., 2017; Zaganelli et al., 2017).

Our finding identifies PTCD1 as essential for 16S rRNA stability

and pseudouridine modification. Immunoprecipitation of FLAG-

tagged PTCD1 expressed inmouse hearts, followed by immuno-

blotting of the eluates, showed that PTCD1 associates with

FASTKD2 and RPUSD4 (Figure 6D), and this was confirmed by

BioID, which also identified these two proteins as highly enriched

(Figure 6E; Table S2) when the mitochondria-localized PTCD1-

BirA* was used as bait (Figure S5B). These two independent

findings suggest that these two proteins associate with PTCD1

and are required for 16S rRNA stability and its maturation, since

the stability of the 16S rRNA is compromised in their absence

(Figure 4C) (Antonicka et al., 2017; Antonicka and Shoubridge,

2015).

We investigated whether PTCD1 binds the 16S rRNA in vivo by

immunoprecipitation of FLAG-tagged PTCD1 expressed in

mouse hearts followed by qRT-PCR. Our data identify that the

16S rRNA is the most enriched transcript associated with

PTCD1 (Figure 6F). Next, we used recombinant PTCD1 lacking

its mitochondrial targeting sequence to probe an RNA tiling array

to determine whether PTCD1 binds to 16S rRNA directly. The

array was designed to scan themouse 16S rRNA in 36-base suc-

cessive increments; an 18-bp shift per measurement was used

to conduct a coarse scan initially (Figures S5C andS5D), and sin-

gle-base-pair shifts were then used for a high-resolution scan of

the 16S rRNA (Figures S5E and S5F). PTCD1 bound many RNA

sequences strongly at both 1 nM and 10 nM concentrations,

demonstrating that the protein has very high affinity for RNA,

and many probes in the 16S rRNA were bound more tightly

than control cytoplasmic and nuclear RNAs. Multiple EM for

Motif Elicitation (MEME) of the most tightly bound 5% of probes

identified that PTCD1 has a preference for adenine-rich se-

quences (Figure S5G). This specificity was confirmed by testing

the affinity of RNA homopolymer binding by PTCD1, where

poly(A) was bound more strongly than poly(G), poly(C), and

poly(U) (Figure S5H).

PTCD1 Affects Transcriptional Regulation of Signaling
Pathways
Next, we investigated how loss of PTCD1 and mitochondrial

dysfunction caused by impaired ribosomal assembly can have

downstream consequences on nuclear gene expression. Tran-

scriptome-wide analyses of gene expression in 10-week-old

Ptcd1 knockout mice, compared to their littermate control

mice, identified changes in 4,967 transcripts. Gene Ontology an-

alyses of cellular compartments identified that over 70% of

affected genes were associated with mitochondria, and the re-

maining were associated with the respiratory chain and ribonu-

clear complexes (Mendeley Dataset Figure 1), consistent with

the role of PTCD1 in mitochondrial ribosome assembly and

downstream effects on mitochondrial OXPHOS and biogenesis.

Gene Ontology analyses of the molecular function further vali-

dated the role of PTCD1 in ribonuclear complex assembly,

RNA binding, and changes in oxidative-reductive and metabolic
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Figure 6. PTCD1 Binds to the 16S rRNA to Facilitate Pseudouridinylation and, Thereby, Stability

(A) A complete map of changes in mtRNA abundance determined by RNA-Seq coverage from L/L (n = 3) and L/L, cre (n = 3) mice, on heavy (outer track) and light

(inner track) strands. Increases are shown in red, and decreases are shown in blue (log2 fold change[KOmean/Ctrlmean]). Themitochondrial genome is displayed

in the central track, with the nucleotide position in base pairs displayed across the exterior; rRNAs are indicated in orange, mRNAs are indicated in green, tRNAs

are indicated in blue, and the non-coding region (NCR) is indicated in gray.

(legend continued on next page)
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enzyme function (Mendeley Dataset Figure 2). The analyses of

the biological processes of the differentially expressed genes

between the knockout and control mice identified classes of

genes involved in carbon and purine metabolism and in RNA

and ribosomal regulation, as well as protein quality control, all

consistent with respiratory defects, increased levels of the pro-

tein quality enzymes, and overall cellular metabolism (Figure 7A).

We compared the transcriptome changes in the Ptcd1 knockout

mice to another model of heart failure where in vivo loss of

LRPPRC causes cardiomyopathy at a similar age (K€uhl et al.,

2017) by compromising mitochondrial mRNA (mt-mRNA) polya-

denylation and the coordination of protein synthesis (Ruzzenente

et al., 2012; Siira et al., 2017). The shared gene expression

changes predominantly affect OXPHOS biogenesis and function

as we have found for previous models of impaired mitochondrial

gene expression (K€uhl et al., 2017). However, PTCD1 loss

caused unique changes in the expression of 1,392 genes related

to upregulation of nuclear and mitochondrial gene transcription,

alterations in fat metabolism that we have also observed to be

disrupted in our heterozygous Ptcd1 mice (Perks et al., 2017),

and stress response (Figures S6A and S6B; Table S3). Further-

more, comparison between the mitochondrial proteomes of

these two models identified common changes predominantly

affecting metabolism and OXPHOS function but also corrobo-

rated our immunoblotting findings that the mitochondrial ribo-

somal proteins of the large subunit are specifically destabilized

and lost in the Ptcd1 knockout mice, but not in the Lrpprc

knockout mice (Figures S6E and S6F; Table S4).

Haploinsufficency of PTCD1, and consequent decreased

mitochondrial biogenesis, results in impaired insulin and fatty

acid metabolism, as well as differential regulation of mTOR

signaling (Perks et al., 2017). In our transcriptomic data, we iden-

tified significant increases in mTOR levels as well as the mRNAs

of its downstream substrates: the ribosomal protein S6 and the

eukaryotic translation initiation factor 4E-binding protein 1 (4E-

BP1), upon PTCD1 loss (Figure 7B; Figure S7). Interestingly,

many genes that are components of a number of other important

pathways that affect mTOR signaling were significantly

increased, including cytoplasmic translation, mitogen-activated

protein kinase (MAPK), insulin receptor signaling, and cytokine

pathways, (Figure 7B); all of which promote cell survival. The

most significantly increased transcripts were those encoding

ATF4 and FGF21 (Figure S7), which have been suggested to

act as biomarkers of mitochondrial dysfunction, commonly

found in cardiac diseases (Dogan et al., 2014; Rackham et al.,

2016). We analyzed the mTOR changes by immunodetection

of the phosphorylated and non-phosphorylated components of
(B) Pseudo-Seq analysis of CMC-induced deletions surrounding the 16S rRNA ps

L/L, cre (n = 3) mice.

(C) Pseudo-Seq quantification of the decrease in deletion frequency at position 2

(D) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts, foll

are typical of results from three independent biological experiments.

(E) BioID of BirA*-tagged PTCD1 expressed in HeLa cells, followed by mass spe

BirA* (mt-BirA*) was used as a control. The data are results from five independe

black, blue, green, and red with 0.01% false discovery rate (FDR) significance.

(F) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts and

All values are reported as means ± SEM. *p < 0.05.
this pathway and identified an increase in mTOR levels that

was further amplified in the phosphorylated state in the knockout

mice (Figure 7C). This was consistent with the decreased phos-

phorylation status of AMPK in the hearts of Ptcd1 knockout mice

compared to controls (Figure 7C). Akt phosphorylation was

significantly increased in the knockout mice, which leads to

decreased steady-state levels of Akt, indicating defects in the in-

sulin signaling pathway (Figure 7C). Both steady-state and phos-

phorylated levels of the mTOR substrates S6 and 4E-BP1 were

significantly increased in the knockout mice, consistent with

increased phosphorylation of mTOR (Figure 7C) and likely in

response to the significant reduction in mitochondrial protein

synthesis. Our findings indicate that OXPHOS dysfunction in

response to impaired mitochondrial translation can upregulate

the mTOR pathway and, thereby, cytoplasmic protein synthesis

in an effort to promote cell survival in the absence of OXPHOS.

This is consistent with our transcriptomic studies showing that

the mTOR substrates, the cytoplasmic translation machinery,

and pro-survival factors were upregulated in the Ptcd1 knockout

mice. Next, we investigated the abundance of acetyl-coenzyme

A (CoA) carboxylase (ACC), whose levels can be affected

in response to changes in AMPK and depleted energy levels.

Phosphorylated ACCwas increased significantly in the knockout

mice relative to controls (Figure 7D), consistent with decreased

OXPHOS function and lowered AMPK levels, indicating that

this change is regulated at the metabolic level. Taken together,

our findings indicate that mitochondrial dysfunction caused by

impaired protein synthesis can cause retrograde transcriptional

upregulation of the mTOR pathway, which is then amplified

post-translationally via phosphorylation to rescue compromised

energy metabolism by upregulation of cytoplasmic protein syn-

thesis and pro-survival genes.

DISCUSSION

The seven mammalian PPR proteins are indispensable for life

through their diverse roles from transcription to translation

(K€uhl et al., 2016; Perks et al., 2017; Rackham et al., 2016; Ruz-

zenente et al., 2012); however, the molecular function of one of

these PPR proteins, PTCD1, has remained largely unknown.

Here, we have created a CRISPR/Cas9 mouse knockout model

of PTCD1 to identify that PTCD1 binds the 16S rRNA to stabilize

it and ensure its pseudouridinylation. Loss of PTCD1 impairs the

biogenesis of the large ribosomal subunit and the mitoribosome

and blocks protein synthesis, leading to combined OXPHOS de-

fects and early-onset death by dilated cardiomyopathy andmus-

cle dysfunction. Mitochondrial ribosomes are unique in that they
eudouridinylated position at 2509. Tracks show the average from L/L (n = 3) and

509 in Ptcd1 knockout mice.

owed by immunoblotting to detect the immunoprecipitated proteins. The data

ctrometry analyses to detect the associated proteins. Mitochondrial-targeted

nt biological experiments, and all significantly enriched proteins are shown in

control, followed by qRT-PCR, normalized to 18S rRNA.
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Figure 7. Loss of PTCD1 Causes Upregulation of mTOR Pathway Transcription and Signaling and Cell-Survival Mechanisms

(A) Gene Ontology summary of all the biological processes that are significantly changed in the Ptcd1 knockout mice compared to controls.

(B) Transcriptional regulation ofmTOR and its upstream and downstream targets and pathways in thePtcd1 knockoutmice. The log fold difference is shown in the

first box (blue/white/red gradient), followed by its significance (adjusted p value; green) and the mean expression level across all samples (red gradient).

(legend continued on next page)
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have a higher protein-to-RNA ratio compared to that of bacterial

and cytoplasmic ribosomes in eukaryotes (Richman et al., 2014).

This decrease of the rRNA scaffold is not simply compensated

for by an increased number of mitochondria-specific ribosomal

proteins (Suzuki et al., 2001) and likely has necessitated addi-

tional specific factors like PTCD1 for the stability, modification,

and correct folding of the rRNA to ensure the fidelity of mitochon-

drial ribosome biogenesis and function.

The dramatic and selective loss of the 16S rRNA in the

absence of PTCD1 affected the stability of the mt-Nd6 mRNA,

the least abundant mt-mRNA (Mercer et al., 2011) that lacks a

poly(A) tail. Reduced stability of the mt-Nd6 mRNA has been

observed previously upon knockout of proteins required for the

assembly of the large ribosomal subunit/mitochondrial ribosome

(Cámara et al., 2011; Popow et al., 2015; Wredenberg et al.,

2013), indicating that, in the absence of the large ribosomal sub-

unit/mitochondrial protein synthesis, themt-Nd6mRNA is unsta-

ble, unlike the 10 other mtDNA-encoded mRNAs that are polya-

denylated and, hence, more stable. Selective reduction in the

16S rRNA levels has been observed upon knockdown of

FASTKD2 in cells (Antonicka and Shoubridge, 2015), implicating

this protein in its stability, although a complete CRISPR/Cas9

knockout of this protein in cells was not detrimental to cell sur-

vival (Popow et al., 2015), suggesting that the requirement for

FASTKD2 may be downstream of PTCD1. In addition, deletion

of Mterf3 in mice has also been shown to reduce the levels of

the 16S rRNA (Park et al., 2007) but not as dramatically as that

found in the Ptcd1 knockout mice. Both FASTKD2 andMTERF3,

like PTCD1, and the more recently identified cluster of proteins,

including NGRN, WBSCR16, and the pseudouridinylases

TRUB2, RPUSD4, and RPUSD3, are required for the assembly

of the large ribosomal subunit (Arroyo et al., 2016), as well as

the 16S rRNA-specific helicase DDX28 (Tu and Barrientos,

2015), indicating that its assembly requires a large number of

factors in addition to the ribosomal proteins. Arroyo et al. had

not reported PTCD1 as part of this cluster, although we found

that PTCD1 associated with FASTKD2 in this study—it was

also observed in a previous immunoprecipitation experiment

(Antonicka et al., 2017)—and was also co-localized to granules

where FASTKD2, along with the processing enzyme MRPP1

and the pseudouridinylase RPUSD4, are found (Zaganelli et al.,

2017). mtRNA granules and nucleoids have been found to

contain numerous post-transcriptional processing, ribosomal,

and ribosome assembly proteins and have been described as

the compartmentalized centers for RNA processing and mitori-

bosome biogenesis (Antonicka and Shoubridge, 2015; Jourdain

et al., 2013). Mitoribosome assembly occurs co-transcriptionally

(Rackham et al., 2016), with incorporation and assembly of ribo-

somal proteins occurring in concert with mt-rRNA processing

and nucleotide modification (Bogenhagen et al., 2014; Rackham

et al., 2016). Here, we show that PTCD1 stabilizes the 16S rRNA,

allowing it to be matured by the remaining factors that are local-
(C) ThemTOR pathway was assessed by immunoblotting using specific antibodie

week-old mice, using GAPDH as a loading control.

(D) Immunoblotting was used to measure the abundance of the phosphorylated

All values are reported as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Stude

from each genotype and three independent biological experiments.
ized within the granule to allow pseudouridylation and subunit

assembly of the 39S mitoribosomal subunit.

RPUSD4 has been shown to pseudouridylate the 16S rRNA at

position 2509, and its knockdown causes reduction in the 16S

rRNA (Antonicka et al., 2017; Zaganelli et al., 2017). Here, we

show that PTCD1 is required for the modification of this position

by RPUSD4 and for the stability of this enzyme, suggesting that

PTCD1may play a role in the docking and stabilization of the 16S

rRNA for modification at this site through association with

FASTKD2 and RPUSD4. Interestingly, although recombinant

PTCD1 bound preferentially to adenine-rich RNA, it recognized

multiple sites in the 16S rRNA. The co-migration of PTCD1 with

RPUSD4 and FASTKD indicates that these proteins associate

together in a higher molecular weight complex that is disrupted

upon PTCD1 loss, showing that they are dependent on each

other for their stability as well as the stability and modification

of the 16S rRNA and, thereby, biogenesis of the large ribosomal

subunit. Whether PTCD1 binds with greater specificity in vivo

through its association with the pseudouridine synthase module,

which includes FASTKD2, RPUS4, and NGRN or whether func-

tional specificity is achieved through the fact that RPUSD4 can

only modify one particular residue at a single site in the 16S

rRNA remains to be determined.

Increased transcription and accumulation of mature as well as

unprocessed mtRNAs, as a consequence of rRNA loss and

compromised protein synthesis, has been observed previously

(Cámara et al., 2011; Metodiev et al., 2009; Park et al., 2007).

Increased transcription explains the increased processing de-

fects that we have reported previously upon PTCD1 reduction

in cells and heterozygous mice (Perks et al., 2017; Rackham

et al., 2009). The accumulation of unprocessed mtRNAs indi-

cates that excess de novo mtRNA can overwhelm the RNA-

processing machinery, further supporting our previous findings

that RNA processing is co-transcriptionally coupled to ribosome

assembly (Rackham et al., 2016). Mice in which Mterf3, Tfb1m,

Mterf4, and Ptcd1 have been deleted all lack fully assembled ri-

bosomes, stimulating massively increased de novo transcription

in response to decreased translation, which suggests coordi-

nated transcriptional and translational regulation of mitochon-

drial gene expression. Furthermore, loss of the large ribosomal

subunit in the Ptcd1 knockout mice resulted in accumulation of

the small ribosomal subunit, similarly to that found in the Mterf3

and Mterf4 knockout mice (Cámara et al., 2011; Wredenberg

et al., 2013). Conversely, the loss of the small ribosomal subunit

in mice lacking TFB1M causes an increase in the 39S ribosomal

subunit, indicating that impaired coordination of mitoribosome

assembly results in compensatory increases of ribosomal pro-

teins whose assembly is not precluded. This transcriptional

regulation of RBPs required for mitochondrial gene expression

is further supported by the changes in the core components of

this machinery observed in the Ptcd1 knockout mice. Increased

levels of POLRMT, MRPP2, and LRPPRC are consistent with the
s upstream and downstream of mTOR in heart lysates from L/L and L/L, cre 10-

(Thr172) and nonphosphorylated forms of AMPKa and ACC.

nt’s t test. The data are representative of results obtained from at least six mice
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increased rate of transcription, processing, and stability in an

effort to copewith the newly producedmtRNAs, as a compensa-

tory response to impaired 39S subunit assembly and 16S rRNA

loss. The reduction in MRPP1, FASTKD2, RPUSD4, and NGRN

levels suggests that their stabilities are dependent on the pres-

ence of PTCD1, possibly as part of the granules where they

are all co-localized (Antonicka and Shoubridge, 2015; Zaganelli

et al., 2017).

Transcriptome-wide analyses in response to PTCD1 loss

revealed a complex network of changes that affect transcripts

encoding mitochondrial proteins, particularly the ribosomal pro-

teins, OXPHOS subunits, and themitochondrial gene expression

machinery, consistent with the molecular role of PTCD1 in mito-

chondria. However, we identified a number of factors that are

activated in response to mitochondrial dysfunction and impaired

mitochondrial biogenesis, including ATF4 and FGF21, which

have increased expression and have acted as biomarkers for

other models of cardiac and muscle-related diseases (Dogan

et al., 2014; Rackham et al., 2016). Importantly, we identified a

significant upregulation at the transcription level of the mTOR

pathway and factors that are upstream and downstream of the

mTOR signaling cascade. Growth in response to nutrient avail-

ability is coordinated by mTOR, which stimulates cytoplasmic

protein synthesis via phosphorylation of ribosomal protein S6 ki-

nases and 4E-BP1. Here, we show that severe mitochondrial

dysfunction can upregulate mTOR expression, likely in an effort

to overcome defects in OXPHOS through the activation of pro-

tein synthesis and cell-survival pathways.

Transcriptional upregulation of the mTOR pathway resulted in

increased steady-state levels of mTOR and its substrates,

although phosphorylation of mTOR and its downstream sub-

strates was increased in the knockout mice, indicating that these

pathways were regulated both at the transcriptional and post-

translational levels. Severe mitochondrial dysfunction has previ-

ously been found to activate the mTOR pathway via phosphory-

lation of its substrates (Johnson et al., 2013); however, in our

model, we show that mTOR is regulated at the transcriptional

level as well as the post-translational level as a retrograde

response to impaired mitoribosome biogenesis. Increased acti-

vation of Akt is consistent with upregulation of mTOR signaling

and cell-survival pathways, indicating that both the MTORC1

and MTORC2 pathways may be increased to provide as much

energy as possible to promote survival in the absence of

OXPHOS. AMPK levels were decreased in the absence of

PTCD1, likely due to the high increase in mTOR levels, which

can inhibit AMPK signaling. Clearly, AMPK signaling is not able

to overcome the dramatic loss in energy levels, possibly reflect-

ing the need for mTOR upregulation.

In summary, we show that PTCD1 is essential for mitochon-

drial ribosome biogenesis and translation via stabilization and

maturation of the 16S rRNA. We identify that mitochondrial

dysfunction is a retrograde signal for transcription upregulation

of cell-survival mechanisms as a compensatory measure in

response to defects in mitoribosomal assembly. Future work

will establish the exact signaling cascades to provide further

insight into coordinated mito-nuclear regulation and how these

can be exploited to develop treatments for diseases involving se-

vere mitochondrial dysfunction.
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Generation of Conditional Ptcd1 Mice

A homology-directed repair (HDR) template incorporating loxP sites, alter-

ations to exons 3 and 4, and 1.3 kb of flanking homology at either end was syn-

thesized from overlapping oligonucleotides and cloned into pMA (GeneArt).

The HDR template region was excised from pMA by digestion with XhoI and

separation via 1% agarose gel electrophoresis; DNA was extracted from the

excised bands using a QIAGEN MinElute Gel Extraction Kit. Paired guide

RNAs (gRNAs) with the protospacer element sequences 50-GAACACAGA

CUAACUGGGCG-30 and 50-GUUCUGUUUCCUAAUGAAUC-30 were synthe-

sized from plasmid templates containing T7 promoters using the HiScribe

T7 Quick High Yield RNA Synthesis Kit (New England Biolabs). RNAs were

purified using the RNeasy Mini Kit (QIAGEN). In vitro transcribed sgRNAs,

Cas9-D10A Nickase (Sigma), and linearized HDR template were microinjected

into C57BL/6N embryos and transferred into the uteri of pseudopregnant

females. Genomic DNA from F0 and F1 animals was extracted from tail tips,

and primers flanking genomic regions of interest were used in PCRs; ampli-

cons were cloned and Sanger sequenced to confirm the integrity of the intro-

duced genetic modifications. The study was approved by the Animal Ethics

Committee of the University of Western Australia and performed in accor-

dance with Principles of Laboratory Care (National Health and Medical

Research Council Australian Code for the Care and Use of Animals for Scien-

tific Purposes, 8th edition, 2013).

Mitochondrial Isolation

Mitochondria were isolated from homogenized hearts or skeletal muscle and

isolated by differential centrifugation as described previously (Rackham

et al., 2016; Richman et al., 2016).

Sucrose Gradient Fractionation

Sucrose gradient fractionation was carried out as described previously (Rack-

ham et al., 2016; Richman et al., 2016).

Immunoblotting

Specific proteins were detected using rabbit monoclonal antibodies as

described in the Supplemental Information.

RNA Isolation, Northern Blotting, and qRT-PCR

RNA was isolated from total hearts and northern blotting and qRT-PCR were

performed as described previously (Rackham et al., 2016; Richman et al.,

2016) and in the Supplemental Information.

RNA-Seq

RNA-seq was performed on total RNA from three control and three Ptcd1

knockout mice, using the Illumina HiSeq platform, according to the Illu-

mina Tru-Seq protocol and as we have done previously (Rackham

et al., 2016).

Pseudo-Seq

Total heart RNA was isolated, and cytoplasmic rRNA depletion was per-

formed using a Ribo-Zero rRNA Removal Kit (Illumina). CMC (Santa Cruz

Biotechnology) modification was performed as described by Antonicka

et al. (2017).

Translation Assays

In organello translation assays were carried out in isolated heart mitochondria

as described previously (Rackham et al., 2016; Richman et al., 2016).

Immunoprecipitation

Heart mitochondria were lysed in 50 mM Tris/HCl (pH 7.5), 125 mM NaCl, 5%

glycerol, 1% Igepal CA-630, 1.5 mM MgCl2, 1 mM DTT, 25 mM NaF, 1 mM

Na3VO4, and 1 mM EDTA in the presence of RNasin and protease inhibitors.

Lysates were incubated with anti-FLAG M2 magnetic beads for 2 hr at 4�C.
Beads were washed in lysis buffer, and proteins were eluted with 400 ng/mL

33 FLAG peptide, and the eluates were either immunoblotted or analyzed

by qRT-PCR.
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BN-PAGE

BN-PAGE was carried out using isolated mitochondria from hearts and skel-

etal muscle, as described previously (Rackham et al., 2016). BN-PAGE gels

were analyzed by transferring to polyvinylidene fluoride (PVDF) and immuno-

blotting against the respiratory complexes.

Respiratory Chain Function and Complex Activity

Themitochondrial oxygen consumption flux was measured with an Oxygraph-

2k (Oroboros Instruments), as previously described (Mourier et al., 2014;

Rackham et al., 2016).

Histology

Mouse hearts and skeletal muscle were analyzed as described previously

(Richman et al., 2015) and in the Supplemental Information.

Echocardiography

Echocardiography (ECG) was performed on mice under light methoxyflurane

anesthesia, with the use of an i13L probe on a Vivid 7 Dimension (GE Health-

care), as described previously (Perks et al., 2017).
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Repeat  proteins  regulate the  expression  of the  mammalian mitochondrial  genome at  the  level  of tran-
scription,  processing,  maturation,  and translation. Defects  in the  regulation  of  mitochondrial  gene
expression  due to mutations  in genes  encoding  repeat proteins  can  lead to mitochondrial  dysfunction
and  disease,  however  the  molecular  mechanisms  that  regulate mitochondrial  gene expression  and  how
defects  in these  processes  cause disease still  remains  poorly understood.  Recently  solved  crystal  struc-
tures,  characterisation  of  the  new genetic  models, and  use of RNA  sequencing (RNA-Seq)  technologies
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. Regulation of mammalian mitochondrial gene
xpression by modular proteins

(mt-mRNAs) encode 13 polypeptides that are subunits of  three res-
piratory complexes (Complex I, III and IV) and the ATP synthase,
which together with Complex II form the oxidative phospho-
The mammalian mitochondrial DNA (mtDNA) is  a  compact,
ircular, double-stranded genome, containing only 37 genes for

 rRNAs, 22 tRNAs and 11 mRNAs. The mitochondrial mRNAs

∗ Corresponding author.
E-mail address: aleksandra.filipovska@uwa.edu.au (A. Filipovska).

ttps://doi.org/10.1016/j.semcdb.2017.08.037
084-9521/© 2017 Elsevier Ltd. All rights reserved.
rylation (OXPHOS) system required for the majority of energy
generation in cells (reviewed in  [1,2]). The expression of mam-
malian mtDNA is regulated predominantly at a  post-transcriptional
level by many nuclear encoded RNA-binding proteins that are

imported inside mitochondria post-translationally to transcribe,
stabilise, modify, translate and degrade mt-RNAs [3]. The known
roles of nuclear encoded mitochondrial RNA-binding proteins
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mtRBPs) have been reviewed recently [1,2,4,5]. Here we discuss
he roles of two families of mtRBPs that consist of characteristic
epetitive protein motifs, mitochondrial transcription termination
actors (mTERF), that can bind mtDNA and mtRNA, and pentatri-
opeptide repeat (PPR) domain proteins, that bind mtRNA [6–8].

The  MTERF proteins are a group of structurally similar proteins
ith variably repeated MTERF-motifs that form a half-donut-shape,

ight-handed superhelix, where the positively charged concave
ide forms a path for nucleic acid binding [9–12]. In humans there
re four human MTERF proteins: MTERF1, MTERF2, MTERF3, and
TERF4, all of which reside inside mitochondria [6,9,13–17]. The
olecular structures and roles of most mammalian MTERF pro-

eins in  different aspects of mitochondrial gene expression have
een well characterized, although little is known about the role of
TERF2 in  mitochondria besides its affinity for mtDNA binding and

ssociation with the nucleoid [6,9,13–18].
PPRs were initially discovered in  plant organelles as a large

amily of up to 800 proteins [7,19] that were only recently iden-
ified to bind RNA in a  sequence-specific and modular fashion
20–24]. In mammals there are only seven PPR proteins (Fig. 1)
hat are exclusively mitochondrially localized and regulate mito-
hondrial gene expression from transcription to  protein synthesis:
he mitochondrial RNA polymerase (POLRMT) [25], leucine-rich
entatricopeptide repeat cassette (LRPPRC) protein [26–29], mito-
hondrial RNase P protein 3 (MRPP3) [30–32], pentatricopeptide
epeat domain proteins 1, 2, and 3 (PTCD1, PTCD2, and PTCD3)
33–36], and mitochondrial ribosomal protein of the small subunit
7 (MRPS27) [37].

MtDNA  is  transcribed by  POLRMT as two long polycistronic tran-
cripts that span almost the entire length of the heavy or light
trands of the genome (Fig. 2) [38]. MTERF1 has been identified to
ind within the tRNALeu(UUR) gene [9,13,14,39] and in vivo studies
ave shown that its binding blocks transcription to prevent tran-
criptional interference at the light strand promoter (LSP) [15]. The
wo polycistronic transcripts are processed according to  the tRNA
unctuation model (Fig. 2), whereby mitochondrial rRNAs (mt-
RNAs) and mitochondrial mRNAs (mt-mRNAs) are interspersed
y mitochondrial tRNAs (mt-tRNAs), which act as “punctuation
arks” for processing [40,41]. Processing of the polycistronic tran-

cripts involves the excision of mt-tRNAs at their 5′ ends by RNase
 complex, which in mammals consists of three proteins, MRPP1,
RPP2, and MRPP3 [30–32,34,42], and at their 3′ ends by RNase

, which is ELAC2 [34,43]. PTCD1 associates with ELAC2 to  assist
n mt-tRNA processing [34]. However, there are four exceptions to
he tRNA punctuation model (Fig. 3) which include the 3′ end of mt-
D6, 5′ end of mt-CO1, 5′ end of mt-CYB and between mt-ATP6 and
t-CO3 [40]. It  is not entirely clear which other enzymes process

hese non-canonical sites although PTCD2 has been suggested to be
equired for processing the 5′ end of the mt-CYB transcript. Loss of
he fas-activated serine/threonine kinase 5 (FASTKD5) results in  the
ccumulation of unprocessed transcripts from the 5′ end of mt-CYB
nd the 5′ end of mt-CO1 and between mt-ATP8/6-CO3 [35,44] and
isruption of fas-activated serine/threonine kinase 4 (FASTKD4)
as also been shown to cause the accumulation of the mtND5-CYB
recursor transcript. It  has been suggested that the FASTKD protein
amily contain a  putative endonuclease in the RNA-binding domain,
AP [45]. However, it still remains to be confirmed if PTCD2 has
ndonuclease activity or recruits endonucleases that are not yet
haracterized or identified.

The  cleaved RNA transcripts then undergo maturation mediated
y the LRPPRC/SLIRP complex [28,46] which includes polyadenyla-
ion of mt-mRNAs by the poly(A) polymerase (PAP), modification of

RNAs by  a  range of enzymes [4] and methylation of rRNAs by a  vari-
ty of enzymes, including NSUN4 [6,11,47], followed by  translation
n mitochondrial ribosomes [48–50]. Mitochondrial ribosomes
ontain two  PPR proteins within the small ribosomal subunit
pmental Biology 76 (2018) 132–141 133

(PTCD3  and MRPS27) and are assembled co-transcriptionally [42].
Their assembly is mediated by a  number of  different factors, some
characterized such as DDX28 [51] and MTERF3 [17], with additional
players yet to  be characterized.

The  variation in the levels of mt-RNAs underlies the significance
of RNA-binding proteins in the post-transcriptional regulation
of mitochondrial gene expression [52]. Repeat domain proteins
play key roles in every aspect of mitochondrial gene expression,
from transcription to protein synthesis, and mutations or loss of
these proteins can lead to mitochondrial dysfunction and dis-
ease [6,15,16,26,28,42,53,54].  Here we review the current advances
towards understanding the role of mammalian MTERF and PPR
proteins in mitochondrial biology and pathology.

2. Mitochondrial transcription termination factors
(MTERFs)

2.1.  Mitochondrial transcription termination factor 1  (MTERF1)

MTERF1  contains 8 MTERF-motifs, comprising of 19 �-helices
[9]. MTERF1 binds in a  sequence-specific manner to  a 28  bp region
within the tRNALeu(UUR) gene, downstream of the 16S mt-rRNA
region and was  originally thought to promote heavy-strand tran-
scription termination in vitro [13]. However, the role of MTERF1
in heavy-strand transcription termination has since been debated
as MTERF1 has been shown to partially terminate transcription
from the heavy strand promoter (HSP), while completely termi-
nating transcription from the LSP [14]. The role of MTERF1 in
light-stand transcription termination was identified in vivo when
both copies of the mouse Mterf1 genes were deleted to reveal that
MTERF1 is  dispensable for rRNA gene transcription regulation and
instead it is  required, but not  essential, for minimizing transcrip-
tion interference at the light strand promoter [15]. A mechanism
of transcription termination by MTERF1 has since been proposed
where MTERF1 binds to the major groove of  DNA at its target site in
the tRNALeu(UUR) gene to promote unwinding of  the DNA helix and
eversion of several key residues to cause base flipping in a step-
wise manner, which is critical for transcription termination [9,55].
In addition to transcription termination, MTERF1 was  proposed to
promote rRNA synthesis by binding to both the heavy strand tran-
scription initiation and termination sites to mediate the formation
of a DNA loop [39]. A recent report has also implicated MTERF1 in
the regulation of mtDNA replication pausing in vitro [56,57], indi-
cating that overall MTERF1 plays an important role in  regulating
mitochondrial transcription and mtDNA replication.

MTERF1 binds DNA in  a  site and cell specific manner [9,52], with
conserved residues responsible for the sequence-specific binding
[9]. Pathogenic mutations in  these residues in MTERF1 have been
proposed to interfere with MTERF1 binding and transcriptional
termination [9,58]. Furthermore, MTERF1 has also been shown to
have a  tissue-specific transcriptional and translational compen-
satory role in response to decreased mtDNA copy number in  a
MPV17 knockout mouse model that causes severe mitochondrial
DNA depletion [59]. This implicates MTERF1 in diseases caused by
impaired mitochondrial gene regulation, and further studies will
shed light on its tissue-specific role in  disease.

2.2. Mitochondrial transcription termination factor 3  (MTERF3)

MTERF3  is  a  highly conserved protein that  contains 7  MTERF-
motifs, consisting of 22 �-helices [10,60]. MTERF3 has a  concave

side with a  strong positive charge that represents a nucleic-acid
binding site, important for its role in binding mtDNA to regulate
mitochondrial gene expression [10]. MTERF3 is  essential for life and
heart-specific knockout of mouse Mterf3 gene causes respiratory
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ig. 1. Schematic representation of the seven mammalian PPR proteins and four m
xamination  of the crystal structures, in the case of MRPP3 and POLRMT [25,30,3
equence comparisons.

hain defects and consequently mitochondrial dysfunction which
esults in  a  shortened life-span [16]. MTERF3 has been shown to
ssociate with the mtDNA light and heavy strand promoter regions,
esulting in increased transcription initiation from the LSP and HSP
nd increased steady-state levels of most mt-RNAs. Furthermore
TERF3 was identified to  bind the 16S mt-rRNA and to be impor-

ant in the assembly and maturation of the large mitoribosomal
ubunit that is essential for assembly of the 55S mitochondrial ribo-
ome [17]. Both studies have implicated the importance of MTERF3
n the regulation of mitochondrial transcription and ribosome bio-
enesis in vivo.

Recently, the loss of MTERF3 was investigated in cardiomyopa-
hy to show that despite severe OXPHOS defects there were no
igns of  oxidative stress or production of reactive oxygen species
ROS) [61]. This is particularly important since many studies of
eart disease implicate ROS and oxidative stress as the major con-
ributor to cardiomyopathy and cardiac hypertrophy, identifying
hat there is a complex interplay between mitochondrial dysfunc-
ion and subsequent cellular signalling networks that precede heart
isease. Mouse models of heart disease where nuclear genes encod-

ng mitochondrial proteins have been knocked out or mutated, are
deal systems to  investigate the role of mitochondrial dysfunction
n different forms of heart disease.

.3. Mitochondrial transcription termination factor 4 (MTERF4)
MTERF4  is essential for embryo development and heart-specific
oss of mouse Mterf4 causes mitochondrial cardiomyopathy, respi-
atory chain deficiency and shortened life-span [6]. MTERF4 reg-
lates mitochondrial ribosome biogenesis and thereby translation
 proteins. Repeats were identified using TPRpred [122], sequence inspection, or by
d MTERF repeats were identified in the crystal structures of MTERF1 [9–2] or by

through  its association with the ribosomal RNA methyltransferase
(NSUN4) [6,47]. The binding of MTERF4 to  mt-rRNAs occurs via
a heterodimer complex with NSUN4, which assists in targeting
this protein to the large subunit [6]. The atomic structure of  the
MTERF4-NSUN4 complex shows that MTERF4 contains 6 MTERF-
motifs comprising 18 �-helices. The molecular structure of  this
complex shows that NSUN4, which lacks the ability to bind RNA,
binds to  the C-terminal domain of MTERF4 via specific conserved
interactions which enable RNA binding [11,12]. MTERF4 is  further
required to stimulate the activity of NSUN4 to  specifically methy-
late 16S rRNA [12,47]. Overall MTERF4 is essential for regulating
mitochondrial ribosome biogenesis and translation in vivo.

3.  Pentatricopeptide repeat domain proteins (PPRs)

3.1.  Mitochondrial RNA polymerase (POLRMT)

POLRMT is  a single-subunit DNA-dependent RNA polymerase
that is distantly related to  the bacteriophage T7 RNA polymerase
[25,62]. It is the only mitochondrial RNA polymerase and forms
the core component of the transcription machinery along with
mitochondrial transcription factor B2 (TFB2M) and mitochondrial
transcription factor A (TFAM), which are  required by POLRMT to ini-
tiate transcription of mitochondrially-encoded genes [25,63–66].
The formation of the transcription machinery begins when TFAM
binds to  the DNA promoter and recruits POLRMT via a  protein-

protein interaction to ensure promoter-specific transcription [64].
TFB2M then binds to  form a  transcription initiation complex with
POLRMT and TFAM, and together TFAM and TFB2M melt the pro-
moter to  initiate transcription by POLRMT [64,67–69]. POLRMT also
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Fig. 2. Schematic of the human mitochondrial genome and illustration o

ynthesises the RNA primers required for the replication of the
tDNA which often takes precedence over transcription [54,63].

OLRMT is essential for survival since its loss causes embryonic
ethality and heart- and skeletal muscle-specific knockout of Pol-
mt in mice leads to  premature death as a  result of a profound
ardiomyopathy by  6 weeks of age [54]. POLRMT is exclusively a
itochondrial protein that does not  support the transcription of

uclear encoded genes [66].
POLRMT interacts with the transcription elongation factor of

itochondria (TEFM), and together they can regulate the switch
etween replication primer formation and gene expression to
ediate mtDNA transcription and replication [54,70–72]. TEFM

ctivates and enhances mitochondrial transcription by  stimulating
he formation of longer transcripts and stabilising the interaction
f POLRMT with DNA [71]. POLRMT has been shown to asso-
iate with the mitochondrial ribosome (mitoribosome) protein of
he large subunit 12 (MRPL12), when this protein is not part of
he mitoribosome; this interaction is  thought to stabilise POLRMT
nd influence mitochondrial transcription [73–75]. Further studies

ave also found POLRMT associated in a  small subunit mitochon-
rial ribosome complex with TFB1M [76], which is a  12S ribosomal
NA methyltransferase required for the maturation and assembly
f the small subunit of the mitochondrial ribosome [77]. This asso-
ammalian tRNA punctuation model and mtRNA maturation processes.

ciation is thought to  occur independently of transcription and to be
distinct from the POLRMT and TFB2M complex to increase the 12S
mt-rRNA methyltransferase activity of TFB1M [76].

The  atomic structure of the human POLRMT revealed a  catalytic
carboxy-terminal domain similar to  that of phage polymerases and
a unique extended N-terminal region containing two PPRs with an
AT-rich recognition loop [25]. Functional analysis showed that the
PPR domains play no role in transcription initiation, which is car-
ried out by the C-terminal domain. Instead, the crystal structure of
the human POLRMT elongation complex shows newly synthesised
RNAs exiting towards the PPR domain, suggesting a role for the PPR
domain in  the elongation stage of transcription [78]. Elucidation of
the  POLRMT termination complex structure may  be important in
establishing if there is  an additional role of  the PPRs in  POLRMT
function.

3.2. Mitochondrial RNase P protein 3 (MRPP3)

MRPP3 is a  mitochondrial protein containing five PPRs and

a metallonuclease domain [30,31,42]. Initially, MRPP3 was co-
purified with two  additional proteins, MRPP1 and MRPP2, which
together were identified to form the mitochondrial RNase P com-
plex that processes the 5′ ends of mt-tRNAs [32]. MRPP1 and MRPP2
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Fig. 3. Schematic of the four exceptions

orm a stable subcomplex within the RNase P complex, however
hey are bifunctional proteins with additional cellular functions.

RPP1 belongs to the TRMT10 family and is a  m1G9 methyltrans-
erase responsible for methylating the ninth position on mt-tRNAs
34,79] and may  have a  role in mt-tRNA binding required for the
Nase P  complex [80]. MRPP2 is a member of the short-chain dehy-
rogenase/reductase family and has a  NAD+ binding domain, but
o RNA-binding domains, and may  be required for RNase P activity
81] or act as a structural scaffold for the RNase P complex. Muta-
ions in MRPP2 cause mitochondrial disease as a  result of impaired
NA processing, providing evidence that it is  required for RNase

 activity [82,83]. Until recently, the human mitochondrial RNase
 complex was thought to be unique as a  protein only complex
hat lacks the catalytic RNA component which is  generally found
n previously characterized nuclear RNase P  enzyme complexes
32,84,85]. However, protein-only RNase P  (PRORP) enzymes have
ince been identified to process precursor tRNAs in  organelles and
uclei of diverse eukaryotic species [86–89].

The atomic structure of PRORP1, which is  a homolog of MRPP3,
rom Arabidopsis thaliana is V-shaped with a metallonuclease
omain linked to  a PPR domain by a  zinc-binding domain [90]. The
etallonuclease domain is  the active site and is  responsible for the

atalytic activity of the protein, without the need for additional
roteins or a  catalytic RNA. This active site contains Mg2+ metal

ons bound to conserved aspartate residues that are essential for
ts catalytic activity. The PPR domain is thought likely to provide
pecificity through its interaction with pre-tRNAs [90]. In contrast
o the plant PRORP1, the atomic structure of the human MRPP3
rotein has been shown to have a more relaxed, L-shape that is
lso composed of a  PPR domain connected by  a central domain
ontaining a  highly conserved zinc-binding site bound to a  metal-
onuclease domain [30,31]. Unlike PRORP1, MRPP3 has a  distorted
nd non-productive active site, as metals ions that are necessary
or its activity are absent from the active site and the protein exists
n an auto-inhibited state [30,31]. Since the human MRPP3 protein
equires MRPP1 and MRPP2 for its catalytic activity, it is thought

hat only upon their binding along with a  pre-tRNA substrate that a
onformational change is induced to  stimulate enzymatic activity
30,31]. Why  this additional layer of specificity might be required in

ammalian mitochondria is not  known. The RNase P complex has
 mammalian tRNA punctuation model.

been associated with mitochondrial RNA granules that are viewed
as centers for RNA processing, maturation, and mitochondrial ribo-
some biogenesis. These processes occur co-transcriptionally [42]
and in  close proximity to mitochondrial nucleoids [44,91–93].

Knockdown of MRPP3 in HeLa cells has been shown to cause
an RNA processing defect with the accumulation of precursor tran-
scripts and a reduced abundance of mature mt-RNAs [32,34,94].
However the essential role of MRPP3 was revealed recently where
a knockout of Mrpp3 in  mice was  shown to be embryonic lethal and
heart and skeletal-muscle specific knockout of Mrpp3 caused a  car-
diomyopathy and premature death at 12 weeks of age [42]. Loss of
MRPP3 caused a  profound processing defect and the accumulation
of unprocessed transcripts and the loss of mature mt-RNAs [42].
The loss of mature mt-RNAs was associated with a  large increase
in transcription driven by increased POLRMT levels that were not
sufficient to overcome the processing defects. The role of  MRPP3 in
3′ end cleavage of mt-tRNAs has been investigated across the entire
mitochondrial transcriptome using diverse RNA sequencing (RNA-
Seq) techniques in  both in vitro and in vivo models where MRPP3
has been knocked down or lost [34,42]. Transcriptome wide par-
allel analyses of RNA ends (PARE) has identified the exact in vivo
cleavage sites of RNase P and has demonstrated that cleavage of the
5′ mt-tRNA precedes 3′ mt-tRNA end processing [42]. Recently the
same model was  used to elucidate the hierarchy of  mitochondrial
RNA processing via RNA circularization prior to library preparation
and RNA-Seq. These data revealed the identities of processing inter-
mediates, their abundance in vivo, and showed that RNA processing
and degradation can occur simultaneously [95].

The loss of MRPP3 and functional processing of mt-RNAs causes
impaired translation of all mitochondrially encoded polypeptides
that has downstream consequences on the biogenesis and activ-
ity of the mitochondrial respiratory complexes causing general
OXPHOS defects and mitochondrial dysfunction [42]. Character-
isation of a  MRPP3 heart and skeletal muscle-specific knockout
mouse model has provided the first evidence of  a  mechanistic
link coupling mitochondrial transcription and translation via the

assembly of the mitoribosome [42]. The assembly of the small sub-
unit is impaired in  the absence of a  mature 12S mt-rRNA, while the
large subunit mitoribosome proteins form a  sub-complex on the
precursor 16S mt-rRNA, showing that mitoribosomal biogenesis
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PTCD2 has also been implicated in the processing of long non-
coding RNA (lncRNA) as knockdown of PTCD2 in HeLa cells causes
reduction of mt-ND5 lncRNA and the mt-ND6 lncRNA that forms the
N. Ferreira et al. / Seminars in Cell & 

ccurs co-transcriptionally [42]. Future studies will be required to
nderstand mitoribosomal assembly in detail and this new model
ill assist in providing insight into the early assembly of subcom-
lexes of the mitoribosome.

.3.  Leucine-rich pentatricopeptide repeat cassette (LRPPRC)
rotein

LRPPRC is a  mitochondrial protein predicted to contain 30–33
PR domains and is essential for life [28,29,96–98]. LRPPRC was
he first human PPR protein to be  identified when a  C to T  transi-
ion mutation at 1119 bp of the LRPPRC open reading frame was
hown to change a conserved alanine residue to valine at posi-
ion 354 causing the rare autosomal recessive French-Canadian
ariant of Leigh Syndrome (LSFC, found in  the Saguenay-Lac-Saint-
ean region of Quebec) [26]. Patients with mutations in LRPPRC
SFC have cytochrome c oxidase (COX) deficiency and show clin-
cally distinct symptoms from classical Leigh Syndrome, where
he brain and liver are mostly affected and display early-onset
eurodegeneration (Leigh disease), liver steatosis, and chronic lac-
ic acidosis [99,100]. However, it has been suggested that these
ymptoms can be affected by other genetic and environmental
actors [101]. Recently there have been reports of new LRPPRC

utations that resemble LSFC outside of the French-Canadian
opulation [102]. LSFC patient fibroblasts containing the A354V
Ala354 → Val) have reduced levels of LRPPRC, impaired translation
f mitochondrially-encoded proteins and consequently defects in
XPHOS [27]. Recently it was shown that loss of LRPPRC and SLIRP

esults in tissue-specific OXPHOS deficiencies in LSFC patients
103].

In vivo investigations have shown that when Lrpprc is deleted in
ice it results in embryonic lethality and heart and skeletal muscle-

pecific loss causes cardiomyopathy and premature death [28]. Loss
f LRPPRC results in  uncoordinated protein synthesis compromis-
ng OXPHOS biogenesis and function [104], similarly to the defects
dentified in liver-specific deletion of Lrpprc [105]. Lrpprc heart
eficient mice also have a  significantly reduced abundance of mt-
RNAs, except mt-ND6, which further corroborates in vitro studies,

ut also shows increased abundance of mt-rRNAs [28]. Additional
tudies using heterozygous Lrpprc+/− mice or LRPPRC knockdown
n cells have identified accumulation of some precursor mt-mRNAs
53,106], suggesting that LRPPRC loss may  contribute to accumula-
ion of processing intermediates.

LRPPRC  binds the stem-loop interacting RNA-binding protein
SLIRP) in a  co-dependent manner to  form a hetero-dimeric pro-
ein complex [27,28,97]. The PPR domain of LRPPRC and the RNA
ecognition motif (RRM) domain of SLIRP were recently shown
o participate in protein-protein interactions enabling the for-

ation of a  stable complex between these two proteins [97].
RPPRC and the LRPPRC/SLIRP complex, but not SLIRP alone, bind
t-RNA [27,97]. Recently high throughput RNase footprinting

nd photoactivatable ribonucleoside-enhanced crosslinking and
mmunoprecipitation (PAR-CLIP) identified the in vivo binding tar-
ets of LRPPRC and its role as a  mt-RNA chaperone required to
elax secondary RNA structures thereby facilitating polyadenyla-
ion, RNA stability and coordinated translation [107].

The LRPPRC/SLIRP complex maintains a pool of non-translated
t-mRNAs and maintains mt-mRNA polyadenylation of all mt-
RNAs, except mt-ND6, which is the only non-polyadenylated
t-mRNA [28,106,108]. LRPPRC and the LRPPRC/SLIRP complex

romote polyadenylation by  mitochondrial poly(A) polymerase
mtPAP) to maintain polyadenylated mt-mRNAs, while SLIRP sta-

ilizes LRPPRC by protecting it from degradation [46,97,108,109].
he LRPPRC/SLIRP complex specifically stabilizes mt-mRNAs with
onger half-lives including mt-CO1, mt-CO2, and mt-CO3 in HeLa
ells by  possibly suppressing 3′ exonuclease activity mediated
pmental Biology 76 (2018) 132–141 137

by  polynucleotide phosphorylase (PNPase) and SUV3 helicase,
however the exact mechanism by which this occurs is yet to be
described [108]. Although its stable binding partner SLIRP is not
essential for survival, its presence is required for the recruitment of
mt-mRNAs to the mitochondrial ribosome and controlling the rate
of  translation [46]. Therefore the LRPPRC/SLIRP complex is essen-
tial for mRNA stability, polyadenylation and the coordination of
mitochondrial protein synthesis.

3.4. Pentatricopeptide repeat domain protein 1 (PTCD1)

PTCD1 contains fifteen PPR domains with no other function
domains and is essential for life [33,110]. PTCD1 in cells has
been found associated with the leucine mt-tRNAs (mt-tRNALeu(UUR)

and tRNALeu(CUN))  and precursor RNAs containing the leucine mt-
tRNAs and affects OXPHOS function [33,80,94]. RNA-Seq analyses
have indicated that decreased levels of PTCD1 are associated with
changes in  3′ end processing of mt-tRNAs, suggesting that PTCD1
may affect RNA processing [34]. Furthermore, low levels of PTCD1
have been found to associate with ELAC2 suggesting that these pro-
teins are in  a  common complex and through their association they
may affect RNA metabolism or co-location within the RNA granules
of mitochondria. Our group is  investigating the exact molecular role
of PTCD1 in vivo currently to identify its role in  mitochondrial gene
expression.

Recently, it was  found that heterozygous Ptcd1+/− mice that
are haploinsufficient for PTCD1 develop age-induced obesity, glu-
cose intolerance and insulin resistance, hepatic steatosis and
cardiac hypertrophy [110]. These pathologies result from perturbed
fatty acid metabolism and alterations in  metabolic hormones,
growth factors, and pro-inflammatory cytokines, which result in
downstream tissue-specific changes in the mTOR signalling. The
reduction of PTCD1 results in  impaired RNA metabolism and
decreased protein synthesis. These defects affect the biogene-
sis of the respiratory complexes and reduce OXPHOS activity,
which likely contributes to the liver pathology observed with age
[110]. This model demonstrates for the first time that haploinsuffi-
ciency of a  mitochondrial RNA-binding protein that can cause mild
mitochondrial dysfunction that can predispose to  an adult-onset
metabolic perturbations such as glucose intolerance.

3.5. Pentatricopeptide repeat domain protein 2 (PTCD2)

PTCD2 contains at least five PPR domains [35,96] and its role
has been investigated in  mice homozygous for a Ptcd2 disruption
causing truncation of the PTCD2 protein and loss of the full-length
protein in all tissues [35]. These mice have decreased Complex III
activity, which is  predominantly isolated to  the heart, although it
will be interesting to identify if pathologies in different tissues are
observed with age in these mice. Loss of full-length PTCD2 causes
a significant accumulation of unprocessed mt-ND5-CYB transcripts
and consequently reduced levels of mature mt-ND5 and mt-CYB
transcripts [35]. Although PTCD2 does not contain an endonucle-
ase domain, these findings have suggested a  role for PTCD2 in  RNA
processing of the mt-CYB mRNA, where the 5′ end of  the mt-CYB  is
one of the four non-canonical processing sites previously described.
3′ UTR of the mt-ND5 mRNA [111]. The exact mechanisms by which
PTCD2 affects the processing of the non-canonical site  of the 5′ end
of the mt-CYB mt-mRNA and mt-ND5 and mt-ND6 lncRNA and the
role of lncRNAs in  mitochondria remain to be elucidated.
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.6. Pentatricopeptide repeat domain protein 3  (PTCD3)

During evolution, the mammalian mitochondrial ribosome has
iverged from its bacterial predecessor with a  reduction in RNA
ontent and acquisition of additional mitochondrial-specific pro-
eins. These unique mitoribosomal proteins are predicted to  have
mportant and specific roles in  the recognition of mRNAs and mito-
hondrial translation (reviewed in  [48]). PTCD3, also known as
RPS39, is  one of these mammalian-specific supernumerary pro-

eins and is  also a  member of the PPR family as it contains fifteen
PRs [36,96]. Knockdown of PTCD3 in cells does not affect RNA
etabolism, but severely disrupts protein synthesis and causes

lobal OXPHOS defects [36]. PTCD3 associates with the 12S rRNA
nd co-immunoprecipitates with mitochondrial ribosomal pro-
eins of the small subunit [36], acting as a  component of the small
ubunit of the mitoribosome [36,112]. In addition, PTCD3 has been
ound associated with the mitochondrial translation initiation fac-
or 3 (mtIF3) via the small subunit, which facilitates the dissociation
f the large subunit and formation of an initiation complex to  ini-
iate mitochondrial translation [113]. In a  separate study PTCD3
as found associated with immature colon carcinoma transcript 1
rotein (ICT1), which is  a  mitochondrial ribosomal protein of the

arge subunit 58 (MRPL58) and has a  role  as a translation release
actor [114], suggesting that PTCD3 associates with translation fac-
ors through the assembled mitoribosome. PTCD3 also associates
ith the mitochondrial ribosomal proteins MRPS32 and MRPS29,
hich are also supernumerary proteins [112,114–116]. The cry-

EM structure of the bovine and human mitoribosomes validated
TCD3 as the largest protein component of the small ribosomal sub-
nit [49,50,117], positioned at the head of the subunit and in close
roximity to the entrance of the mRNA channel [49,50,112,117].
ased on its location PTCD3 could potentially guide mt-mRNAs

nto the ribosomal mRNA channel at the entry site, however its
xact role in  translation is currently under investigation. PTCD3
as also been found to associate with the mitochondrial tran-
cription elongation factor (TEFM), mitochondrial RNA polymerase
POLRMT), and a putative dead-box RNA helicase (DHX30) [70],
uggesting a  potential role  of PTCD3 in  transcription or that their
ssociation is a  consequence of the close proximity of the mitori-
osome to  the transcription machinery, as these systems function

nterdependently.

.7. Mitochondrial ribosomal protein of the small subunit 27
MRPS27)

MRPS27  is  another supernumerary ribosomal protein of the
mall subunit and member of the PPR family as it contains six
PR domains [118]. The MRPS27 gene is  positioned adjacent to
he PTCD2 gene and shares 17.8% identity with PTCD2, however
espite their sequence similarity, these proteins are  functionally
ery different [35]. MRPS27 associates with the 12S mt-rRNA and
s required for mitochondrial protein synthesis and knockdown
f MRPS27 in cells causes general OXPHOS decline [37]. The cry-
EM structure of the mammalian mitoribosome localized MRSP27
t the bottom of the body of the mitochondrial small subunit
uggesting its role in forming a  newly discovered protein-RNA
nter-subunit bridge that connects the large and small subunit
49,50,117]. Biochemical studies have found MRPS27 associated
ith MRPL58 (ICT1) [114], MRPS29 (DAP3) [119], mitochondrial
ibosome assembly factor Era G-protein-like 1 (ERAL1) [120], and
he human homolog of a plant NO-associated protein, hNOA1 [121].
he role of these interactions and the exact function of MRPS27 in
itochondrial translation are currently under investigation.
pmental Biology 76 (2018) 132–141

4. Concluding remarks

Each  of the seven mammalian PPR and four MTERF proteins
have diverse roles in the post-transcriptional control of  mitochon-
drial gene expression. MTERF3, MTERF4, LRPPRC, POLRMT, MRPP3
and PTCD1 are essential for life and LRPPRC has been implicated
in human disease, which illustrates the importance of  gene expres-
sion for mitochondrial biogenesis and function. Significant progress
has been made in unravelling key aspects of mitochondrial biology
and disease, to improve our understanding of post-transcriptional
control of gene expression. However, there are many gaps in our
knowledge of repeat proteins in biology and disease. Filling these
gaps will be critical in  establishing the exact roles and mechanisms
of repeat proteins in controlling gene expression, which can provide
insights into pathogenesis of diseases and new avenues for drug
development, as well as fundamental insight into the regulation
of the minimal mammalian mitochondrial genome. The continual
advances in  technologies such as next generation sequencing and
the generation of new genetic models are the next frontier for the
mitochondrial gene expression field.
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